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New trends in the investigations
of macrocyclic magnets*

J. M52=,�6.,
1**, A. TOMKIEWICZ

1, M. NAHORSKA
1, B. KORYBUT-DASZKIEWICZ

2

1Faculty of Chemistry, University of :URFáDZ� )� -ROLRW�&XULH ��� ������ :URFáDZ� 3RODQG

2Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44, 01-224 Warszawa, Poland

A study of a series of new type of copper(II), nickel(III) and rhenium(IV) macrocyclic complexes,
having an important meaning as macrocyclic magnets is reported. Their magnetic measurements have
been carried out over the temperature range 1.8 – 300 K using a Quantum Design SQUID magnetometer
(MPMSxL - 5 type). The results indicate that all of them behave as weakly interacting magnets.

Key words: heterobimetallic magnets; copper(II); nickel(III) and rhenium(IV) complexes; magnetic behaviour

1. Introduction

In recent years, a great interest has been paid to heterometallic systems obtained
on the basis of polyamine complexes and of salts derived from Prussian blue [1]. The
literature covering an analogous system in which the thiocyanate group plays the role
of a bridging ligand is much more scarce [2]. Due to its ambident character, the thio-
cyanate group, like the cyanide one, may serve as a bridging ligand. Among a large
group of polyamine complexes used for the synthesis of such systems, there are planar
tetra-azo copper(II) and nickel(II) complexes. They are all by the square symmetry of
the metal ion, owing to which there are additional two free coordinating sites at the
axial positions. The access to the metal ion is very easy when there are no substituents
in the macrocyclic ring. This situation changes with the size and character of substitu-
ents, which may form a steric hindrance, preventing any coordination to the metal ion.
Cyclam and its substituted derivatives [2a, 3] are the most widespread tetra-azo mac-
rocyclic ligands. Considering the fact that in unsaturated complexes of the [14]
__________

*The paper was presented at the 13th Winter School on Coordination Chemistry, Karpacz, Poland,
9–13 December, 2002.

** Corresponding author, e-mail: jmroz@wchuwr.chem.uni.wroc.pl.
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dieneN4 type, the N-configuration of the macrocyclic ring influences its conformation,
and hence the arrangement of substitutents [4], an attempt was undertaken to study the
relation between the N-configuration and the crystal structure and magnetic properties
of the compounds obtained [2b].

Bivalent [NiIILCl2] and trivalent nickel complexes [NiIIILCl2]X, (X = Cl−, −
4ClO ),

are especially interesting because of their importance in biological systems [5, 6] and
catalytic oxidation reactions [7, 8]. Both nickel ions form exceptionally stable crystals
with an octahedral geometry of Ni(II) and Ni(III) surround and a square-planar array
of four nitrogen atoms and two Cl− anions occupying the axial positions [9]. The
nickel(II) high-spin complexes with a d8 electron configuration present the same
stereochemistry as that of the corresponding Ni(III) analogues whilst the last one is of
the low-spin d7 configuration, and contains one unpaired electron (S = ½). The prop-
erties of macrocyclic nickel complexes were investigated using magnetic and
spectroscopic methods [10].

The growing need for macrocyclic ligands and their complexes has stimulated re-
search efforts for methods of their preparation and for studying their interesting
chemical and physical properties. In particular, polynuclear systems are interesting
because of their magnetic interaction between metallic centres. For this reason, we
synthesized a new series of highly unsaturated copper(II) macrocyclic complexes
[CuL]X 2 (where L = 6,13-bis(dodecylaminomethylidene)-1,4,8,11-tetrazacyclotetra-
deca-4,7,11,14-tetraene, X = Cl–, Br–, PF6

–) [11]. Magnetic properties of these com-
pounds were compared indicating that all copper compounds studied behave as
weakly interacting magnets. On the other hand, the synthesis of heteropolymetallic
systems with extended structures frequently consists in self-assembly processes in-
volving anionic building blocks, which contain a paramagnetic ion, and in assembling
complexed cations able of interacting with them [12]. We present also the magnetic
properties of a system built of a highly unsaturated cyclidene copper(II) complex ca-
tion and hexachlororhenium(IV) or hexabromorhenium(IV) anions.

2. Experimental

2.1. Syntheses of the complexes

All chemicals were reagent grade and were used as commercially obtained. Ni(III)
complexes, [NiIIILCl2]

+, containing tetraaza macrocyclic ligands with different num-
ber of methyl groups (L = [14]aneN4 (L

1), 2-Me[14]aneN4 (L
2), 5,12-Me2[14]aneN4

(L3), 5,7,7,12,14,14-Me6[14]aneN4 (L4)) were obtained from the corresponding
nickel(II) complexes by oxidation with hydrogen peroxide [13].

Complexes of [CuL]X2 were prepared according to [11]. Nearly unsoluble com-
plexes : [CuL]ReCl6⋅H2O and [CuL]ReBr6 were precipitated from acetonitrile solution
of [CuL](PF6)2 with an excess of [Bu4N]2ReCl6 or [Bu4N]2ReBr6, respectively.
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2.2. Magnetic measurements

Magnetic studies of powdered samples were carried out by the Faraday and
SQUID methods. The Faraday-method measurements were carried out over the 4.5
–300 K range of temperatures using a Hg[Co(NCS)4] standard for which the value of
the gram susceptibility equals 16.44×10–6 cm3⋅g–1 at T = 293.1 K. The magnetic sus-
ceptibility of the powdered samples was measured over the temperature range of 1.9
–300 K using a Quantum Design SQUID-based MPMSXL-5-type magnetometer. The
superconducting magnet was generally operated at field strengths ranging from 0.1 to
5 T. The SQUID magnetometer was calibrated with a palladium rod sample for which
the gram magnetic susceptibility was taken as 5.30×10–6 cm3⋅g–1 at T = 293.1 K. The
corrections for diamagnetism were estimated from the Pascal constants [14].

2.3 Spectroscopic measurements

FIR spectra (500–100 cm–1) were measured in Nujol mull and the MIR spectra
(4000–500 cm–1) in KBr pellets with a Bruker IFS 113 V Spectrophotometer.

Solid state EPR spectra were recorded in the 300–77 K temperature range with
a Bruker E600 spectrometer. Reflectance spectra have been recorded with a Beck-
mann UV 5240 spectrophotometer in the range of 350–2500 nm.

3. Results and discussion

Magnetic susceptibility measurements of investigated complexes [Ni
[14]aneN4Cl2]Cl, [Ni 2-Me[14]aneN4Cl2]ClO4 and [Ni meso-5,12-Me2[14]ane-
N4Cl2]Cl·CH3OH reveal analogies in their magnetic properties. The values of mag-
netic moment are shown in Table 1. All complexes investigated obey the Curie–Weiss
law in the 100–300 K temperature range. The values of C and Θ are shown in Table 1.
The magnetic moment is constant in the temperature range of 30–300 K. There is
a slight decrease of magnetic moment below 30 K. The paramagnetic dependencies of
magnetic moment as a function of temperature are presented in Figs. 1, 2. Relatively
lower value of µeff in [Ni meso-5,7,7,12,14,14-Me6[14]aneN4Cl2]Cl can be related to
the presence of impurity of Ni(II) form of the complex.

The EPR spectra show considerably greater values of g⊥ than g|| for [Ni meso-
5,12-Me2[14]aneN4Cl2]Cl·CH3OH and [Ni meso-5,7,7,12,14,14-Me6[14]aneN4Cl2]Cl
complexes, as expected of a low-spin, d7 metal centre in an elongated octahedral envi-
ronment. Compounds [Ni [14]aneN4Cl2]Cl and [Ni 2-Me[14]aneN4Cl2]ClO4 give
a rhombic EPR spectrum with g1, g2 and g3 values presented in Table 1. If the first
value is taken as g|| and the average of g2 and g3 are taken as pseudo-g⊥, these two
complexes belong (as well as the previous ones) to the class having g⊥>g||. The form
of the EPR spectra for the low-spin Ni(III) complexes with g⊥>g|| suggests that the
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2dz orbital is favoured for the single unpaired electron. All the compounds investigated

have very similar values of g⊥ (as well as of g||) components. There is a slight increase
of the g⊥ values observed when the number of methyl groups in the molecule is in-
creased.

Table 1. The magnetic parameters of the compounds investigated

Spectroscopic
splitting parameter*

Compound µeff
* Θ**

(K)
C**

(cm3⋅K⋅mol–1)
g1 g2 g3

[Ni [14]aneN4Cl2]Cl 1.82 1.9 0.409 2.024 2.105 2.179
[Ni 2-Me[14]aneN4Cl2]ClO4 1.80 1.5 0.406 2.076 2.133 2.180
[Ni meso-5, 12-Me2[14]
-aneN4Cl2]Cl . CH3OH

1.83 2.7 0.412 gII  = 2.026 g⊥ = 2.182

[Ni meso-5,7,7,12,14,14
-Me6[14]aneN4Cl2]Cl

1.54 5.9 0.293 gII  = 2.027 g⊥ = 2.209

*At a room temperature.
** In the temperature range of 50–300 K.

The solid-state reflectance spectra of these complexes consist of two bands at
about 28600 and 12300 cm–1. The position of the second band shifts to a lower fre-
quency while the number of the methyl groups in the complex is increased. The EPR
data are presented in Table 1.
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Fig. 1. Experimental magnetic data plotted as a molar magnetic susceptibility χM
*

vs. temperature for the compound [Ni [14]aneN4Cl2]Cl (v�� >Ni 2-Me[14]aneN4Cl2]ClO4 (���
[Ni meso-5,12-Me2[14]aneN4Cl2]ClÂ&+3OH (×) and [Ni meso-5,7,7,12,14,14-Me6[14]aneN4Cl2]Cl (|�
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Fig. 2. Experimental magnetic data plotted as a magnetic moment µeff. vs. temperature
for the compound [Ni [14]aneN4Cl2]Cl (v�� >Ni 2-Me[14]aneN4Cl2]ClO4 (���

[Ni meso-5,12-Me2[14]aneN4Cl2]ClÂ&+3OH (×) and [Ni meso-5,7,7,12,14,14-Me6[14]aneN4Cl2]Cl (|�

The IR spectra of all complexes show absorption of NH groups (νNH) between
3198 and 3046 cm–1. One compound of the formula [Ni meso-5,12-Me2[14]ane-
N4Cl2]Cl exhibits a νOH band at 3541 cm–1 originating from coordinated methanol
molecule.

The study of the magnetic susceptibility data for the complexes [CuL]X2 (where
L= 6,13-Bis(dodecylaminomethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-tetraene),
Fig. 3) has been performed within the temperature range of 1.90–300 K. The experi-
mental data, plotted as the thermal variations of the χMT
product, are shown in Fig. 4 for [CuL](Cl2)⋅2H2O,
[CuL](Br2), [CuL](PF6)2 and [Cu(L-2H+)] complexes.

In all the cases the χM value increases slowly with
the decrease of temperature, but in the low-temperature
region a rapid increase of molar susceptibility values
occurs without showing a maximum. The values of χMT
for [CuL](Br2) and [Cu(L-2H+)] complexes decrease
very slowly with T in a wide range of temperature. At
low temperatures (below 20 K), they decrease to 0.19
cm3⋅mol–1⋅K and to 0.24 cm3⋅mol–1⋅K at 1.90 K, respec-
tively. In the case of [CuL](Cl2)⋅2H2O a rapid decrease of
χMT values is observed, from 0.75 cm3⋅mol–1⋅K at a room
temperature to 0.29 cm3⋅mol–1⋅K at 1.90 K.

For the [CuL](PF6)2 complex the χMT values remain
nearly constant in a wide range of temperatures and

+��&��

&��+��

&X

1
+

1
+

11

11

>&X/@

Fig. 3. Schematic view
of [CuL]2+ cation
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below 10 K χMT increases upon cooling. This indicates that some exchange interac-
tion between copper atoms in the crystal lattices of compounds examined can exist. In
such situations the exchange parameter zJ′ can be determined only by a susceptibility
equation with a molecular field correction [15].
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where N is the Avogadro number, g – the spectroscopic splitting factor, β – the Bohr
magneton, k – the Boltzmann constant and zJ′– intermolecular exchange parameter.
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Fig. 4. Thermal dependence of χM and χMT for: � – [CuL](Cl2)·2H2O,
• – [CuL](Br2), x ± >CuL](PF6)2, ◆ – [Cu(L-2H+)].

The best fit parameters are g = 2.06 and zJ′ = –0.52 cm–1 for [CuL](Cl2)⋅2H2O,
g = 2.16 and zJ′ = –1.53 cm–1 for [CuL](Br2), g = 2,12 and zJ′ = –0.84 cm–1

[Cu(L-2H+)] and g = 2.05 and zJ′ = 0.29 cm–1 for [CuL](PF6)2, obtained with good
agreement factors R = 2.30⋅10–5 for [CuL](Cl2)⋅2H2O, R = 4.57⋅10–5 for [CuL](Br2)
and R = 8.40⋅10–5 for [Cu(L-2H+)] and R = 1.86⋅10–5 for [CuL](PF6)2.

The EPR spectra of the compound examined at a room temperature and 77 K pres-
ent only single lines of H = 3500g for ν = 9.771 Ghz. The spectroscopic splitting
factor was typical of copper(II) centres, g amounting to 2.08 for all compounds. In
principle, the observed weak antiferromagnetic interactions in [CuL](Cl2)⋅2H2O,
[CuL](Br2) and [Cu(L-2H+)] complexes and weak ferromagnetic interactions in
[CuL](PF6)2 could be attributed to intermolecular interactions between copper centres,
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which may be transmitted through Cl–, Br–, PF6
– anions or H+ cations in a crystal

lacttice.

0 10000 20000 30000 40000 50000
0,0
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Fig. 5. Field dependence of the magnetization at 1.9 K for the complexes:
� – [CuL](Cl2)·2H2O, • – [CuL](Br2), x± [CuL](PF6)2, × – [Cu(L-2H+)]

The field dependence of magnetization for all complexes at 1.9 K (Fig. 5) clearly
supports the occurrence of very weak interactions in all complexes. In consequence,
one can say that the communication between copper(II) centres in crystal lacttice is
higher in the case of [CuL](Br2) than in [CuL](Cl2)⋅2H2O and [Cu(L-2H+)] complexes
and have an opposite character than that in the [CuL](PF6)2 compound.
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Fig. 6. Temperature dependencies of χMT for: � – [CuL]ReCl6⋅H2O, • – [CuL]ReBr6,
∆ – [Bu4N]2ReCl6; the solid lines are the calculated curves
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The magnetic properties of complexes [CuL]ReCl6⋅H2O and [CuL]ReBr6 as the plot of
χMT vs. T (χM being the molar magnetic susceptibility per ReIVCuII heterobinuclear unit)
are shown in Fig. 6 and the χMT data of (Bu4N)2ReCl6 are also included for comparison.

At a room temperature χMT for heterometallic compounds are equal to 2.08
cm3⋅K⋅mol–1 and 1.97 cm3⋅K⋅mol–1 for [CuL]ReCl6⋅H2O and [CuL]ReBr6, respec-
tively. These values are close to the expected one for uncoupled ReIV–CuII ions. As
the temperature is lowered, the χMT smoothly decrease and reach rounded minima at
13.0 K with χMT =1.27 cm3⋅K⋅mol–1 and at 20 K with 1.31 cm3⋅K⋅mol–1 for
[CuL]ReCl6⋅H2O and [CuL]ReBr6, respectively. The presence of a minimum in the
χMT curve is indicative of antiferromagnetic coupling between ReIV and CuII and is
characteristic of one-dimensional ferrimagnetic chain compounds [16]. Below the
temperatures: 13.0 K for [CuL]ReCl6⋅H2O and 20 K for [CuL]ReBr6, the values of
χMT for both compounds increase, then reach maxima at 4.73 K with χMT = 2.61
cm3⋅K⋅mol–1 for [CuL]ReCl6⋅H2O and 5.49 K with χMT = 3.55 cm3⋅K⋅mol–1 for
[CuL]ReBr6 compound and finally decrease rapidly below 4.73 for [CuL]ReCl6⋅H2O
and 5.49 K for [CuL]ReBr6, respectively (Fig. 6).
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Fig. 7. M. versus T plots in the low-temperature range for two different values
of the applied magnetic field for: � – [CuL]ReCl6⋅H2O, • – [CuL]ReBr6

The variation of susceptibility with temperature for these compounds could be
satisfactorily fitted using the spin Hamiltonian defined by Eq. (2) [17–19]:
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The least-squares fitting of the experimental data with this expression was limited
to the range of 13–300 K for [CuL]ReCl6⋅H2O and 20–300 K for [CuL]ReBr6 yielding
D = 53.4 cm–1, gIIRe =1.94 and g⊥Re=1.90, gIICu =2.29, g⊥Cu=1.93 and J = –9.1 cm–1 for
[CuL]ReCl6⋅H2O and D = 63.6 cm–1, gIIRe =1.84 and g⊥Re=1.82, gIICu =2.29 g⊥Cu=1.99
and J = –12.2 cm–1 for [CuL]ReBr6. We conclude that ReIV in [CuL]ReCl6⋅H2O and
[CuL]ReBr6 exhibits a large zero-field splitting parameter together with weak antifer-
romagnetic interactions with CuII.

The magnetization vs. temperature curves (Fig. 7) reveal magnetic transitions at Tc
= 4.2 K for [CuL]ReCl6⋅H2O as well as at Tc1 = 6.2 K and Tc2 = 3.6 K for
[CuL]ReBr6. [CuL]ReCl6⋅H2O and [CuL]ReBr6 are ferrimagnetic chains as a result of
ordering [19]. The occurrence of the second Curie temperature (Tc2 = 3.6 K) in the
[CuL]ReBr6 complex does not follow the phenomenon of the compensation tempera-
ture in ferrimagnets. Probably, there are two different kinds of sublattices in
[CuL]ReBr6, both of ferromagnetic character.
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Thiolato-bridged complexes [CuII
2(apaet)Cl3] and [CuI3CuII

3(apampt)3Cl6] (Hapaet = 2-[(3-amino-
propyl)amino]ethanethiol, Hapampt = 1-[(3-aminopropyl)amino]-2-methylpropane-2-thiol), have been
synthesized and characterized by infrared and electronic absorption spectra and temperature dependence
of magnetic susceptibilities. X-ray crystallography of the latter complex reveals a localized mixed-valence
structure which is supported by the spectroscopic and electrochemical data. Magnetic susceptibility data
show that a strong antiferromagnetic interaction is operating between CuII ions in both complexes.

Key words: thiolato-bridged complexes; mixed-valence complexes; Cu; hexanuclear complexes

1. Introduction

Study on mixed-valent complexes are of interest because of their potential appli-
cation in the development of functional materials showing efficient long-distance
electron transfer in the field of molecular electronics (cf. [1]) and their biological
relevance involving multicopper oxidases such as spin-delocalized dinuclear mixed-
valent copper cluster found in the ‘CuA’ site of cytochrome c oxidase and nitrous ox-
ide reductase [2]. Especially thiolato-bridged mixed-valent copper complexes have
been focused from the view of model complexes for the latter systems. So far, many
attempts to synthesize thiolato-bridged dinuclear CuII

2 and CuICuII complexes have
been unsuccessful, because thiols usuallly reduce copper(II) to copper(I)
__________

* The paper was presented at the 13th Winter School on Coordination Chemistry, Karpacz, Poland,
9–13 December, 2002.
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2RS– + 2CuII ↔ RSSR + 2CuI

Moreover, the electron-rich thiolato groups have a great affinity for various metal
ions to form undesirable polymeric species with low solubilities hampering their pre-
cise characterization. In this regard, thiolic ligands having nitrogen donor atoms are
useful, because formation of discrete thiolato-bridged complexes can be expected to
be feasible by virtue of the chelating effect. In fact, dinuclear metal species were iso-
lated for nickel(II) [3–9], cobalt(III) [10], and iron(II) [11] ions. Linear and cyclic
trinuclear metal species [12], tetrahedral [13, 14] and adamantane-like [15] tetranu-
clear species, chain-like polynuclear species [12, 16, 17] were also obtained. For
N,N,S tridentate ligands such as 2-[(3-aminopropyl)amino]ethanethiol (Hapaet), lin-
ear trinuclear metal species consisting of octahedral-tetrahedral-octahedral
coordination environments seems to be most favourable structural pattern and we
obtained such species in the cases of ZnII [12], CdII [18], MnII [17], FeII [11], CoII [19],
and NiII [20] including trinuclear heterometal complexes [20] which are formed by
one-pot reaction. In this study, we introduced a new thiolic ligand, 1-[(3-
aminopropyl)amino]-2-methylpropane-2-thiol (Hapampt) as well as Hapaet, as che-
lating agents in the hope of attaining to make mixed-valence species by using the
thiolic ligands. A preliminary account of this work has been published [21].

2. Experimental

Syntheses were carried out by using standard Schlenk techniques under argon. The
thiolic ligand Hapaet was synthesized using a procedure described in the literature [4].
The Hapampt ligand was synthesized as follows. A toluene solution (50 cm3) of iso-
butylene sulfide (8.6 g, 0.098 mol) was added dropwise to a toluene solution
(200 cm3) containing 1,3-diaminopropane (74.1 g, 1.00 mol). The solution was re-
fluxed for 2 h. Then, the solvent was removed by distillation and the product was
fractionally distilled at reduced pressure. Yield: 10.4 g (65.7%). bp. 79–81°C
/5 mmHg. IR (KBr, cm–1): νas(NH2) 3350, νs(NH2) 3300, ν(CH3) 2960, ν(CH2) 2860,
δ(NH2) 1575.

[Cu2(apaet)Cl3] (1). To a solution of Hapaet (26 mg, 0.2 mmol) in methanol
(2 cm3) was added a solution of copper(II) chloride dihydrate (34 mg, 0.2 mmol) in
methanol (3 cm3). The reaction mixture was stirred at room temperature for 5 min and
filtered. The resulting purple filtrate was allowed to stand several days at 7 °C. Dark
purple precipitate deposited was collected by filtration. Yield 22 mg (30%).
Found: C, 16.21; H, 3.59; N, 7.22%. Calcd for C5H13Cl3Cu2N2S: C, 16.38; H, 3.57;
N, 7.64%. IR (KBr, cm–1): νas(NH2) 3450, νs(NH2) 3220, ν(CH3) 2930, ν(CH2) 2880,
δ(NH2) 1585.

[Cu6(apampt)3Cl6]·2H2O (2·2H2O). To a solution of Hapampt (32 mg, 0.2 mmol) in
methanol (5 cm3) was added a solution of copper(II) chloride dihydrate (34 mg, 0.2 mmol)
in methanol (5 cm3). The solution was stirred at room temperature for 5 min and filtered.
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The resulting light brown filtrate was placed at 7 °C for several days to give dark brown
crystals. Yield, 27 mg (74% based on the metal source). Found: C, 22.56; H, 4.77; N,
7.41%. Calcd for C21H55Cl6Cu6N6O2S3 C, 22.64; H, 4.98; N, 7.54%. IR (KBr, cm–1):
νas(NH2) 3420, νs(NH2) 3285, ν(CH3) 2950, ν(CH2) 2830, δ(NH2) 1590.

Measurements. Elemental analyses for carbon, hydrogen, and nitrogen were done
using a Perkin-Elmer 2400 Series II CHNS/O Analyzer. Infrared spectra were meas-
ured with a JASCO MFT-2000 FT-IR Spectrometer in the 4000–600 cm–1 region. The
electronic spectra were measured with a Shimadzu UV-vis-NIR Recording Spectro-
photometer (Model UV-3100). The temperature dependence of the magnetic
susceptibilities was measured with a Quantum Design MPMS-5S SQUID suscep-
tometer operating at a magnetic field of 0.5 T between 4.5 and 300 K. The
susceptibilities were corrected for the diamagnetism of the constituent atoms using
Pascal’s constants [22]. The effective magnetic moments were calculated from the

equation µeff = 2.828 TAχ , where χA is the atomic magnetic susceptibility. Cyclic

voltammetric measurements were carried out on a BAS 100 BW Electrochemical
Work Station. A three-electrode cell consisting of a glassy carbon electrode, a plati-
num-wire counter electrode, and a Ag/AgCl electrode was used.

X-ray crystal structure analysis. Crystals suitable for X-ray diffraction work
were obtained as 2·2CH3OH from a methanol solution. A black crystal of 2·2CH3OH
was mounted on a glass fibre with epoxy cement at a room temperature. A preliminary
examination was made and data were collected on a Bruker CCD X-ray diffractometer
(SMART APEX) using graphite-monochromated Mo Kα radiation. The structure was
solved by direct methods and refined by full-matrix least-squares. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The hydrogen atoms were
inserted at their calculated positions and fixed there. All calculations were carried out
on a Pentium III Windows NT computer utilizing the SHELXTL software package.

Crystallographic data for 2·2CH3OH; C23H59Cl6Cu6N6O2S3 F.W. = 1141.88, ortho-
rhombic, space group Pbca, a = 18.706(5), b = 18.283(5), c = 23.962(6) Å,
V = 8195(4) Å3, Z = 8, Dc = 1.85 g⋅cm–3, µ(Mo Kα) = 36.34 cm–1, F(000) = 4568,
crystal size 0.40 × 0.20 × 0.10 mm3, 33826 reflections collected, 5936 independent
reflections, R1[I>2σ(I)] = 0.048, wR2 [I>2σ(I)] = 0.110.

3. Results and discussion

In the previous papers, we reported that reaction of Hapaet ligand with metal ions

affords dinuclear nickel(II) complex [Ni2(apaet)2]X 2 (X = −
4ClO , −

4BF ) [4], linear tri-
nuclear complexes [M{M(apaet)2} 2]X 2 (M = Mn [17], Fe [11], Co [19], Cd [18],

X = Cl–, −
4ClO ), [M{M'(apaet)2} 2](ClO4)2 (M = Zn, Cd, Hg; M' = Mn, Fe, Co, Ni)

[20], and tetrahedral tetranuclear palladium(II) complex [Pd4(apaet)4]Cl4 [14]. In the
present case, the reaction of Hapaet with copper(II) gave a different species. Elemen-
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tal analysis of the isolated complex shows a stoichiometry Cu : apaet– = 2:1, which is
consistent with the formulae for a copper(II) species [Cu2(apaet)Cl3] (1). On the other
hand, the reaction of the methylated thiol, Hapampt, with copper(II) afforded a mixed-
valent species, [Cu6(apampt)3Cl6]·2H2O (2·2H2O). In the infrared spectrum of 1, the
absorption bands due to apaet– ligand appear as a set of distinctive bands in a similar
wavenumber region to that of the free thiol, Hapaet, with lacking the ν(SH) band
(Fig. 1). The infrared spectrum of 2·2H2O is essentially the same as that of 1 except
for the bands due to the methyl groups.

Fig. 1. Infrared spectra of [Cu2(apaet)Cl3] (1)
and [Cu6(apampt)3Cl6]·2H2O (2·2H2O)

Fig. 2. Electronic absorption spectra of [Cu2(apaet)Cl3] (1)
and [Cu6(apampt)3Cl6]·2H2O (2·2H2O) in DMF
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The electronic absorption spectra in DMF are shown in Fig. 2. The bands at the
visible region (1: 614 and 788 nm, 2·2H2O: 620 nm) may be assigned to d–d transi-
tions judging from the intensities of the absorption bands. The band at the near-
ultraviolet region (1: 342 nm, 2·2H2O: 378 nm) should correspond to the σ(S)→d(Cu)
LMCT [23]. The absorption at the ultraviolet region (266 nm) may be assigned to the
σ(Cl)→d(Cu) LMCT band [24]. We could not observe any IT band in the present
complexes and thus the mixed-valence state of 2·2H2O seems to be fully localized.

Fig. 3. ORTEP drawing of the structure of [Cu6(apampt)3Cl6]·2CH3OH (2·2CH3OH)
showing the 50% probability thermal ellipsoids and atom labelling scheme.

Methanol molecules are omitted for clarity

The X-ray crystal structural analysis of 2·2CH3OH reveals a unique hexanuclear
structure that is distinctly different from those of any previously structurally charac-
terized thiolato complexes with N,N,S-tridentate ligands (Fig. 3) [4–20]. Selected
bonding parameters are listed in the table. The hexanuclear core is shown in Fig. 4.
Based on the charge consideration and the different coordination environments
around the copper atoms, we can assign the Cu1, Cu4, and Cu6 atoms to copper(I) and
the Cu2, Cu3, and Cu5 atoms to copper(II), respectively. The CuI–CuI, CuII–CuII, and
CuI–CuII distances are 3.521(2)–3.777(2), 3.850(1)–4.625(1), and 3.375(1)–5.420(2)
Å, respectively. The CuI atoms form a chair-like six-membered [–Cu1–S1–Cu4–S3
–Cu6–S2–] ring with thiolato-sulfur atoms of apampt–, whereas the CuII atoms form
two adjacent planar four-membered rings [–Cu2–Cl3–Cu5–Cl2–] and [–Cu3–Cl5
–Cu5–Cl3–] with chloride ions. The coordination geometries of the CuI atoms are
trigonal with two thiolato-sulfur atoms of apampt– and chloride ion. The CuI–S bond
distances [2.225(2)–2.259(2) Å] are within the normal range found in CuI complexes
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[25]. The CuI–Cl distances [2.216(3)–2.238(2) Å] are in the normal range of the
CuI–Cl distances [25]. On the other hand, there are two kinds of coordination geome-
tries for the CuII atoms. The Cu2 and Cu3 atoms take an elongated square-pyramidal
geometry with two amino-nitrogen atoms and thiolato-sulfur atom of apampt– (N21,
N22, S2 for Cu2; N11, N12, S1 for Cu3) and chloride ion (Cl3) in the equatorial plane
and a chloride ion (Cl2 for Cu2; Cl5 for Cu3) at the apex, while the Cu5 atom has
a distorted octahedral geometry with two amino-nitrogen atoms and thiolato-sulfur
atom of apampt– (N31, N32, S3) and three chloride ions (Cl2, Cl3, Cl5). The CuII–S
distances [2.225(2)–2.273(2) Å] are comparable to the values found in thiolato-
bridged CuICuII mixed-valent complexes [26, 27], although these distances are similar
to those of the CuI–S bonds. The CuII–Cl distances (2.370(2)–2.607(2) Å for the
square-pyramidal Cu atoms; 2.696(2)–2.839(2) Å for the octahedral Cu atom) are in
the normal range for the CuII–Cl distances [25].

Table. Selected bond distances (Å) and angles (°) with their estimated standard deviations in parentheses

[ ] OH)2CH(OH2CHCl(apampt)CuCu 3363
II
3

I
3 ⋅⋅ 2

Cul–Cu2 3.958(1) Cu4–Cu6 3.777(2) Cu3–C13 2.396(2)
Cul–Cu3 3.925(1) Cu5–Cu6 3.730(2) Cu3–C15 2.557(2)
Cul–Cu4 3.722(1) Cul–S1 2.226(2) Cu4–S1 2259(2)
Cul–Cu5 5.229(2) Cul–S2 2.225(2) Cu4–S3 2.237(2)
Cul–Cu6 3.521(2) Cul–Cll 2226(2) Cu4–C14 2.238(2)
Cu2–Cu3 4.625(1) Cu2–S2 2.273(2) Cu5–S3 2.253(2)
Cu2–Cu4 5.420(2) Cu2–N21 2.005(6) Cu5–N31 1.979(5)
Cu2–Cu5 3.850(1) Cu2–N22 2.019(6) Cu5–N32 2.051(5)
Cu2–Cu6 3.506(2) Cu2–C12 2.607(2) Cu5–C12 2.762(2)
Cu3–Cu4 3.375(1) Cu2–C13 2.370(2) Cu5–C13 2.696(2)
Cu3–Cu5 3.872(2) Cu3–S1 2.271(2) Cu5–C15 2.839(2)
Cu3–Cu6 5.396(2) Cu3–N11 1.990(5) Cu6–S2 2.230(2)
Cu4–Cu5 3.547(2) Cu3–N12 2.022(5) Cu6–S3 2.232(2)

Cu6–Cl6 2.216(3)
S1–Cul–S2 114.89(7) SI–Cu3–C13 89.77(7) S3–Cu5–Cli 92.98(6)
S1–Cul–Cll 124.60(8) Sl–Cu3–C15 98.77(7) S3–Cu5–C15 89.99(7)
S2–Cul–Cll 120.14(8) N11–Cu3–N12 90.4(2) N31–Cu5–N32 92.4(2)
S2–Cu2–N21 163.1(2) N11–Cu3–C13 89.5(2) N31–Cu5–C12 86.3(2)
S2–Cu2–N22 87.6(2) N11–Cu3–C15 97.1(2) N31–Cu5–C13 86.5(2)
S2–Cu2–C12 99.94(7) N12–Cu3–C13 170.5(2) N31–Cu5–C15 94.7(2)
S2–Cu2–C13 89.58(7) N12–Cu3–C15 99.8(2) N32–Cu5–C12 110.6(2)
N21–Cu2–N22 90.6(2) C13–Cu3–C15 89.68(7) N32–Cu5–Cl3 169.9(2)
N21–Cu2–Cl2 97.0(2) S1–Cu4–S3 109.48(7) N32–Cu5–C15 91.9(2)
N21–Cu2–C13 90.0(2) S1–Cu4–C14 123.83(8) Cl2–Cu5–C13 79.38(6)
N22–Cu2–Cl2 98.8(2) S3–Cu4–C14 122.43(8) C12–Cu5–C15 157.49(7)
N22–Cu2–Cl3 1723(2) S3–Cu5–N31 175.1(2) Cli–Cu5–C15 78.24(6)1
S1–Cu3–N11 164.1(2) S3–Cu5–N32 89.0(2) S2–Cu6–C16 127.6(1)
S1–Cu3–N12 87.7(2) S3–Cu5–Cl2 88.73(7) S3–Cu6–C16 119.5(1)

S2–Cu6–S3 111.51(7)
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Fig. 4. Core structure of [Cu6(apampt)3Cl6]·2CH3OH (2·2CH3OH)

Fig. 5. Temperature dependence of the magnetic moments
of [Cu2(apaet)Cl3] (1) and [Cu6(apampt)3Cl6]·2H2O (2·2H2O)

The magnetic moments of 1 and 2·2H2O are 1.70 µB per [Cu2(aaet)Cl3] unit and
2.10 µB per [Cu6(apampt)3Cl6]·2H2O, which are lower than the spin-only values, 2.45
and 3.00µB, respectively. Temperature dependence of magnetic moments is displayed
for 1 and 2·2H2O in Fig. 5. The magnetic moments are both decreased with lowering
the temperature. The temperature dependence of 1 could not be interpreted by the
Bleaney–Bowers equation based on the dinuclear copper(II) structure. Therefore, the
structure of 1 may be considered to be polymeric one as one of the possible structures
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[28]. On the other hand, the temperature-dependent profile of 2·2H2O is fully ex-
plained by the van Vleck equation based on the Heisenberg model H = –2JSCu2SCu3

–2J'(SCu2SCu5+SCu3SCu5) (see Fig. 4). The parameters obtained by the simulation are as
follows: J = –602 cm–1, J' = –2.5 cm–1, g = 2.06, θ = –0.91 K. The present results sug-
gest that a strong antiferromagnetic interaction is mainly operating between the Cu2
and Cu3 atoms. In relation to this, it is to be noted that the bond distances of Cu2–Cl3
[2.370(2) Å] and Cu3–Cl3 [2.396(2) Å] are significantly shorter that those of Cu2
–Cl2, Cu5–Cl2, Cu5–Cl3, Cu5–Cl5, and Cu3–Cl5 [2.557(2)–2.839(2) Å] and the
Cu2–Cl3–Cu3 angle [152.07(9)°] is large, which is a favourable feature for the strong
antiferromagnetic interaction via the bridging Cl atom [29].

Fig. 6. Cyclic voltammogram of [Cu6(apampt)3Cl6]·2H2O (2·2H2O)
in DMF 0.5 × 10–3 M; electrolyte: 0.1 M tetra-n-butylammonium perchlorate

In order to examine the mixed-valence state, the cyclic voltammetric measurement
was performed for 2·2H2O (Fig. 6). In the +0.5 to –1.0 V versus Fc+/Fc region, three
reduction waves are observed at around –0.1, –0.45, and –0.62 V. The first wave
seems to be coupled with an anodic wave at +0.06 V. This redox wave may be due to
Cu(II)/Cu(I) couple of the CuIS2Cl moiety. The second and third reduction waves
have not clear coupled-oxidation waves. These waves may correspond to reduction of
CuII→CuI of the CuIIN2SCl2 and CuIIN2SCl3 moieties.

4. Conclusions

N,N,S-donor tridentate thiols, 2-[(3-aminopropyl)amino]ethanethiol (Hapaet) and
1-[(3-aminopropyl)amino]-2-methylpropane-2-thiol (Hapampt) were synthesized and
proved to be useful ligands for the synthesis of thiolato-bridged copper(II) and cop-
per(I, II) mixed-valent complexes. Spectroscopic and electrochemical data as well as
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structural feature support a localized mixed-valence state of the thiolato-bridged cop-
per complex with apampt–. Steric hindrance of the methyl groups of apampt– may
contribute to the stabilization of the mixed-valent state by protecting against the oxi-
dation.
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Spin-entropy driven charge-transfer phase transition
in iron mixed-valence system*

N. KOJIMA
** , M. ITOI, Y. ONO, M. OKUBO, M. ENOMOTO

Graduate School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan

We have synthesized iron mixed-valence complexes, (n-CnH2n+1)4N[FeIIFeIIIX3] (X = mto (C2O3S), dto
(C2O2S2), tto (C2OS3)) and have investigated their physical properties by means of 57Fe Mössbauer spectroscopy,
magnetic susceptibility and electrical resistivity measurements. From the analysis of 57Fe Mössbauer spectra,
magnetic susceptibility and electrical resistivity, we have discovered a new type of first order phase transition
around 120 K for (n-CnH2n+1)4N[FeIIFeIII (dto)3](n = 3, 4), where the charge-transfer transition between FeII and
FeIII  occurs reversibly. In the higher temperature phase, the FeIII  (S = 1/2) and FeII (S = 2) sites are co-ordinated
by six S atoms and six O atoms, respectively. In the lower temperature phase, on the other hand, the FeIII (S =
5/2) and FeII (S = 0) sites are co-ordinated by six O atoms and six S atoms, respectively. Moreover, we have
found a ferromagnetic phase transition in this system. The ferromagnetic order is induced by the charge-transfer
interaction between the FeIII and FeII sites. We propose various multifunctional properties for (n-
CnH2n+1)4N[FeIIFeIII (mto)3] and (n-CnH2n+1)4N[FeIIFeIII (tto)3].

Key words: spin crossover; ferromagnetism; charge-transfer; phase transition; mixed valence

1. Introduction

Transition metal complexes with d4-d7 configuration have a possibility of spin
transition between a low-spin state and a high spin state. The spin crossover phe-
nomenon has recently gained renewed importance since the discovery of the photo-
induced spin transition (called LIESST = Light Induced Excited Spin State Trapping)
for [Fe(ptz)6](BF4)2(ptz = 1-propyltetrazole) [1] and the thermally induced spin cross-
over transition with large thermal hysteresis around room temperature for a triazole
bridged iron(II) complex [2, 3]. In the case of assembled hetero-metal complex system
including spin-crossover complex ion, the spin transition behaves as a switching

__________
* The paper was presented at the 13th Winter School on Coordination Chemistry, Karpacz, Poland,

9–13 December, 2002.
** Corresponding author, e-mail: cnori@mail.ecc.u-tokyo.ac.jp.
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function to amplify the magnetic dimensionality, the magnetic interaction and to in-
duce the magnetic ordering, which is schematically shown in Fig. 1.

In the spin-crossover system, the enthalpy term (H) dominates the Gibbs free en-
ergy ( G = H – TS) in the low-spin state, while the entropy term (–TS) dominates the
free energy in the high-spin state. Usual spin-crossover phenomenon occurs in on-site
molecule. However, in the case of mixed-valence complexes whose spin states are
situated in the spin-crossover region, it is expected that new types of conjugated phe-
nomena coupled with spin and charge take place between different metal ions in order
to minimize the free energy in the whole system.

Fig. 1. Assembled hetero-metal complex system including spin-crossover complex ion.
The spin crossover transition behaves as a switching function to control

the magnetic interaction and the magnetic ordering
in the assembled hetero-metal complex system

Fig. 2. Oxalato derivatives as bridging ligand,
and the network structure of [FeIIFeIII (tto)3] complex

From these viewpoints, we have synthesized iron mixed-valence complexes whose spin
states are situated in the spin-crossover region. It is well known that tris(dithiocarbamato)
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iron(III) complexes show the spin-crossover transition [4]. In these complexes, FeIII  is
co-ordinated by six S atoms. In the cases of FeIIIO6 and FeIIO6 octahedra, on the other
hand, there has been no report on the thermally induced spin-crossover transition at
ambient pressure. Taking account of these iron complexes, we have systematically
synthesized iron mixed valence complexes by using oxalato derivatives as bridging
ligands, which is shown in Fig. 2. Recently, we have discovered a new type of phase
transition coupled with spin and charge around 120 K for (n-C3H7)4N[FeIIFeIII

(dto)3][5,6].
In this paper, we report and discuss the spin-entropy driven charge-transfer phase tran-

sition in (n-CnH2n+1)4N[FeIIFeIII(dto)3](dto = dithiooxalato(C2O2S2)). Moreover, we put
forward various multifunctional properties for (n-CnH2n+1)4N[FeIIFeIII(mto)3] (mto
|= monothiooxalato(C2O3S)) and (n-CnH2n+1)4N[FeIIFeIII(tto)3] (tto = trithiooxalato(C2OS3)).

2. Experimental

K2(mto), K2(dto) and K2(tto) were synthesized in the similar way as reported in
Ref. [7, 8]. (n-CnH2n+1)4N[FeIIFeIII (dto)3](n = 3–6) was synthesized in a similar way to
prepare (n-C3H7)4N[M IICrIII (dto)3](M = Fe, Co, Ni, Zn)[9]. A solution of KBa[Fe
(dto)3]Â6H2O[8] in a methanol–water mixture was stirred and a solution of FeCl2Â4H2O and
(n-CnH2n+1)4NBr in a methanol-water mixture was added. In this way, (n-CnH2n+1)4N
[FeIIFeIII(dto)3] was obtained as black coloured precipitate. In this similar way,
(n-CnH2n+1)4N[FeIIFeIII (mto)3] and (n-CnH2n+1)4N[FeIIFeIII (tto)3] were synthesized.

The static magnetic susceptibility was measured by a Quantum Design MPMS5
SQUID susceptometer. Powdered sample of 10 mg was wrapped in polyethylene film
and held in a plastic straw. The magnetic susceptibility obtained was corrected for the
background and the core diamagnetism estimated from Pascal’s constants. In the case
of 57Fe Mössbauer spectroscopic measurement, 57Co in Rh was used at 298 K as
a Mössbauer source. The spectra were calibrated by using the six lines of a body-
FHQWUHG FXELF LURQ IRLO �.�)H�� WKH FHQWUe of which was taken as zero isomer shift. The
hyperfine parameters were obtained by least-squares fitting to Lorentzian line shapes.

3. Results and discussion

The crystal structure of (n-CnH2n+1)4N[FeIIFeIII(dto)3] consists of two-dimensional hon-
eycomb network structure, [FeIIFeIII(dto)3]�, and intercalated (n-CnH2n+1)4N

+ cations. Figure
3 shows the two-dimensional honeycomb network structure with alternating array of FeII

and FeIII  atoms through dto bridges, and the alternation layer structure. At room tempera-
ture, the FeIII (S = 1/2) and FeII (S = 2) sites are co-ordinated by six S atoms and six O
atoms, respectively, which has been confirmed by means of 57Fe Mössbauer spectroscopy.
The space group is P63, consequently the conformations of the FeII(O2C2S2)3 and
FeIII(S2C2O2)3 octahedra in one [FeIIFeIII(dto)3]� layer are different from those in the adja-
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cent one [FeIIFeIII(dto)3]� layer. One layer
FRQVLVWV RI � FRQILJXUDWLRQ RI FeII(O2C2S2)3

DQG û FRQILJXUDWLRQ RI FeIII(S2C2O2)3, while
WKH DGMDFHQW OD\HU FRQVLVWV RI û FRQILJXUDWLRQ

of FeII(O2C2S2)3 DQG � FRQILJXUDWLRQ RI

FeIII(S2C2O2)3. In (n-CnH2n+1)4N
+, the axial

propyl chain points into the cavity of honey-
comb network.

)LJXUH � VKRZV $T as a function of
temperature for (n-C3H7)4N[FeIIFeIII (dto)3].
$V VKRZQ LQ )LJ� �� $T increases with de-
creasing temperature except in the
temperature region between 70 K and 130
K and shows a maximum around 10 K,
which implies that the magnetic interaction
between FeII and FeIII  in (n-C3H7)4N
[FeIIFeIII (dto)3] is ferromagnetic and the
ferromagnetic transition takes place around
10 K. In fact, as shown in Fig. 4, the spon-
taneous magnetization appears at 7 K. The
field cooled magnetization (FCM) under the
external magnetic field of 30 G shows a
rapid increase below 8 K and shows a ten-
dency to saturate below 6 K. When the

magnetic field is switched off at 1.8 K, the remnant magnetization (RM) remains, and
vanishes at 7 K. The zero-field cooled magnetization (ZFCM) and FCM curves meet at
7 K where the magnetic hysteresis disappears. Consequently, the Curie temperature is
estimated at 7 K.

Fig. 4.7HPSHUDWXUH GHSHQGHQFH RI $T under the external magnetic field of 5000 G
and the temperature dependence of magnetization under the external magnetic field of 30 G

for (n-C3H7)4N[FeIIFeIII (dto)3]. FCM, RM, and ZFCM denote the field-cooled magnetization,
the remnant magnetization, and the zero-field cooled magnetization, respectively

Fig. 3. Crystal structure of (n-
C3H7)4N[FeIIFeIII (dto)3] at 298 K
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7XUQLQJ WR $T vs. T curve in Fig.4, there is an anomalous drop with thermal hys-
teresis between 70 K and 130 K, which implies a first-order phase transition. In order
to elucidate the detailed mechanism of the phase transition around 120 K, we investi-
gated the 57Fe Mössbauer spectra of (n-C3H7)4N[FeIIFeIII (dto)3] at 105 K, 124 K and
130 K, which is shown in Fig. 5.

Fig. 5. 57Fe Mössbauer spectra of (n-C3H7)4N[FeIIFeIII (dto)3]
 at 130 K, 124 K and 105 K

At 130 K, the spectrum with two branches at 0.16 mm/s and 1.96 mm/s can be as-
signed to that for the high-spin state of the FeII site co-ordinated by six O atoms. The
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isomer shift (IS) and the quadrupole splitting (QS) of the 57Fe Mössbauer spectrum
with two branches at 0.16 mm/s and 1.86 mm/s are estimated at 1.06 mm/s and 1.80
mm/s, respectively, whose values are quite similar to those (IS = 1.30 mm/s,
QS = 1.79 mm/s at 78 K) of the 57Fe Mössbauer spectrum for the FeII(S = 2) in
(n-C4H9)4N[FeIIFeIII (ox)3] [10], where the FeII site is co-ordinated by six O atoms. The
spectrum with single peak at 0.46 mm/s can be assigned to that for the low-spin state
of the FeIII  site co-ordinated by six S atoms. The IS and QS of the 57Fe Mössbauer
spectrum with single peak at 0.46 mm/s are quite similar to those (IS = 0.33 mm/s, QS
= 0.35 mm/s at 196 K) of the 57Fe Mössbauer spectrum for the FeIII (S = 1/2) in
KBa[FeIII (dto)3], where the FeIII  is co-ordinated by six S atoms[11]. As shown in Fig.
5, with decreasing temperature, the line profile of 57Fe Mössbauer spectra remarkably
changes between 130 K and 105 K. At 105 K, the intensity of the spectrum corre-
sponding to the FeII site decreases by 80% and new lines appear at about 0.2 mm/s
and 1.0 mm/s, which implies a drastic change in the Fe electronic states of (n-C3H7)4N
[FeIIFeIII (dto)3] between 130 K and 105 K.

Comparing with the typical values of IS and QS of 57Fe Mössbauer spectra for
FeII(S = 0), FeII(S = 2), FeIII (S = 1/2), and FeIII (S = 5/2), the 57Fe Mössbauer spectra of
(n-C3H7)4N[FeIIFeIII (dto)3] between 130 K and 105 K are assigned as shown in Fig. 5.
In this way, from the analysis of 57Fe Mössbauer spectra, we have discovered a new
type of the first order phase transition around 120 K for (n-CnH2n+1)4N[FeIIFeIII

(dto)3](n = 3, 4), where the charge-transfer transition between FeII and FeIII  occurs
reversibly. In the higher temperature phase, the FeIII (S = 1/2) and FeII (S = 2) sites are
co-ordinated by six S atoms and six O atoms, respectively. In the lower temperature
phase, on the other hand, the FeIII (S = 5/2) and FeII (S = 0) sites are co-ordinated by
six O atoms and six S atoms, respectively.

Fig. 6. Temperature dependence of the
LQWUD�OD\HU �!� DQG LQWHU�OD\HU �!⊥) resistivities

of (n-C3H7)4N[FeIIFeIII (dto)3] at 1.5 GPa.
Arrows denote the direction of the thermal

process. Inset shows the charge-transfer phase
transition as a function of applied pressure

determined by the magnetic susceptibility ($)
and the electrical resistivity (!) measurements.

{ ∆ and �x GHQRWH WKH XSSHU limit
and the lower limit of the charge-transfer

 phase transition, respectively

In order to prove the charge-transfer phase transition in (n-C3H7)4N[FeIIFeIII (dto)3],
we have measured the electrical resistivity for the single crystal. Figure 6 shows the
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temperature dependence of the intra-layer (!) and inter-layer (!⊥) resistivity of
(n-C3H7)4N[FeIIFeIII (dto)3] at 1.5 GPa. The inset in Fig. 6 shows the critical tempera-
ture (Tc) of the charge-transfer phase transition as a function of applied pressure. At
1.5 GPa, the charge-transfer phase transition takes place between 200 K and 270 K.
As shown in Fig. 6, both of the intra-layer and inter-layer resistivities show an
anomalous drop due to the charge-transfer phase transition. The intra-layer resistivity
is one order of magnitude lower than that of the inter-layer one, which is attributed to
the electron hopping between FeII and FeIII  in the two-dimensional honeycomb net-
work structure of [FeIIFeIII (dto)3]�.

Consequently, it is concluded that (n-CnH2n+1)4N[FeIIFeIII (dto)3](n = 3, 4) under-
goes a thermally induced charge-transfer phase transition coupled with the change of
spin configuration around 120 K, where the charge-transfer transition occurs reversi-
bly between the t2g orbitals of the FeII and FeIII  sites, which is schematically shown in
Fig. 7. The driving force responsible for the charge-transfer phase transition would be
the difference in spin entropy between the higher and the lower temperature phases. It
should be noted that the spin entropy in the higher temperature phase is Rln(2×5)
= 19.15 J⋅K–1⋅mol–1 and that in the lower temperature phase is Rln(1×6) = 14.90
J⋅K–1⋅mol–1, where R is the gas constant. Therefore, the spin-entropy gain expected
from the charge transfer is estimated at 4.25 J⋅K–1⋅mol–1. Since the observed entropy
gain at the charge-transfer phase transition in (n-C3H7)4N[FeIIFeIII (dto)3] is 9.20
J⋅K–1⋅mol–1 [12], the entropy change originating in intra-molecular vibration is quite
smaller than in normal spin-crossover transition. For example, about 35 J⋅K–1⋅mol–1

was estimated for the vibrational contribution to the entropy change in the spin-
crossover phenomenon observed in [Fe(phen)2(NCS)2] [13].

Fig. 7. Schematic representation of the charge-transfer phase transition
around 120 K for (n-C3H7)4N[FeIIFeIII (dto)3]

The phase diagram of (n-CnH2n+1)4N[FeIIFeIII (dto)3] is schematically shown in
Fig. 8. The vertical axis denotes the free energy (G = H – TS). HTP and LTP denote
the high-temperature phase with FeII(S = 2), FeIII (S = 1/2) spin configuration and the
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low-temperature phase with FeII(S = 0), FeIII (S = 5/2) spin configuration, respectively.
Tc is the transition temperature between HTP and LTP. The first-order phase transi-
tion around 120 K for (n-CnH2n+1)4N[FeIIFeIII (dto)3](n = 3, 4) is regarded as spin-
entropy driven charge-transfer phase transition caused by minimizing the free energy
in the whole system. As shown in Fig. 8, Tc strongly depends on the difference of
enthalpy (ûH) between HTP and LTP. With increasing ûH, Tc presumably becomes
to be higher. If the charge-transfer phase transition is of the first order without thermal
hysteresis or of the second order, the hopping of Avogadro’s number electrons would
take place between the FeII and FeIII  sites, which would cause a spin-entropy driven
metallization at Tc.

Fig. 8. Phase diagram of (n-CnH2n+1)4N[FeIIFeIII (dto)3].
The vertical axis denotes the free enrgy (G = H – TS).
HTP and LTP denote the high-temperature phase with

FeII(S = 2), FeIII (S = 1/2) spin configuration and the low-
temperature phase with FeII(S = 0), FeIII (S = 5/2) spin
configuration, respectively. Tc denotes the transition
temperature of the charge-transfer phase transition

Next, we discuss the mechanism of ferromagnetic ordering in (n-CnH2n+1)4N
[FeIIFeIII (dto)3]. As mentioned already, the spin states of the FeII and FeIII  sites in the
lower temperature phase are the low-spin state (S = 0) and the high spin state (S
= 5/2), respectively, where the super-exchange interaction through the sequence of
FeIII–(dto)–FeII–(dto)–FeIII  is considered to be negligibly small. The most plausible
mechanism responsible for the ferromagnetic ordering at 7 K and 11 K for (n-C3H7)4N
[FeIIFeIII (dto)3] and (n-C4H9)4N[FeIIFeIII (dto)3] is the charge-transfer interaction be-
tween the FeII and FeIII  sites. In the lower temperature phase of (n-CnH2n+1)4N[FeIIFeIII

(dto)3](n = 3, 4), the ground state wave function perturbed by the charge-transfer in-
teraction between the FeII and FeIII  sites is expressed as

� = (1 – α)2{3i(FeII(t2
6))3j(FeIII (t2

3e2))}+.{3i(FeIII (t2
5))3j(FeII(t2

4e2))}

where . denotes the degree of the charge-transfer interaction. Each FeIII  site in the
lower temperature phase accepts a t2 electron with down spin, because the t2 and e
orbitals in the FeIII  site are both exactly half occupied. Therefore, the spin configura-
tion between FeII and FeIII  in the virtual state, 3i(FeIII (t2

5)) 3j(FeII(t2
4e2 )), is

ferromagnetically coupled. In this way, the valence delocalization between the FeII

(S = 0) and FeIII (S = 5/2) sites induces the ferromagnetic ordering in the lower tem-
perature phase of (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3, 4), which is the same mecha-
nism of the ferromagnetic ordering (Tc = 5.5 K) in Prussian blue, FeIII

4[FeII(CN)6]3[14, 15].
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Finally, we propose the possibility of various multifunctional properties for
n-CnH2n+1)4N[FeIIFeIII (mto)3] and (n-CnH2n+1)4N[FeIIFeIII (tto)3]. These complexes have
the possibility of large dielectric response and non-linear optical effect because the
FeIII (SOC2O2)3 octahedra in (n-CnH2n+1)4N[FeIIFeIII (mto)3] and the FeII(SOC2S2)3 octa-
hedra in (n-CnH2n+1)4N[FeIIFeIII (tto)3] lose the inversion-symmetry. Consequently, the
following multifunctional properties are expected for (n-CnH2n+1)4N[FeIIFeIIIX3] (X = mto,
dto, tto):

• spin-entropy driven insulator-to-metal transition at the charge-transfer phase
transition,

• coexistence of ferromagnet and ferroelectrics,
• high Tc ferromagnets caused by charge-transfer interaction,
• non-linear optical effects induced by magnetic ordering,
• photo-induced magnetic ordering.
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WR IRUP D SXFNHUHG VKHHW VWUXFWXUH� 0DJQHWLF VXVFHSWLELOLW\ PHDVXUHPHQWV DQG 0|VVEDXHU VSHFWUD SUR�

YLGHG DQ HYLGHQFH IRU VSLQ�FURVVRYHU DW ERWK WKH )H
,, DQG )H,,, VLWHV� 7KHUH DUH WKUHH DFFHVVLEOH HOHFWURQLF

VWDWHV� �/6 )H
,,±/6 )H,,,�� �+6 )H,,±/6 )H,,,�� DQG �+6 )H,,±+6 )H,,,� WKDW RFFXU LQ SDVVLQJ IURP ORZHU WR

KLJKHU WHPSHUDWXUHV�

.H\ZRUGV� VSLQ FURVVRYHU� K\GURJHQ ERQGV� WULSRGDO OLJDQG

���,QWURGXFWLRQ

,QFUHDVLQJ DWWHQWLRQ KDV EHHQ SDLG WR WKH V\QWKHVLV RI FRPSRXQGV VKRZLQJ ELVWDEOH

EHKDYLRXU� EHFDXVH WKH\ FDQ EH XVHG DV PROHFXODU VZLWFKHV LQ HOHFWURQLF GHYLFHV >�@�

BBBBBBBBB

 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����
&RUUHVSRQGLQJ DXWKRU� H�PDLO� NRMLPD#FF�RND\DPD�X�DF�MS�
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7KH SKHQRPHQRQ RI VSLQ FURVVRYHU UHSUHVHQWV RQH RI WKH PRVW VSHFWDFXODU H[DPSOHV

RI PROHFXODU ELVWDELOLW\ >�@� &RRSHUDWLYH VSLQ FURVVRYHU� ZKHUH DQ LQWHUDFWLRQ EHWZHHQ

VSLQ FURVVRYHU VLWHV RFFXUV ZLWKLQ D FU\VWDO ODWWLFH� LV WKH GRPLQDQW IDFWRU JRYHUQLQJ

ELVWDELOLW\ >�@� $ SRO\PHULF VWUDWHJ\ KDV EHHQ ZLGHO\ XVHG WR REWDLQ D VSLQ FURVVRYHU

PDWHULDO WKDW KDV D ODUJH FRRSHUDWLYH HIIHFW� ZKHUH WKH VSLQ FURVVRYHU VLWHV DUH OLQNHG

WRJHWKHU E\ FKHPLFDO EULGJHV WR IRUP D OLQHDU FKDLQ VWUXFWXUH >�� �@� 0RQRQXFOHDU

VSLQ�FURVVRYHU )H
,,
FRPSRXQGV H[KLELWLQJ VWURQJ LQWHUPROHFXODU LQWHUDFWLRQV� VXFK DV

K\GURJHQ ERQGLQJ >�� �@ DQG S±S VWDFNLQJ >�� �� �@ LQWHUDFWLRQV DUH UDWKHU VFDUFH� DQG

WKH UHTXLUHPHQWV IRU VKDUS VSLQ WUDQVLWLRQ DUH GLIILFXOW WR FRQWURO� 2XU VWUDWHJ\ FRQ�

WUROOLQJ D VSLQ FURVVRYHU EHKDYLRXU LV EDVHG RQ WKH IRUPDWLRQ RI DQ H[WHQGHG WZR�

GLPHQVLRQDO ��'� VKHHW VWUXFWXUH� ZKLFK DULVHV IURP LQWHUPROHFXODU K\GURJHQ ERQGV�

)LJ� �� 7KH WULSRGDO +�/ OLJDQG �D�� WKH VWUXFWXUH RI >&R,,,�+�/�@
�� �E�� WKH VWUXFWXUH RI >&R,,,�/�@� �F�

DQG WKH KH[DQXFOHDU VWUXFWXUH DV UHSHDWLQJ XQLW RI WKH �' VKHHW FRQVWUXFWHG IURP LQWHUPROHFXODU

LPLGD]ROH±LPLGD]RODWH K\GURJHQ ERQGV EHWZHHQ >&R
,,,�+�/�@

�� DQG >&R,,,�/�@� �G�

:H KDYH IRFXVHG RQ WKH KRPRFKLUDO �' H[WHQGHG QHWZRUN VWUXFWXUH RI >&R
,,,
�+�/�@�

>&R
,,,
�/�@;� >�@� DULVLQJ IURP WKH LQWHUPROHFXODU LPLGD]ROH±LPLGD]RODWH K\GURJHQ ERQGV

EHWZHHQ >&R
,,,
�+�/�@

��
DQG >&R

,,,
�/�@

�
� ZKHUH +�/ GHQRWHV D WULSRGDO KH[DGHQWDWH OLJDQG

GHULYHG IURP WKH ��� FRQGHQVDWLRQ RI WULV���DPLQRHWK\O�DPLQH DQG ��IRUP\OLPLGD]ROH

�)LJ� ��� 7KLV IRUPDOO\ KHPL�GHSURWRQDWHG VSHFLHV� >&R
,,,
�+���/�@;��� �L�H�� >&R

,,,
�+�/�@�

>&R
,,,
�/�@;��� ZDV SUHSDUHG E\ WKH FRQWUROOHG GHSURWRQDWLRQ RI WKH SURWRQDWHG VSHFLHV�
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>&R
,,,
�+�/�@;�� $ VLPLODU V\QWKHWLF SURFHGXUH IRU WKH LURQ�,,� VSHFLHV JDYH D PL[HG�

YDOHQFH )H
,,
±)H

,,,
VSLQ FURVVRYHU FRPSRXQG ZLWK WKH IRUPXOD >)H

,,
�+�/�@>)H

,,,
�/�@�

�%)���Â���+�2 ���� 7KLV SDSHU UHSRUWV RQ WKH SUHSDUDWLRQ� VWUXFWXUH� DQG PDJQHWLF

SURSHUWLHV RI � DQG UHODWHG FRPSOH[HV�

���([SHULPHQWDO

���� 3UHSDUDWLRQ RI >)H
,,
�+�/�@�&O2���Â�+�2 ����

>)H
,,
�+�/�@�%)���Â���+�2 ���� DQG >)H

,,
�+�/�@>)H

,,,
�/�@�%)���Â���+�2 ���

7KH +�/ OLJDQG ZDV SUHSDUHG E\ WKH UHDFWLRQ RI WULV���DPLQRHWK\O�DPLQH DQG

��IRUP\OLPLGD]ROH LQ D ��� PRODU UDWLR LQ PHWKDQRO� 7KH VROXWLRQ FRQWDLQLQJ WKH +�/

OLJDQG ZDV WKHQ PL[HG ZLWK D PHWKDQRO VROXWLRQ RI )H&O�Â�+�2 LQ D ��� PRODU UDWLR�

7KH PL[WXUH ZDV KHDWHG XQGHU UHIOX[ IRU �� PLQ� DQG DIWHU FRROLQJ� 1D&O2� �� HTXLY�

ZDV DGGHG WR \LHOG D \HOORZ�RUDQJH SUHFLSLWDWH� 7KH SUHFLSLWDWH ZDV ILOWHUHG DQG UH�

FU\VWDOOL]HG IURP PHWKDQRO FRQWDLQLQJ D VPDOO YROXPH RI DVFRUELF DFLG� )RXQG�

&� ������ +� ����� 1� ������� &DOF� IRU &��+��&O�)H�1��2�� >)H
,,
�+�/�@�&O2���Â�+�2

���� &� ������ +� ����� 1� ������ >)H
,,
�+�/�@�%)���Â���+�2 ��� ZDV LVRODWHG E\ WKH

DGGLWLRQ RI H[FHVV 1D%)� WR D PHWKDQRO VROXWLRQ RI >)H
,,
�+�/�@&O�� )RXQG� &� ������

+� ����� 1� ������� &DOF� IRU &��+��%�)�)H�1��2���� &� ������ +� ����� 1� ������

7R D ZDUP PHWKDQRO VROXWLRQ RI �� DQ DTXHRXV VROXWLRQ RI 1D2+ ���� PRODU UDWLR�

ZDV DGGHG XQGHU DHURELF FRQGLWLRQV� 7KH FRORXU RI WKH VROXWLRQ JUDGXDOO\ FKDQJHG

IURP \HOORZ WR GDUN JUHHQ� DQG D PL[HG�YDOHQFH FRPSOH[ ZLWK WKH FKHPLFDO IRUPXOD

>)H
,,
�+�/�@>)H

,,,
�/�@�%)���Â���+�2 ��� ZDV SURGXFHG� )RXQG� &� ������ +� �����

1� ������� &DOF� IRU &��+��%�)�)H�1��2���� &� ������ +� ����� 1� �������

���� 3K\VLFDO PHDVXUHPHQWV

7KH VDPSOHV¶ PDJQHWLF VXVFHSWLELOLWLHV ZHUH PHDVXUHG XVLQJ D 4XDQWXP 'HVLJQ

0306� DQG 0306� 648,' VXVFHSWRPHWHU LQ WKH WHPSHUDWXUH UDQJH RI �±��� .

XQGHU DQ DSSOLHG PDJQHWLF ILHOG RI � 7� 0|VVEDXHU VSHFWUD ZHUH UHFRUGHG XVLQJ

D :LVVHO ���� VSHFWURPHWHU DQG D SURSRUWLRQDO FRXQWHU� $
��
&R�5K� UDGLRDFWLYH VRXUFH

PRYLQJ LQ D FRQVWDQW DFFHOHUDWLRQ PRGH ZDV XVHG� 7KH LVRPHU VKLIWV ZHUH FDOFXODWHG

UHODWLYH WR D PHWDOOLF LURQ IRLO�

���� ;�UD\ FU\VWDO VWUXFWXUH DQDO\VLV RI >)H
,,
�+�/�@�&O2���Â�+�2 ��� DQG

>)H
,,
�+�/�@>)H

,,,
�/�@�%)���Â���+�2 ���

;�UD\ PHDVXUHPHQWV ZHUH WDNHQ XVLQJ D 5LJDNX 5$;,6�,9 LPDJLQJ SODWH DUHD GHWHFWRU

HPSOR\LQJ JUDSKLWH PRQRFKURPDWHG 0R .D UDGLDWLRQ �O  ������� c�� 7KH VWUXFWXUH ZDV
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VROYHG XVLQJ GLUHFW PHWKRGV� DQG ZDV UHILQHG XVLQJ IXOO�PDWUL[ OHDVW�VTXDUHV SURFHGXUHV
HPSOR\LQJ WKH &U\VWDO6WUXFWXUH FU\VWDOORJUDSKLF VRIWZDUH SDFNDJH >��@� &U\VWDO GDWD DW
��� . IRU �� )RUPXOD >)H,,�+�/�@�&O2���Â�+�2  &��+��&O�)H1��2��� )Z  ������� RUDQJH�
SULVP� WULJRQDO� VSDFH JURXS 5���K� �1R� ����� D  E  ���������� F  ���������� c�
9  ��������� c�� =  �� 'FDOF  ����� J�FP±�� P  ����� PP±�� 1R� RI UHIOHFWLRQV
PHDVXUHG  ����� XQLTXH UHIOHFWLRQV  ����� 5  ����� >���� , ! �V�,�@�
5Z  ���������� &U\VWDO GDWD DW ��� . IRU �� )RUPXOD >)H,,�+�/�@�&O2���Â�+�2
 &��+��&O�)H1��2��� )Z  ������� RUDQJH� SULVP� WULJRQDO� VSDFH JURXS 5���K�
�1R� ����� D  E  ����������� F  ���������� c� 9  ��������� c�� =  �� )�����
 ����� 'FDOF  ����� J FP±�� P  ����� PP±�� 1R� RI UHIOHFWLRQV PHDVXUHG  �����
8QLTXH UHIOHFWLRQV  ����� 5  ����� >���� , ! �V�,�@� 5Z  ������ 7KH V\VWHPDWLF
H[WLQFWLRQ RI WKH ;�UD\ GLIIUDFWLRQ GDWD DW ERWK WHPSHUDWXUHV VXJJHVWHG HLWKHU WKH
VSDFH JURXS 5�� RU 5�P� 7KH VWUXFWXUH ZDV ZHOO GHWHUPLQHG ZKHQ 5�� ZDV DVVXPHG�
ZKLOH ZH FRXOG QRW GHWHUPLQH WKH VWUXFWXUH ZKHQ 5�P ZDV DVVXPHG� 7KXV� WKH VSDFH
JURXS 5�� ZDV VHOHFWHG�

&U\VWDO GDWD IRU � DW ��� .� )RUPXOD >)H,,�+�/�@>)H
,,,�/�@�%)���Â���+�2

 &��+��%�)�)H�1��2���� )Z  ������� GDUN JUHHQ� EORFN� WULJRQDO� VSDFH JURXS 3�
�1R� ����� D  E  ����������� F  ���������� c� 9  ���������� c�� =  �� 'FDOF

 ����� J�FP±�� 1R� RI UHIOHFWLRQV PHDVXUHG  ������ XQLTXH UHIOHFWLRQV  ���� �5LQW

 ������� 5  ����� >���� , ! �V�,�@� DQG 5Z  ������

���5HVXOWV�DQG�GLVFXVVLRQ

���� 3UHSDUDWLRQ� VWUXFWXUH DQG PDJQHWLF SURSHUWLHV

RI >)H
,,
�+�/�@�&O2���Â�+�2 ���

7KH WULSRGDO +�/ OLJDQG ZDV SUHSDUHG E\ WKH UHDFWLRQ RI WULV���DPLQRHWK\O�DPLQH

DQG ��IRUP\OLPLGD]ROH LQ D ��� PRODU UDWLR LQ PHWKDQRO� 7KLV OLJDQG VROXWLRQ ZDV XVHG

ZLWKRXW LVRODWLRQ IRU WKH V\QWKHVLV RI WKH LURQ�,,� FRPSOH[HV� 7KH >)H,,�+�/�@�
�&O2���Â�+�2 ��� FRPSOH[ ZDV REWDLQHG DV \HOORZ�RUDQJH FU\VWDOV E\ PL[LQJ WKH OL�
JDQG VROXWLRQ� )H&O�Â�+�2� DQG 1D&O2� LQ D ����� PRODU UDWLR� 7KH FUXGH SURGXFW ZDV
SXULILHG E\ UHFU\VWDOOL]DWLRQ IURP PHWKDQRO FRQWDLQLQJ D VPDOO DPRXQW RI DVFRUELF
DFLG DV D UHGXFLQJ DJHQW�

7KH VWUXFWXUH RI � ZDV GHWHUPLQHG E\ ;�UD\ FU\VWDOORJUDSK\ DW ��� DQG ��� .�
)LJXUH � VKRZV DQ 257(3 GUDZLQJ IRU WKH FDWLRQ RI FRPSOH[ �� 7KH LURQ DWRP LV LQ
DQ DSSUR[LPDWHO\ RFWDKHGUDO HQYLURQPHQW FRPSRVHG RI WKUHH IDFLDOO\ FR�RUGLQDWHG
LPLQH QLWURJHQ DWRPV DQG WKUHH LPLGD]ROH QLWURJHQ DWRPV� $W ��� .� WKH DYHUDJH
)H±1�LPLQH� DQG )H±1�LPLGD]ROH� ERQG GLVWDQFHV DUH ������� DQG ������� c� UHVSHF�
WLYHO\� 7KHVH YDOXHV DUH W\SLFDO RI D KLJK�VSLQ �+6� LURQ�,,� LRQ >�� ��� ��@� $W ��� .�
WKH )H±1 ERQG GLVWDQFHV VKRUWHQ E\ DERXW ��� c YHUVXV WKRVH DW ��� .� WKH DYHUDJH
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)H±1�LPLQH� DQG )H±1�LPLGD]ROH� ERQG GLVWDQFHV DUH ������� DQG ������� c� UHVSHF�
WLYHO\� VXJJHVWLYH RI D ORZ�VSLQ �/6� )H,, VSHFLHV�

)LJ� �� $Q 257(3 GUDZLQJ RI WKH FDWLRQ RI >)H,,�+�/�@�&O2���Â�+�2 ��� VKRZLQJ

WKH ��� SUREDELOLW\ HOOLSVRLG� 7KH K\GURJHQ DWRPV KDYH EHHQ RPLWWHG IRU FODULW\

)LJ� �� $ SORW RI F07 YHUVXV 7 IRU >)H,,�+�/�@�&O2���Â�+�2 ���

7KH PDJQHWLF SURSHUWLHV RI � DUH VKRZQ LQ )LJ� � LQ WKH IRUP RI D F07 YHUVXV 7

FXUYH� LQ ZKLFK F0 LV WKH PRODU PDJQHWLF VXVFHSWLELOLW\ DQG 7 LV WKH DEVROXWH WHP�

SHUDWXUH� &RPSOH[ � VKRZV D VSLQ WUDQVLWLRQ LQ WKH WHPSHUDWXUH UDQJH RI ���±��� .�

$ERYH ��� .� WKH FRPSOH[ LV LQ WKH +6 VWDWH� ZKLOH EHORZ ��� .� LW LV LQ WKH /6 VWDWH�

7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK WKH ;�UD\ VWUXFWXUH VWXG\�
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���� 3UHSDUDWLRQ� VWUXFWXUH DQG SURSHUWLHV RI

>)H
,,
�+�/�@>)H

,,,
�/�@�%)���Â���+�2 ���

7KH UHDFWLRQ RI >)H
,,
�+�/�@�%)���Â���+�2 ��� ZLWK 1D2+ ���� UDWLR� XQGHU DHURELF

FRQGLWLRQV \LHOGHG D GDUN JUHHQ� PL[HG�YDOHQFH FRPSOH[� >)H
,,
�+�/�@>)H

,,,
�/�@�

�%)���Â���+�2 ���� 'HSURWRQDWLRQ DQG R[LGDWLRQ RI >)H
,,
�+�/�@

��
WRRN SODFH GXULQJ WKH

FRXUVH RI WKH UHDFWLRQ WR JHQHUDWH WKH IXOO\�GHSURWRQDWHG VSHFLHV >)H
,,,
�/�@� ZKLFK

IXQFWLRQV DV D FRPSRQHQW RI WKH PL[HG YDOHQFH FRPSOH[� �� 7KXV� WKLV UHDFWLRQ LV DQ

H[DPSOH RI D SURWRQ�FRXSOHG HOHFWURQ WUDQVIHU UHDFWLRQ >��@�

)LJ� �� 7KH ;�UD\ FU\VWDO VWUXFWXUH RI >)H,,�+�/�@>)H
,,,�/�@�%)���Â���+�2 ��� VKRZLQJ WKH KRPRFKLUDO

�' VKHHW VWUXFWXUH IRUPHG E\ K\GURJHQ ERQGV EHWZHHQ >)H
,,�+�/�@

�� DQG >)H,,,�/�@�� 7KH FRXQWHU LRQV

DQG WKH ZDWHU PROHFXOHV KDYH EHHQ RPLWWHG IRU FODULW\� D� D WRS YLHZ VKRZLQJ WKH VKHHW VWUXFWXUH

LQ ZKLFK WKH VDPH HQDQWLRPHUV DUH OLQNHG E\ LQWHUPROHFXODU LPLGD]ROH±LPLGD]RODWH K\GURJHQ ERQGV�

E� D VLGH YLHZ VKRZLQJ WKDW WKHUH DUH WKUHH W\SHV RI OD\HUV� WKH ILUVW OD\HU FRQVLVWV RI +6 )H
,,�

DQG +6 )H
,,� FRPSOH[HV� WKH VHFRQG OD\HU FRQVLVWV RI /6 )H,,,� DQG /6 )H,,,� FRPSOH[HV�

DQG WKH WKLUG OD\HU FRQVLVWV RI +6 )H
,,,� DQG +6 )H,,� FRPSOH[HV� 7KH +6 )H,,� DQG /6 )H,,,�� /6 )H,,,�

DQG +6 )H
,,�� DQG +6 )H,,,� DQG +6 )H,,� FRPSOH[HV DUH FRQQHFWHG E\ K\GURJHQ ERQGV

7KH FU\VWDO VWUXFWXUH ZDV GHWHUPLQHG IURP VLQJOH�FU\VWDO ;�UD\ DQDO\VLV DW ��� .�

7KH VWUXFWXUH FRQVLVWV RI WKUHH SURWRQDWHG >)H
,,
�+�/�@

��
LRQV� WKUHH GHSURWRQDWHG

>)H
,,,
�/�@ VSHFLHV� VL[

�

�
%) FRXQWHU DQLRQV� DQG IRXU DQG D KDOI ZDWHU PROHFXOHV RI

FU\VWDOOL]DWLRQ� 7KH VWUXFWXUHV RI WKH FRPSRQHQW FRPSOH[HV� >)H
,,
�+�/�@

��
DQG

>)H
,,,
�/�@� DUH VLPLODU WR WKDW RI �� $GMDFHQW >)H

,,
�+�/�@

��
DQG >)H

,,,
�/�@ PROHFXOHV DUH

DUUD\HG LQ DQ DOWHUQDWH IDVKLRQ RQ D SODQH SHUSHQGLFXODU WR WKH PROHFXODU &� D[LV LQ DQ

XS�DQG�GRZQ DUUDQJHPHQW WR IRUP DQ H[WHQGHG �' SXFNHUHG VKHHW VWUXFWXUH ZLWK

D KH[DQXFOHDU XQLW �)LJ� �D�� 7KH WZR VSHFLHV DUH OLQNHG E\ LPLGD]ROH±LPLGD]RODWH

K\GURJHQ ERQGV� 7KH LQWHUPROHFXODU 1ÂÂÂ1 K\GURJHQ ERQG GLVWDQFHV DUH LQ WKH UDQJH

RI �������� ± �������� c� 7KH )H±1 GLVWDQFHV RI ��UHYHDO WKDW DOO WKH LURQ LRQV RI WKH
>)H,,�+�/�@

�� VSHFLHV �)H�� )H�� DQG )H�� DUH +6 )H,,� DQG WKRVH RI WKH >)H,,,�/�@ VSH�
FLHV �)H�� )H�� DQG )H�� LQGLFDWH WKDW WKH LURQ LRQV DW WKH )H� DQG )H� VLWHV DUH /6
)H,,,� ZKLOH WKH LURQ LRQ DW WKH )H� VLWH LV +6 )H,,,� $ VLGH YLHZ RI FU\VWDO VWUXFWXUH RI �

D�
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�)LJ� �E� UHYHDOV WKDW WKHUH DUH WKUHH W\SHV RI OD\HUV� WKH ILUVW OD\HU FRQVLVWV RI +6 )H,,�

DQG WKH +6 )H,,� FRPSOH[HV� WKH VHFRQG OD\HU FRQVLVWV RI /6 )H,,,� DQG /6 )H,,,� FRP�

SOH[HV� DQG WKH WKLUG OD\HU FRQVLVWV RI +6 )H,,,� DQG +6 )H,,� FRPSOH[HV�

,QWHUPROHFXODU K\GURJHQ ERQGLQJ FRQQHFWV WKH +6 )H,,� DQG /6 )H,,,�� +6 )H,,� DQG

/6 )H,,,�� DQG +6 )H,,� DQG +6 )H,,,� FRPSOH[HV� (DFK FRPSOH[ EHFRPHV FKLUDO ZLWK

HLWKHU D ' �FORFNZLVH� RU / �DQWLFORFNZLVH� FRQILJXUDWLRQ GXH WR WKH VFUHZ FR�

RUGLQDWLRQ DUUDQJHPHQW RI WKH DFKLUDO WULSRGDO OLJDQG DURXQG WKH )H,, RU )H,,, LRQ� 7KH

DEVROXWH FRQILJXUDWLRQV DURXQG WKH VL[ LURQ DWRPV� )H�±)H�� DUH WKH VDPH DQG � FU\V�

WDOOL]HV LQ WKH DFHQWULF VSDFH JURXS� 3�� 7KHVH IDFWV LQGLFDWH WKDW VSRQWDQHRXV

UHVROXWLRQ WDNHV SODFH GXULQJ WKH FRXUVH RI FU\VWDOOL]DWLRQ�

)LJ� �� $ SORW RI F077YHUVXV 7 IRU >)H,,�+�/�@>)H
,,,�/�@�%)���Â���+�2 ���

7KH PDJQHWLF SURSHUWLHV RI � DUH UHSUHVHQWHG LQ )LJ� � LQ WKH IRUP RI D F077YHUVXV

7 FXUYH� ,Q WKH WHPSHUDWXUH UHJLRQ RI �±��� .� F07  ��� FP
�
�.�PRO

±�
� DQG WKXV� LQ

WKH UDQJH H[SHFWHG IRU /6 VWDWHV DW ERWK WKH )H
,,
�6  �� DQG )H

,,,
�6  ���� VLWHV� 7KH

F07 YDOXH FKDQJHV UDWKHU DEUXSWO\ LQ WKH UHJLRQ RI ���±��� .� LQGLFDWLQJ D VSLQ WUDQ�

VLWLRQ DW WKH )H
,,
VLWH� 7KH YDOXH RI F07  ��� FP

�
�.�PRO

±�
DW ��� .� DQG LV FORVH WR WKH

FDOFXODWHG YDOXH IRU +6 )H
,,
�6  �� DQG /6 )H

,,,
VWDWHV �F07  ���� FP

�
�.�PRO

±�
��

$ERYH ��� .� WKH YDOXH RI F07 LQFUHDVHV JUDGXDOO\ GXH WR WKH VSLQ WUDQVLWLRQ IURP /6

WR +6 )H
,,,
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0|VVEDXHU VSHFWUD ZHUH PHDVXUHG LQ WKH WHPSHUDWXUH UDQJH RI ��±��� .� $W �� .�
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DQG /6 )H
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VLWHV� 7KH GRXEOHW DULVLQJ IURP WKH /6 )H

,,
GLVDSSHDUHG RYHU ��� .� $W

��� .� WKH DEVRUSWLRQ GXH WR +6 )H
,,,
ZDV REVHUYHG LQ DGGLWLRQ WR WKH DEVRUSWLRQV RI

WKH +6 )H
,,
DQG /6 )H

,,,
� 7KXV� WKH 0|VVEDXHU VSHFWUDO UHVXOWV DJUHH ZLWK WKH PDJQHWLF

VXVFHSWLELOLW\ UHVXOWV�

���&RQFOXVLRQV

:H KDYH SUHSDUHG >)H
,,
�+�/�@>)H

,,,
�/�@�%)���Â���+�2 ��� ZLWK D VXSUDPROHFXODU

VWUXFWXUH E\ D FRQWUROOHG GHSURWRQDWLRQ RI >)H
,,
�+�/�@�%)���Â���+�2 ��� XQGHU DHURELF

FRQGLWLRQV� ,Q WKH VXSUDPROHFXODU DVVHPEO\ RI �� WKUHH LQGHSHQGHQW SURSHUWLHV DUH

XQLWHG� PL[HG�YDOHQFH LURQ VSHFLHV� VSLQ�FURVVRYHU DW WKH )H
,,
DQG )H

,,,
VLWHV� DQG WKH
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,,
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,,
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GHPRQVWUDWLQJ WKDW WKH VXSUDPROHFXODU DVVRFLDWLRQ RI WKH FRPSRQHQWV LQWR D PL[HG�

YDOHQFH PDWHULDO PRGLILHV WKHLU PDJQHWLF SURSHUWLHV GXH WR WKHLU FR�RSHUDWLYLW\�
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�'HSDUWPHQW RI 0DWHULDO 6FLHQFH� ,QWHUGLVFLSOLQDU\ )DFXOW\ RI 6FLHQFH DQG (QJLQHHULQJ�

6KLPDQH 8QLYHUVLW\� ���� 1LVKLNDZDWVX� 0DWVXH ��������

�'HSDUWPHQW RI &KHPLVWU\� 6FKRRO RI 6FLHQFH DQG 7HFKQRORJ\�

.ZDQVHL *DNXLQ 8QLYHUVLW\� ��� *DNXHQ� 6DQGD ��������

7KH ��� UHDFWLRQV LQ PRODU UDWLR RI UXWKHQLXP�,,� ,,,� SLYDODWH GLPHU DQG S\ULG\O QLWURQ\O QLWUR[LGH

JDYH FKDLQ FRPSOH[HV� >5X��2�&&0H����/�@Q�%)��Q� /  �����S\ULG\O����������WHWUDPHWK\O�����GLK\GUR�

�+�LPLGD]RO\O���R[\O���1±R[LGH DQG �����S\ULG\O����������WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���

R[\O���1�R[LGH� )RU WKH FRPSOH[ ZLWK WKH IRUPHU UDGLFDO� WKH FKDLQ VWUXFWXUH PDGH XS E\ DQ DOWHUQDWHG

GLPHU�UDGLFDO DUUDQJHPHQW GXH WR WKH D[LDO FR�RUGLQDWLRQ RI S\ULG\O QLWURJHQ DQG RQH RI WZR QLWUR[LGH

R[\JHQV RI WKH UDGLFDO ZDV FRQILUPHG E\ WKH ;�UD\ GLIIUDFWLRQ PHWKRG� 0DJQHWLF SURSHUWLHV RI WKH FRP�

SRXQGV ZHUH DQDO\]HG E\ FRQVLGHULQJ PDJQHWLF LQWHUDFWLRQV EHWZHHQ 5X�,,� ,,,� GLPHU DQG UDGLFDO WKURXJK

S\ULG\O DQG 1±2 JURXSV� UHVSHFWLYHO\�

.H\ ZRUGV� 5X�,,� ,,,� GLPHU� S\ULG\O QLUR[LGH UDGLFDO� FKDLQ FRPSOH[HV

���,QWURGXFWLRQ

7KHUH KDV EHHQ PXFK LQWHUHVW GHYRWHG WR WKH PHWDO FRPSOH[HV ZLWK QLWUR[LGH UDGL�

FDOV EHFDXVH RI WKHLU LQWHUHVWLQJ PDJQHWLF SURSHUWLHV EDVHG RQ WKH LQWHUDFWLRQ EHWZHHQ

WKH SDUDPDJQHWLF PHWDO FHQWHUV DQG UDGLFDOV >�±�@� :H KDYH EHHQ HQJDJHG LQ WKH PDJ�

QHWLF VWXG\ RQ UXWKHQLXP�,,� ,,,� SLYDODWH GLPHUV �>5X��2�&&0H���@
�
� FR�RUGLQDWHG E\

WKH UDGLFDOV� WKH 5X�,,� ,,,� GLPHULF FDWLRQ KDV WKUHH XQSDLUHG HOHFWURQV UHVLGLQJ LQ LWV

GHJHQHUDWHG S

DQG G


RUELWDOV DQG KDV D ODUJH ]HUR�ILHOG VSOLWWLQJ �' a �� FP

±�
� >�� �@�

:H KDYH VKRZQ WKDW WKH D[LDO ERQG DQJOH �5X±2D[±1 �QLWUR[LGH� LV WKH PRVW LPSRUWDQW

VWUXFWXUDO IDFWRU WR DIIHFW WKHLU PDJQHWLF EHKDYLRXUV� WKH REVHUYHG D[LDO ERQG DQJOHV

BBBBBBBBB

 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����
&RUUHVSRQGLQJ DXWKRU� H�PDLO� KDQGDP#ULNR�VKLPDQH�X�DF�MS�
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EHLQJ LQ WKH UDQJH RI ���±���q IRU WKH QLWUR[LGH 5X�,,� ,,,� FRPSOH[HV� 7KH IHUURPDJ�

QHWLF LQWHUDFWLRQ LV RSHUDWLYH EHWZHHQ 5X�,,� ,,,� GLPHU DQG UDGLFDO ZKHQ WKH DQJOH LV

GHFUHDVHG WR EH FORVH WR �5X±2D[±1  ���q� 2Q WKH RWKHU KDQG� WKH DQWLIHUURPDJQHWLF

LQWHUDFWLRQ LV RSHUDWLYH ZKHQ WKH DQJOH �5X±2D[±1 LV FORVH WR ���q >�@� 7KLV UHVXOW LQGL�

FDWHV WKDW IHUUL� RU IHUURPDJQHWLF EHKDYLRXU ZRXOG EH REVHUYHG LI WKH DOWHUQDWHG FKDLQ

VWUXFWXUH RI WKH 5X�,,� ,,,� GLPHU DQG WKH UDGLFDO FRXOG EH DFKLHYHG LQ WKLV FRPELQDWLRQ

>�@� +RZHYHU� WKH FKDLQ FRPSOH[ >5X��2�&&0H����QLWSK�@Q�%)��Q ��� �QLWSK  ��SKHQ\O�

��������WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���R[\O���1�R[LGH� UHYHDOHG RQO\ D FRQ�

VWDQW GHFUHDVH RI WKH PDJQHWLF PRPHQW XQWLO � .� QHLWKHU IHUUL� QRU IHUURPDJQHWLF

EHKDYLRXU ZDV REVHUYHG� 7KH WHPSHUDWXUH�GHSHQGHQW SURILOH ZDV FRQFOXGHG WR EH GXH

WR WKH IDFW WKDW RQH RI WKH WZR D[LDO ERQG DQJOHV KDSSHQHG WR EH ORFDWHG DW WKH DQJOH

JLYLQJ QR PDJQHWLF LQWHUDFWLRQ WKURXJK WKH D[LDO ERQG >�� �@� ,Q VSLWH RI RXU HIIRUWV WR RE�

WDLQ WKH DOWHUQDWHG FKDLQ FRPSOH[ ZLWK YDULRXV QLWUR[LGH UDGLFDOV� WKH FKDLQ FRPSOH[ ZLWK

QLUR[LGH R[\JHQV DW WKH ERWK D[LDO SRVLWLRQV RI 5X�,,� ,,,� GLPHUV KDV QRW EHHQ REWDLQHG VR

IDU RWKHU WKDQ WKH FRPSOH[ ��>����@� $V DQ DOWHUQDWLYH ZD\ WR SURGXFH VXFK FKDLQ FRP�

SOH[HV� ZH VHOHFWHG WKH QLWUR[LGH UDGLFDOV ZLWK D S\ULG\O JURXS ������S\ULG\O����������

WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���R[\O���1�R[LGH �S�QLWS\� DQG �����S\ULG\O��

��������WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���R[\O���1�R[LGH �P�QLWS\��� ZKLFK PD\

WDNH SDUW LQ WKH D[LDO FR�RUGLQDWLRQ WR WKH 5X�,,� ,,,� GLPHU WRJHWKHU ZLWK WKH 1±2

JURXS� +HUH� ZH UHSRUW WKH 5X�,,� ,,,� FKDLQ FRPSOH[HV REWDLQHG E\ WKH XVH RI WKH QL�

WUR[LGH UDGLFDOV ZLWK WKH S\ULG\O JURXS� $ SUHOLPLQDU\ UHSRUW KDV EHHQ SXEOLVKHG IRU

D FRPSOH[ ZLWK S�QLWS\ >��@�

���([SHULPHQWDO

3UHSDUDWLRQ� 7KH WHWUDIOXRURERUDWH VDOW >5X��2�&&0H����+�2��@%)� ZDV SUHSDUHG

DFFRUGLQJ WR WKH PHWKRG GHVFULEHG LQ WKH OLWHUDWXUH >��@� 7KH QLWURQ\O QLWUR[LGH UDGL�

FDOV S�QLWS\ DQG P�QLWS\ ZHUH REWDLQHG DFFRUGLQJ WR WKH PHWKRG GHVFULEHG LQ WKH

HOVHZKHUH >��� ��@�

>5X��2�&&0H����S�QLWS\�@Q�%)��Q ���� �� PJ ������ PPRO� RI >5X��2�&&0H���
�+�2��@%)� ZDV SXW LQWR D 6FKOHQN WXEH DQG KHDWHG DW �� q& XQGHU YDFXXP ������

PP +J� IRU �� PLQ LQ RUGHU WR UHPRYH WKH D[LDO ZDWHU PROHFXOHV� 'XULQJ WKH WUHDW�

PHQW WKH WHWUDIOXRURERUDWH VDOW WXUQHG \HOORZLVK EURZQ IURP RUDQJH� 7KH &+�&O�
VROXWLRQ �� FP

�

� RI S�QLWS\ ���� PJ ������ PPRO�� ZDV VXEVHTXHQWO\ DGGHG LQWR WKH

WXEH DQG VWLUUHG ZLWK WKH ZDWHU�UHPRYHG WHWUDIOXRURERUDWH VDOW XQGHU DUJRQ� +H[DQH

��� FP
�

� ZDV VORZO\ DGGHG LQWR WKH UHDFWHG VROXWLRQ� WKH UHVXOWLQJ VROXWLRQ ZDV DO�

ORZHG WR VWDQG IRU VHYHUDO GD\V DW URRP WHPSHUDWXUH WR GHSRVLW GDUN�JUHHQ FU\VWDOV�

ZKLFK ZHUH FROOHFWHG E\ ILOWUDWLRQ DQG ZDVKHG ZLWK KH[DQH� 7KH \LHOG ZDV �� PJ

������ $QDO� IRXQG &� ������ +� ����� 1� ����� &DOFG� IRU &��+��%)�1�2��5X�� &� ������

+� ����� 1� ����� ,5 �LQ .%U� Q�12� ����� Q�&22� ����� ����� ����� Q�%)�

±

� ���� FP
±�

�

'LIIXVH UHIOHFWDQFH VSHFWUXP� OPD[ ��� �VK�� ���� ���� ���� �EU� QP�



0DJQHWLVP RI S\ULG\O QLWUR[LGH FRPSOH[HV RI UXWKHQLXP�,,� ,,,� SLYDODWH GLPHUV ���

>5X��2�&&0H����P�QLWS\�@Q�%)��Q��Q+�2 ���� 7KLV FRPSRXQG ZDV REWDLQHG DV GDUN�

JUHHQ FU\VWDOV E\ WKH UHDFWLRQ RI >5X��2�&&0H����+�2��@%)� ��� PJ� ����� PPRO� ZLWK

P�QLWS\ ���� PJ� ����� PPRO� LQ &+�&O��KH[DQH XVLQJ WKH VDPH PHWKRG DV WKDW RI ��

7KH \LHOG ZDV �� PJ ���� EDVHG RQ >5X��2�&&0H����+�2��@%)��� $QDO� IRXQG

&� ������ +� ����� 1� ����� &DOFG� IRU &��+��%)�1�2��5X�� &� ������ +� ����� 1� �����

,5 �LQ .%U� Q�12� ����� Q�&22� ����� ����� ����� Q�
�

�
%) � ���� FP

±�

� 'LIIXVH UH�

IOHFWDQFH VSHFWUXP� OPD[ ���� ���� ���� ���� ���� ���� �EU� QP�

0HDVXUHPHQWV� (OHPHQWDO DQDO\VHV IRU FDUERQ� K\GURJHQ� DQG QLWURJHQ ZHUH FDU�

ULHG RXW XVLQJ 3HUNLQ�(OPHU 6HULHV ,,� &+1�2 $QDO\]HU� ,QIUDUHG VSHFWUD �.%U SHOOHWV�

DQG HOHFWURQLF VSHFWUD ZHUH PHDVXUHG ZLWK -$6&2 ,5���� DQG 6KLPDG]X 89�����

VSHFWURPHWHUV� UHVSHFWLYHO\� 7HPSHUDWXUH GHSHQGHQFHV RI WKH PDJQHWLF VXVFHSWLELOLWLHV

ZHUH PHDVXUHG RQ D 4XDQWXP 'HVLJQ 0306��6 648,' VXVFHSWRPHWHU RSHUDWLQJ DW

D PDJQHWLF ILHOG RI ��� 7 EHWZHHQ � DQG ��� .� 7KH VXVFHSWLELOLWLHV ZHUH FRUUHFWHG IRU

GLDPDJQHWLVP RI FRQVWLWXHQW DWRPV XVLQJ 3DVFDOcV FRQVWDQW >�@� 7KH HIIHFWLYH PDJQHWLF

PRPHQWV ZHUH FDOFXODWHG IURP WKH HTXDWLRQ PHII  ������F7�
���

� ZKHUH F LV WKH PDJ�

QHWLF VXVFHSWLELOLW\ SHU 5X�,,� ,,,��UDGLFDO XQLW� 7KH ;�5D\ 'LIIUDFWLRQ GDWD IRU

�����Q&+�&O�ZHUH FROOHFWHG RQ DQ (QUDI�1RQLXV &$'� GLIIUDFWRPHWHU XVLQJ JUDSKLWH�

PRQRFKURPDWHG 0R .D UDGLDWLRQ DW ���r�� q&� 7KH FU\VWDO VWUXFWXUH ZDV VROYHG E\

GLUHFW PHWKRGV DQG UHILQHG E\ IXOO�PDWUL[ OHDVW�VTXDUHV� 1RQ�K\GURJHQ DWRPV ZHUH

UHILQHG ZLWK DQLVRWURSLF WKHUPDO SDUDPHWHUV� 7KH K\GURJHQ DWRPV ZHUH LQVHUWHG DW

WKHLU FDOFXODWHG SRVLWLRQV DQG IL[HG WKHUH� 7KH FDOFXODWLRQV ZHUH FDUULHG RXW RQ D 9$;

VWDWLRQ ���� ��$ FRPSXWHU XVLQJ D 0RO(1 SURJUDP SDFNDJH >��@� &U\VWDOORJUDSKLF

GDWD IRU �����Q&+�&O�� &����+��&O�%)�1�2��5X�� )�:�  �������� PRQRFOLQLF� VSDFH

JURXS 3���F� D  ���������� E  ���������� F  ��������� c� E� ��������q�

9  ������� c
�

� =  �� 'P  ����� 'F  ���� J FP
±�

� P�0R .D�  ���� FP
±�

� )�����

 ����� FU\VWDO GLPHQVLRQV ����u����u���� PP� ���� UHIOHFWLRQV FROOHFWHG ��TPD[

 ��q�� ���� LQGHSHQGHQW UHIOHFWLRQV� 5 >, t�V�,�@  6__)R_ ± _)F__�6_)R_  ������

5Z >, t �V�,�@  >6Z�_)R_ ± _)F_�
�
�6_)R_

�
@
���
 ����� �Z  ��>V

�
�_)R_�������_)R_�

�
� ���@��

���5HVXOWV�DQG�GLVFXVVLRQ

7KH FU\VWDO VWUXFWXUH RI �����Q&+�&O� LV VKRZQ LQ )LJ� �� 6HOHFWHG ERQG GLVWDQFHV

DQG DQJOHV DUH OLVWHG LQ 7DEOH �� 7KH ]LJ]DJ FKDLQ ZLWK DOWHUQDWHG DUUDQJHPHQW RI WKH

5X�,,� ,,,� GLPHU DQG WKH UDGLFDO LV H[WHQGHG DORQJ WKH E D[LV� 7KH 5X�±5X� ERQG GLV�

WDQFH LV �������� c� ZKLFK LV LQ WKH UDQJH RI WKRVH RI WKH RWKHU >5X��2�&5��@
�

FRPSRXQGV �����±���� c� >�� �@� 2QH RI WKH D[LDO VLWHV RI WKH 5X�,,� ,,,� GLPHU LV RF�

FXSLHG E\ WKH S\ULG\O QLWURJHQ RI S�QLWS\ ZLWK D VHSDUDWLRQ RI 5X�±1��  �������� c�

ZKLFK LV FRPSDUDEOH WR WKRVH RI ELV�DGGXFW 5X�,,� ,,,� GLPHUV ZLWK P� DQG S�QLWS\

��������� c IRU >5X��2�&&0H����P�QLWS\��@%)� DQG �������� c IRU >5X��2�&&0H���
�S�QLWS\��@%3K�� >��@� 2QH RI WKH WZR 1±2 JURXSV LV FR�RUGLQDWHG ZLWK D GLVWDQFH RI
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5X�±2�  �������� c� 7KH QLWUR[LGH R[\JHQ 2�� VWD\V IUHH IURP DQ\ FR�RUGLQDWLRQ�
7KH 1±2 ERQG GLVWDQFHV ������� �IRU 1�±2�� DQG ������� c �IRU 1�±2��� LPSO\ WKDW
WKH S�QLWS\ OLJDQG H[LVWV DV D JHQXLQH UDGLFDO >�@� 7KH D[LDO ERQG DQJOH 5X�±2�±1�
 ��������q LV LQ WKH UDQJH IRU JLYLQJ IHUURPDJQHWLF LQWHUDFWLRQ EHWZHHQ WKH 5X�,,� ,,,�

GLPHU FRUH DQG WKH UDGLFDO �YLGH LQIUD��
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)LJ� �� 9LHZ RI WKH VWUXFWXUH RI >5X��2�&&0H����S�QLWS\�@Q�%)��Q����Q&+�&O� ������Q&+�&O��� VKRZLQJ

WKH DWRP�ODEHOOLQJ VFKHPH� 7KHUPDO HOOLSVRLGV DUH DW WKH ��� SUREDELOLW\ OHYHO�

0HWK\O JURXSV RI SLYDOLF DFLG PRLHWLHV� %)� LRQV� DQG &+�&O� PROHFXOHV DUH RPLWWHG IRU FODULW\� 3ULPHV
DQG GRXEOH SULPHV UHIHU WR WKH HTXLYDOHQW SRVLWLRQV �[� ò ± \� ò � ]� DQG �[� ò ± \� ±����]�� UHVSHFWLYHO\

7DEOH �� 6HOHFWHG ERQG GLVWDQFHV �c� DQG DQJOHV �q� RI �����Q&+�&O�
ZLWK WKHLU HVWLPDWHG VWDQGDUG GHYLDWLRQV �LQ SDUHQWKHVHV�

%RQG 9DOXH %RQG 9DOXH

5X�±5X� �������� 5X�±2� ��������

5X�±2� �������� 5X�±2� ��������

5X�±2� �������� 5X�±1�´� ��������

5X�±2� �������� 1�±2� �������

5X�±2� �������� 1�±2�� �������

5X�±2� �������� 5X�±5X�±2� ��������

5X�±2� �������� 5X�±5X�±1�cc

� ��������

5X�±2� �������� 5X�±2�±1� ��������

�'RXEOH SULPH UHIHUV WR WKH HTXLYDOHQW SRVLWLRQ �[� ò ± \� ±��� � ]��



0DJQHWLVP RI S\ULG\O QLWUR[LGH FRPSOH[HV RI UXWKHQLXP�,,� ,,,� SLYDODWH GLPHUV ���

7HPSHUDWXUH GHSHQGHQFHV RI PDJQHWLF PRPHQWV IRU � DQG � DUH GLVSOD\HG LQ

)LJV� � DQG �� UHVSHFWLYHO\� $OWKRXJK WKH PDJQHWLF PRPHQWV DW D URRP WHPSHUDWXUH

���� .� DUH VLPLODU �����P% IRU � DQG ����P% IRU ��� WKHLU WHPSHUDWXUH�GHSHQGHQW SUR�

ILOHV DUH TXLWH GLIIHUHQW� 7KH PRPHQW RI � LQFUHDVHV XSRQ ORZHULQJ WKH WHPSHUDWXUH

GRZQ WR � . DQG WKHQ UDSLGO\ GHFUHDVHV IURP WKH PD[LPXP YDOXH RI ����P% �DW � .� WR

UHDFK WKH YDOXH RI ����P% �DW � .�� 2Q WKH RWKHU KDQG� WKH PRPHQW RI � LV QHDUO\ FRQ�

VWDQW GRZQ WR ��� .� DQG WKHQ IDOOV WR WKH YDOXH RI ����P% �DW � .��
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)LJ� �� 7HPSHUDWXUH GHSHQGHQFH RI HIIHFWLYH

PDJQHWLF PRPHQW �P
HII
�P% � RI �� 7KH VROLG OLQH ZDV

FDOFXODWHG ZLWK WKH SDUDPHWHUV OLVWHG LQ 7DEOH �

)LJ� �� 7HPSHUDWXUH GHSHQGHQFH RI HIIHFWLYH

PDJQHWLF PRPHQW �P
HII
�P% � RI �� 7KH VROLG OLQH ZDV

FDOFXODWHG ZLWK WKH SDUDPHWHUV OLVWHG LQ 7DEOH �

7KHLU PDJQHWLF EHKDYLRXUV ZHUH DQDO\]HG E\ WDNLQJ WZR PDJQHWLF LQWHUDFWLRQV

EHWZHHQ WKH 5X�,,� ,,,� GLPHU DQG WKH UDGLFDO �6FKHPH �� LQWR DFFRXQW� RQH LV WKURXJK

WKH D[LDO 1±2 JURXS DQG WKH RWKHU WKURXJK WKH S\ULG\O JURXS� 7KH PDJQHWLF VLPXOD�

WLRQV RI WKH EHKDYLRXUV ZHUH PDGH XVLQJ WKH SDUDPHWHUV - DQG - c �LQ 6FKHPH ��

WRJHWKHU ZLWK WKH SDUDPHWHUV J0 �J IDFWRU IRU 5X�,,� ,,,� GLPHU�� J5 �J IDFWRU IRU UDGL�

FDO�� DQG ' �]HUR�ILHOG VSOLWWLQJ IRU 5X�,,� ,,,� GLPHU �� ZKHUH - c ZDV FRQVLGHUHG WR EH

VXEVWDQWLDOO\ VPDOOHU LQ LWV DEVROXWH YDOXH WKDQ - DQG ZDV HYDOXDWHG EDVHG RQ WKH PR�

OHFXODU±ILHOG DSSUR[LPDWLRQ >�@�

�5X��5X���QLWS\�

6� ���6� ���

--


12S\ �5X��5X���QLWS\�
--


S\

6� ��� 6� ���

-


12

6FKHPH �

7KH UHVXOWV DUH VXPPDUL]HG LQ 7DEOH �� 7KH IHUURPDJQHWLF LQWHUDFWLRQ WKURXJK WKH

FR�RUGLQDWHG 1±2 JURXS �-  �� FP
±�
� LQ � LV UHDVRQDEO\ H[SODLQHG E\ FRQVLGHULQJ WKH

D[LDO ERQG DQJOH ��5X�±2�±1�  ��������q�� ZKLFK LV ORFDWHG DW WKH VPDOOHU HQG IRU

WKRVH RI WKH QLWUR[LGH 5X�,,� ,,,� FRPSOH[HV SUHSDUHG E\ RXU UHVHDUFK JURXSV >�±���

��� ��@� WKH LQWHUDFWLRQ LV IHUURPDJQHWLF ZKHQ WKH D[LDO ERQG DQJOH LV GHFUHDVHG WR EH
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FORVH WR ���q� WKRXJK WKH LQWHUDFWLRQ LV DQWLIHUURPDJQHWLF ZKHQ WKH DQJOH LV LQFUHDVHG

WR EH FORVH WR ���q� 7KH FRPSOH[ � PLJKW KDYH D ODUJHU D[LDO ERQG DQJOH FRPSDUHG

ZLWK WKDW RI � EHFDXVH LWV IHUURPDJQHWLF LQWHUDFWLRQ �-  ��� FP
±�
� LV PXFK ZHDNHU

WKDQ WKDW IRU �� 7KH LQWHUDFWLRQV WKURXJK WKH S\ULG\O JURXS DUH ZHDN IRU ERWK WKH SUHV�

HQW FRPSOH[HV OLNH WKH FDVHV RI ELV�DGGFXW FRPSOH[HV >5X��2�&&0H����P�QLWS\��@;

DQG >5X��2�&&0H����S�QLWS\��@; �;  %)� DQG %3K�� >��@� LQ ZKLFK WKH LQWHUDFWLRQV

RI 5X�,,� ,,,� GLPHU ZLWK S�QLWS\ DUH ZHDNO\ IHUURPDJQHWLF �- c  ��� DQG ��� FP
±�
� DQG

WKRVH ZLWK P�QLWS\ DUH ZHDNO\ DQWLIHUURPDJQHWLF �- c  ±��� FP
±�
�� 7KH FRPSOH[ � KDV

D IHUURPDJQHWLF LQWHUDFWLRQ WKURXJK WKH S\ULG\O JURXS RI S�QLWS\ �- c  ���� FP
±�
� DV

ZHOO DV WKDW WKURXJK WKH 1±2 JURXS �-  �� FP
±�
�� ZKLFK PD\ EH UHODWHG WR WKH UHOD�

WLYHO\ VWHHS LQFUHDVH LQ WKH PRPHQW ZKHQ WKH WHPSHUDWXUH JRHV GRZQ QHDU LWV

PD[LPXP WHPSHUDWXUH �� .� �)LJ� ���

7DEOH �� )LWWLQJ SDUDPHWHUV IRU WKH PDJQHWLF GDWD

&RPSRXQG
3DUDPHWHU

� �

J0 ���� ����

J5 ���� ����

'�FP±� �� ��

-�FP±� �� ���

- c

�FP±� ���� ±���

5���±� ���� ����

(VWLPDWHG E\ PROHFXODU ILHOG DSSUR[LPDWLRQ�


5  6�FREVG ± FFDOFG�
��6�FREVG�

�� ZKHUH F LV WKH PDJQHWLF VXVFHSWLELOLW\ SHU

5X�,,� ,,,��UDGLFDO XQLW�

�

�

�

�

� ���� ��� ���� � ����

+  / 7

)LJ� �� )LHOG �+�7� GHSHQGHQFH RI WKH PDJQHWL]DWLRQ �0�1P%� IRU

>5X��2�&&0H����S�QLWS\�@Q�%)��Q ��� DW ��� . �¨� DQG �� .�2��

7KHRUHWLFDO FXUYHV DW ��� . ������ DQG �� . �±�

�J0  ����� J5  ����� DQG '  �� FP
±�
�



0DJQHWLVP RI S\ULG\O QLWUR[LGH FRPSOH[HV RI UXWKHQLXP�,,� ,,,� SLYDODWH GLPHUV ���

7KH IHUURPDJQHWLF EHKDYLRXU RI � ZDV FRQILUPHG E\ PHDVXULQJ WKH PDJQHWL]DWLRQ RI

� YHUVXV WKH DSSOLHG ILHOG �)LJ� ��� 7KH PDJQHWL]DWLRQ FXUYH RI � OLHV DERYH WKH FXUYH RI

WKH %ULOORXLQ IXQFWLRQ IRU WKH V\VWHP RI 6�  ��� �IRU 5X�,,� ,,,� GLPHU� DQG 6�  ��� �IRU

S�QLWS\� XQGHU WKH FRQVLGHUDWLRQ RI ]HUR�ILHOG VSOLWWLQJ� 7KH UDSLG GHFUHDVH LQ WKH PR�

PHQW EHORZ � . LV FRQVLGHUHG WR FRPH IURP WKH ]HUR�ILHOG VSOLWWLQJ �'  �� FP
±�
� ZLWKLQ

WKH 5X�,,� ,,,� GLPHU �)LJ� ��� 7KH FRPSOH[ � KDV DQ DQWLIHUURPDJQHWLF LQWHUDFWLRQ

WKURXJK WKH S\ULG\O JURXS RI P�QLWS\ �- c  ���� FP
±�
�� %RWK WKH LQWHUDFWLRQV HVWLPDWHG

ZLWK -  ��� FP
±�
DQG - c  ±��� FP

±�
DUH ZHDN� KHQFH LW PD\ QRW EH DSSURSULDWH WR

HVWLPDWH WKH - c YDOXH XVLQJ WKH PROHFXODU�ILHOG DSSUR[LPDWLRQ� +RZHYHU� LW LV FHUWDLQ

WKDW � KDV WKH IHUUR� DQG DQWLIHUURPDJQHWLF LQWHUDFWLRQV DOWKRXJK WKH DQWLIHUURPDJQHWLF

LQWHUDFWLRQ LV VOLJKWO\ SUHGRPLQDQW EHFDXVH � GRHV QRW VKRZ DQ\ IHUULPDJQHWLF EHKDY�

LRXU� ZKLFK VKRXOG RFFXU LI ERWK WKH LQWHUDFWLRQV DUH DQWLIHUURPDJQHWLF LQ D VLPLODU

PDJQLWXGH >�@� 7KH DVVLJQPHQW RI WKH DQWLIHUURPDJQHWLF LQWHUDFWLRQ - c  ±��� FP
±�
LV

LQ DFFRUGDQFH ZLWK WKH SUHYLRXV UHVXOWV IRU >5X��2�&&0H����P�QLWS\��@; �;  %)�

DQG %3K��� ZKLFK KDYH D ZHDN PDJQHWLF LQWHUDFWLRQ WKURXJK WKH S\ULG\O JURXS

�-c  ±��� FP
±�
� >��@�

���&RQFOXVLRQV

7KH PDJQHWLF LQYHVWLJDWLRQ RQ FKDLQ FRPSOH[HV ZLWK DQ DOWHUQDWHG DUUDQJHPHQW RI

UXWKHQLXP�,,� ,,,� SLYDODWH GLPHUV DQG S\ULG\O QLWUR[LGH UDGLFDOV� �����S\ULG\O����������

WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���R[\O���1±R[LGH �S�QLWS\� DQG �����S\ULG\O��

��������WHWUDPHWK\O�����GLK\GUR��+�LPLGD]RO\O���R[\O���1�R[LGH �P�QLWS\�� ZDV SHU�

IRUPHG� ,W ZDV IRXQG WKDW WKH S\ULG\O JURXS RQ WKH UDGLFDO ZHDNO\ PHGLDWHV D IHUUR� RU

DQWLIHUURPDJQHWLF LQWHUDFWLRQ ZLWK 5X�,,� ,,,� GLPHU GHSHQGLQJ RQ WKH HPSOR\HG UDGLFDOV�

S�QLWS\ JLYHV WKH IHUURPDJQHWLF LQWHUDFWLRQ� EXW P�QLWS\ JLYHV WKH DQWLIHURPDJQHWLF LQWHU�

DFWLRQ� 7KH REVHUYHG IHUURPDJQHWLF LQWHUDFWLRQ WKURXJK WKH D[LDOO\ FR�RUGLQDWHG 1±2

JURXS IRU WKH FKDLQ FRPSOH[ ZLWK S�QLWS\ �FRPSOH[ �� LV FRQFOXGHG WR EH DVVRFLDWHG ZLWK

WKH IDFW WKDW WKH D[LDO ERQG DQJOH LV ORFDWHG DW FD� ���q�

$FNQRZOHGJHPHQW

7KH SUHVHQW ZRUN ZDV SDUWLDOO\ VXSSRUWHG E\ *UDQWV�LQ�$LG IRU 6FLHQWLILF 5HVHDUFK 1R� ��������

IURP WKH 0LQLVWU\ RI (GXFDWLRQ� &XOWXUH� 6SRUWV� 6FLHQFH DQG 7HFKQRORJ\�

5HIHUHQFHV

>�@ &$1(6&+,$�� *$77(6&+,'�� 5(< 3�� 3URJ� ,QRUJ� &KHP�� �� ������� ����

>�@ %(1(//, &�� *$77(6&+,'�� &KHP� 5HY�� ��� ������� �����

>�@ .$+12�� 0ROHFXODU 0DJQHWLVP� 9&+ 3XEOLVKHUV� 1HZ <RUN� �����

>�@ &27721 )�$� :$/721 5�$�� 0XOWLSOH %RQGV EHWZHHQ 0HWDO $WRPV� �QG (G�� 2[IRUG 8QLYHUVLW\

3UHVV� 1HZ <RUN� ����� SS� ���±����

>�@ $48,120�$�6�� &RRUG� &KHP� 5HY�� ��� ������� ����
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>�@ 6$<$0$<�� +$1'$0�� 0,.85,<$0�� +,520,768 ,�� .$68*$.�� %XOO� &KHP� 6RF� -SQ�� �� ������� ����

>�@ +$1'$0�� 6$<$0$<�� 0,.85,<$0�� 18.$'$5�� +,520,768 ,�� .$68*$.�� &KHP� /HWW� ������� ����

>�@ +$1'$ 0�� 6$<$0$ <�� 0,.85,<$ 0�� 18.$'$ 5�� +,520,768 ,�� .$68*$ .�� %XOO� &KHP� 6RF�

-SQ�� �� ������� ����

>�@ 6$<$0$<�� +$1'$0�� 0,.85,<$0�� +,520,768 ,�� .$68*$.�� &KHP� /HWW� ������� ����

>��@ 6$<$0$<�� +$1'$0�� 0,.85,<$0�� +,520,768 ,�� .$68*$.�� %XOO� &KHP� 6RF� -SQ�� �� ������� �����

>��@ 6$<$0$<�� +$1'$0�� 0,.85,<$0�� +,520,768 ,�� .$68*$.�� &KHP� /HWW� ������� ����

>��@ %$55$/0�&�� -,0e1(=�$3$5,&,2 5�� 35,(*2 -�/�� 52<(5 (�&�� *87,e1(=�38(%/$ (�� 58,=�9$/(52

&�� 3RO\KHGURQ� �� ������� �����

>��@ 8//0$1 (� )�� *$// /�� 26,(&., -� +�� -� 2UJ� &KHP�� �� ������� �����

>��@ '$9,60� 6�� 0252.80$.�� .5(,/,&. 5�:�� -� $P� &KHP� 6RF�� �� ������� �����

>��@ )$,5 &� .�� 0RO (1 6WUXFWXUH 'HWHUPLQDWLRQ 6\VWHP� 'HOIW ,QVWUXPHQW� 'HOIW� �����

>��@ 6$<$0$<�� +$1'$0�� 0,.85,<$0�� +,520,768 ,�� .$68*$.�� %XOO� &KHP� 6RF� -SQ�� �� ������� �����

>��@ +$1'$ 0�� 6$<$0$ <�� 0,.85,<$ 0�� 18.$'$ 5�� +,520,768 ,�� .$68*$ .�� %XOO� &KHP� 6RF�

-SQ�� �� ������� �����

5HFHLYHG �� 0DUFK ����

5HYLVHG � $SULO ����



0DWHULDOV 6FLHQFH� 9RO� ��� 1R� �� ����

,QWUDPROHFXODU�HOHFWURQ�WUDQVIHU�RQ�WKH�YLEUDWLRQDO

WLPHVFDOH�LQ�PL[HG�YDOHQFH�UXWKHQLXP�FOXVWHUV

1$2<8., ,0$,� 7202+,.2+$0$*8&+,� 7$'$6+,<$0$*8&+,� $1'7$68.8 ,72


'HSDUWPHQW RI &KHPLVWU\� *UDGXDWH 6FKRRO RI 6FLHQFH� 7RKRNX 8QLYHUVLW\� 6HQGDL ��������� -DSDQ

7KH WKHUPRG\QDPLF VWDELOLW\ RI WKH PL[HG YDOHQFH �RQH HOHFWURQ UHGXFHG� VWDWH EHWZHHQ OLQNHG 5X�
XQLWV ZDV VWXGLHG E\ PHDQV RI HOHFWURFKHPLFDO PHWKRGV IRU WKH VHULHV RI WKH OLJDQG�EULGJHG WULUXWKHQLXP

FOXVWHU GLPHU� >5X��P��2��P�&+�&2����&2��/��P�%/�5X��P��2��P�&+�&2����&2��/�@ �%/  ����

S\UD]LQH� /  ��GLPHWK\ODPLQRS\ULGLQH �GPDS� ��D�� S\ULGLQH �S\� ��E�� ��F\DQRS\ULGLQH �FS\� ��F��

��D]DELF\FOR>�����@RFWDQH ��G�� %/  ���c�ELS\ULGLQH� /  GPDS ��D�� S\ ��E�� FS\ ��F�� %/  ����

GLD]DS\UHQH� /  GPDS ��D�� %/  ����GLD]DELF\FOR>�����@RFWDQH� /  GPDS ��D�� S\ ��E�� FS\ ��F��� 7KH

PL[HG YDOHQFH VWDWHV XQGHUJRLQJ UDSLG LQWUDPROHFXODU HOHFWURQ WUDQVIHUV ZHUH REVHUYHG E\ ,5 VSHFWUR�

HOHFWURFKHPLVWU\� %\ VLPXODWLQJ G\QDPLFDO HIIHFWV RQ WKH REVHUYHG Q�&2� DEVRUSWLRQ EDQGVKDSHV� WKH UDWH

FRQVWDQWV NH IRU HOHFWURQ WUDQVIHU LQ WKH PL[HG YDOHQFH VWDWHV RI �D� �E� �F DQG �G ZHUH HVWLPDWHG WR EH �u��
�� V±�

�DW URRP WHPSHUDWXUH �UW��� �u���� V±� �DW UW�� F�D��u���� V±� �DW UW�� DQG �u��
��
V
±�
�DW ±�� �&�� UHVSHFWLYHO\� 3RVVL�

EOH DSSOLFDWLRQV RI WKLV DSSURDFK WR DV\PPHWULF PL[HG YDOHQFH V\VWHPV ZHUH GLVFXVVVHG�

���,QWURGXFWLRQ

6SHFWURVFRSLF WHFKQLTXHV IRU GHWHUPLQDWLRQ RI PROHFXODU VWUXFWXUH KDYH WKHLU RZQ

WLPHVFDOHV� $V LV ZHOO NQRZQ� VSHFWUDO FRDOHVFHQFH LQ QXFOHDU PDJQHWLF UHVRQDQFH

�105� LV RQ WKH RUGHU RI PLOOLVHFRQGV� ,Q LQIUDUHG �,5� VSHFWURVFRS\� WKH WLPHVFDOH LV

RQ WKH RUGHU RI SLFRVHFRQGV� ,QWUDPROHFXODU SURFHVVHV VXFK DV HOHFWURQ DQG HQHUJ\

WUDQVIHU FDQ RFFXU RQ WKH SLFRVHFRQG WLPHVFDOH� :H UHFHQWO\ UHSRUWHG RXU REVHUYDWLRQV

RI FRDOHVFHQFH RI WKH &±2 VWUHWFKLQJ EDQGV RI FDUERQ PRQR[LGH �Q�&2�� OLJDQGV LQ

WKH PRVW UDSLGO\ H[FKDQJLQJ PL[HG YDOHQFH FRPSOH[HV RI KH[DQXFOHDU UXWKHQLXP

FOXVWHUV >�±�@� 7KH PL[HG YDOHQFH FRPSOH[HV DUH RQH�HOHFWURQ UHGXFHG VSHFLHV RI

OLJDQG EULGJHG GLPHUV RI WULUXWKHQLXP FOXVWHUV RI WKH >5X��P��2��P�&+�&2����&2��/�

�P�%/�5X��P��2��P�&+�&2����&2��/�@ W\SH� VKRZQ LQ )LJ� �� ZKHUH %/ GHQRWHV

BBBBBBBBB



7KH SDSHU ZDV SUHVHQWHG DW WKH ��
WK
:LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����

&RUUHVSRQGLQJ DXWKRU� H�PDLO� LWR#DJQXV�FKHP�WRKRNX�DF�MS�
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EULGJLQJ OLJDQG� ,Q WKH QHXWUDO LVRODWHG VWDWHV RI DOO WKH FRPSRXQGV� HDFK WULQXFOHDU

5X� XQLW IRUPDOO\ FRQWDLQV RQH 5X�,,� DQG WZR 5X�,,,� FHQWUHV DQG WKH FDUERQ\O OLJDQG

LV FR�RUGLQDWHG WR WKH IRUPDOO\ GLYDOHQW FHQWUH� :H GHVFULEH WKH FKDUDFWHULVWLFV RI WKH

,5 VSHFWUD RI �D±�G DQG �D±�E DORQJ ZLWK HOHFWURFKHPLFDO GDWD RI DOO WKH FRPSRXQGV

VKRZQ LQ )LJ� � >�@� 3RVVLEOH DSSOLFDWLRQV RI LQIUDUHG VSHFWURHOHFWURFKHPLVWU\ IRU WKH

HVWLPDWLRQ RI WKH UDWH FRQVWDQWV RI LQWUDPROHFXODU HOHFWURQ WUDQVIHU LQ DV\PPHWULF

PL[HG YDOHQFH V\VWHP ZLOO DOVR EH GLVFXVVHG�

O

O
O

O O

OO

Ru O

O

OO

RuO

Ru
O

L

BL

O

O
O

OO

OO

RuO

O

OO

Ru O

Ru
O

L

COOC

N N NN CNN NN N N N

(abco)

,

(dmap)(pz) (dap)

,
L = ,

N N

(dabco) (cpy)(bpy)

,
BL = ,

N

(py)

,

(cpy)(dmap) (py) (abco)

(dabco)

(pz)

(dap)

(bpy)

1a 1b 1c 1d

2a 2b 2c —

3a — — —

4a 4b 4c —

BL
L

)LJ� �� 6WUXFWXUH RI >5X��P��2��P�&+�&2����&2��/��P�%/�5X��P��2��P�&+�&2����&2��/�@

DQG QXPEHULQJ RI WKH FRPSRXQGV� S] ± ����S\UD]LQH� ES\ ± ���c�ELS\ULGLQH� GDS ± ����GLD]DS\UHQH�

GDEFR ± ����GLD]DELF\FOR>�����@RFWDQH� DEFR ± ��D]DELF\FOR�>�����@RFWDQH

���(OHFWURFKHPLFDOO\�JHQHUDWHG�PL[HG�YDOHQFH�VWDWHV

DQG�WKHLU�WKHUPRG\QDPLF�VWDELOLWLHV

)LJXUH � VKRZV F\FOLF YROWDPPRJUDPV �&9� RI D VHULHV RI 5X� GLPHUV ZKHUH WKH

EULGJLQJ OLJDQG LV IL[HG WR S\UD]LQH DQG WKH WHUPLQDO OLJDQGV DUH YDULHG� )LJXUH � VKRZV

&9¶V RI D VHULHV RI 5X� GLPHUV ZKHUH WKH EULGJLQJ OLJDQG LV YDULHG DQG WKH WHUPLQDO OL�

JDQG LV IL[HG WR GPDS� ,Q DOO WKH &9¶V LQ )LJV� � DQG �� WZR�HOHFWURQ R[LGDWLRQ ZDYHV DUH

REVHUYHG DW DSSUR[LPDWHO\ (��������  ���� DQG (��������  ��� 9 YV� 66&(� +HUH� WKH

RYHUDOO FKDUJHV RI WKH FRPSOH[HV DUH H[SUHVVHG LQ SDUHQWKHVHV� 2Q WKH RWKHU KDQG� HDFK

FRPSRXQG JHQHUDOO\ GLVSOD\V WZR VLQJOH HOHFWURQ UHGXFWLRQ ZDYHV WKDW FRUUHVSRQG IRU�

PDOO\ WR 5X�
,,,�,,,�,,

�%/�5X�
,,,�,,,�,,

�5X�
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�%/�5X�
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���±�� DQG WKHQ 5X�
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�%/�

5X�
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�5X�
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�%/�5X�
,,,�,,�,,

�±��±��� ,Q WKH FDVH RI �D� WKH VSOLWWLQJ EHWZHHQ WKH ���±��

DQG �±��±�� VWDWHV LV WRR VPDOO �'( | � P9� WR UHVROYH E\ F\FOLF YROWDPPHWU\� 2QH LP�

SRUWDQW FRQWULEXWLRQ WR WKH PDJQLWXGH RI WKH VSOLWWLQJ EHWZHHQ WKH VLQJOH HOHFWURQ ���±��

DQG �±��±�� UHGXFWLRQ ZDYHV� '(� LV WKH VWDELOL]DWLRQ HQHUJ\ LPSDUWHG WR WKH ±� VWDWH E\

HOHFWURQ GHORFDOL]DWLRQ� &RPSURSRUWLRQDWLRQ FRQVWDQWV� .F  H[S �'()�57�� HVWLPDWHG

IURP '( DUH DOVR JLYHQ LQ )LJV� � DQG �� 7KH PL[HG YDOHQFH VSHFLHV� L�H�� WKH ±� VWDWH

H[LVWV LQ WKH UHJLRQ RI '( EHWZHHQ WKH ���±�� DQG �±��±�� ZDYHV DQG WKH PDJQLWXGH RI

'(� DQG WKHUHE\ .F� UHIOHFWV VWDELOLW\ RI WKH PL[HG YDOHQFH VWDWH� 5HGR[ SRWHQWLDO GDWD IRU

WKH ���±�� DQG �±��±�� SURFHVVHV DUH VXPPDUL]HG LQ 7DEOH ��
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UDWHG VRGLXP FKORULGH FDORPHO HOHFWURGH �66&(��
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$Q LQWHUHVWLQJ DVSHFW RI WKHVH FRPSOH[HV LV WKDW WKH VSOLWWLQJ '( GHSHQGV VWURQJO\

RQ WKH DQFLOODU\ OLJDQGV �GPDS� S\� FS\� DEFR� DQG RQ WKH EULGJLQJ OLJDQGV �S]� ES\�

GDS� GDEFR�� 7KXV� DV WKH DGMXVWDEOH S\ULG\O OLJDQG LQ WKH VHULHV �D±�F DQG �D±�F LV

FKDQJHG IURP GPDS LQ �D DQG �D WR DQ XQVXEVWLWXWHG S\ULGLQH IRU �E DQG �E WR DQ

HOHFWURQ ZLWKGUDZLQJ FS\ IRU �F DQG �F� WKH YDOXHV RI '( DQG .F GHFUHDVH FRQVLGHUD�

EO\ �7DEOH ��� &RPSRXQG �G ZLWK DEFR� ZKLFK KDV WKH ODUJHVW S.D RI ���� DPRQJ WKH

SUHVHQW VHULHV RI WHUPLQDO OLJDQGV� SRVVHVVHV WKH ODUJHVW '( DQG .F >�@� 7KH EULGJLQJ

OLJDQG S�HOHFWURQ V\VWHPV PHGLDWH HOHFWURQLF FRXSOLQJ EHWZHHQ WKH WZR 5X� FHQWUHV�

DQG WKH RYHUODS EHWZHHQ WKH 5X� FOXVWHU GS�HOHFWURQ V\VWHP DQG WKH EULGJLQJ OLJDQG S


V\VWHP DSSHDUV WR EH YHU\ IDYRXUDEOH� ,Q IDFW� WKH GDEFR EULGJHG FRPSRXQG �D� ZKLFK

KDV QR S�HOHFWURQ V\VWHP LQ WKH EULGJLQJ OLJDQG� VKRZV HVVHQWLDOO\ QR HOHFWURQLF FRX�

SOLQJ �'( | ��� 7KH UHOHYDQW 5X G OHYHO LV FORVHU WR WKH S] S

OHYHO LQ �D WKDQ LW LV LQ �F�

DQG FORVHU WR WKH ES\ S

OHYHO LQ �D WKDQ LW LV LQ �F� 7KLV GHVFULSWLRQ RI WKH HOHFWURQLF

VWUXFWXUH LV VXSSRUWHG E\ H[SHULPHQWDO HYLGHQFH >�@� ,Q JHQHUDO� HOHFWURQLF FRXSOLQJ

IDOOV RII H[SRQHQWLDOO\ ZLWK LQFUHDVLQJ GLVWDQFH EHWZHHQ HOHFWURQLFDOO\ LQWHUDFWLQJ

FHQWUHV� 7KH FHQWUH�WR�FHQWUH VHSDUDWLRQ EHWZHHQ 5X�2 XQLWV LQ WKH FU\VWDO VWUXFWXUH RI

�D LV ���� c >�@� DQG LW LV HVWLPDWHG DW FD� ���� c LQ ES\ EULGJHG FRPSOH[HV� 7KH

ORQJHU VHSDUDWLRQ EHWZHHQ 5X� FHQWUHV LQ �D±�F DQG �D GHFUHDVHV WKH LQWHUFOXVWHU

HOHFWURQLF FRXSOLQJ� WKHUHE\ GHFUHDVLQJ '( YDOXHV�

���,5�6SHFWUD�RI�WKH�PL[HG�YDOHQFH�VSHFLHV�LQ�WKH�Q�&2��UHJLRQ

7KH YLEUDWLRQDO VSHFWUD RI FRPSOH[HV �D±�G DQG �D±�F ZHUH REWDLQHG E\ XVLQJ UH�

IOHFWDQFH ,5 VSHFWURHOHFWURFKHPLVWU\ �6(&�� &RQWUROOHG SRWHQWLDOV ZHUH DSSOLHG WR

SUHSDUH WKH VLQJO\ �±�� DQG GRXEO\ �±�� UHGXFHG VWDWHV RI FOXVWHU IRU ,5 VSHFWURVFRSLF

REVHUYDWLRQ� 0HDVXUHPHQWV ZHUH FDUULHG RXW DW URRP WHPSHUDWXUH XQOHVV RWKHUZLVH

VWDWHG� ([SHULPHQWV RQ �G ZHUH FDUULHG RXW DW ±�� �&� EHFDXVH UHGXFHG VSHFLHV �WKH ±�

DQG ±� VWDWHV� RI WKLV FRPSRXQG ZHUH XQVWDEOH DW URRP WHPSHUDWXUH� )LJXUHV �D DQG E

VKRZ WKH ,5 VSHFWUD LQ WKH Q�&2� UHJLRQ RI S\UD]LQH ��D±�G� DQG ���c�ELS\ULGLQH

��D±�E� EULGJHG FRPSOH[HV� /HW XV GLVFXVV ILUVW WKH S\UD]LQH EULGJHG V\VWHPV� ,Q WKH

LVRODWHG ��� VWDWH� �G H[KLELWV D VLQJOH Q�&2� EDQG DW ���� FP
±�
�)LJ� �D WRS�� LQGLFDW�

LQJ WKDW WZR 5X� XQLWV LQ �G DUH SDLUZLVH HTXLYDOHQW� 7KH GRXEO\ UHGXFHG VSHFLHV DOVR

JLYHV ULVH WR D VLQJOH Q�&2� EDQG� EXW DW ���� FP
±�
� UHIOHFWLQJ LGHQWLFDO UHGR[ VWDWHV DW

HDFK 5X�
,,,�,,�,,

FOXVWHU� &RPSOH[HV �D±�F VLPLODUO\ H[KLELW VLQJOH Q�&2� EDQGV LQ WKH

QHXWUDO VWDWH DQG ±� VWDWH� UHVSHFWLYHO\� ,QWHUHVWLQJO\� KRZHYHU� WKH VLQJOH�HOHFWURQ

UHGXFHG VWDWH RI �G VKRZV D EURDG DEVRUSWLRQ EDQG DW WKH DYHUDJH HQHUJ\ RI WKH EDQGV

REVHUYHG IRU WKH QHXWUDO ��� DQG GRXEO\ UHGXFHG �±�� VWDWHV RI �G �)LJ� �D WRS�� 7KH

GHJUHH RI µFRDOHVFHQFH¶ RI WKH ,5 VSHFWUD GHSHQGV RQ WKH GHJUHH RI HOHFWURQLF FRXSOLQJ

EHWZHHQ WKH S\UD]LQH�OLQNHG 5X� FOXVWHUV �)LJ� �D�� $V '( �RU .F� GHFUHDVHV IURP

��� P9 ����u��
�
� IRU �G WR ��� P9 ����u��

�
� IRU �F� WZR GLVWLQFW Q�&2� EDQGV DW

���� FP
±�

DQG ���� FP
±�

EHFRPH UHVROYHG IRU �F� &OXVWHU �E ZLWK DQ LQWHUPHGLDWH
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YDOXH RI '( �.F� RI ��� P9 ����u���� VKRZV DQ LQWHUPHGLDWH GHJUHH RI VSHFWUDO µFRD�

OHVFHQFH¶ LQ WKH VLQJO\ UHGXFHG VWDWH�
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Q�
�Q  � �ÂÂÂ�� ±� �²�� ±� �� � ���

IRU /  GPDS ��D�� S\ ��E�

6LPLODUO\� ERWK WKH QHXWUDO DQG ±� VWDWHV RI WKH ES\ EULGJHG FRPSOH[HV �D±�F H[�

KLELW RQH VKDUS Q�&2� EDQG LQ WKH ,5 �)LJ� �E�� 7KH VSHFWUD RI WKH ±� VWDWHV RI �D DQG

�E FRQVLVW RI WZR ZHOO�UHVROYHG DQG ZHOO�VHSDUDWHG Q�&2� EDQGV� SHUWXUEHG RQO\

VOLJKWO\ UHODWLYH WR WKH VSHFWUD RI WKH QHXWUDO DQG ±� VWDWHV� )RU �F� D UHOLDEOH VSHFWUXP

RI WKH ±� VWDWH FRXOG QRW EH REWDLQHG GXH WR � �� P9 VHSDUDWLRQ EHWZHHQ WKH ���±��

DQG �±��±�� &9 ZDYHV� ,Q FOXVWHUV �D±�F� WKH HOHFWURQLF FRXSOLQJ LV VPDOO DV HYL�

GHQFHG E\ F\FOLF YROWDPPHWU\� 2YHUDOO� WKH VLQJO\ UHGXFHG VWDWHV RI �D±�F FDQ EH

YLHZHG DV YDOHQFH WUDSSHG RU ORFDOL]HG FRPSRXQGV�

7KH ,5 VSHFWUDO IHDWXUH LQ WKH Q�&2� UHJLRQ RI WKH ±� PL[HG YDOHQFH VWDWH LV YHU\

GLIIHUHQW EHWZHHQ S\UD]LQH EULGJHG FRPSOH[HV �D±�G DQG ���c�ELS\ULGLQH FRPSOH[HV

D

E
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�D±�F� 7KH YDVW GLIIHUHQFH LQ VSHFWUDO FKDUDFWHULVWLFV DULVHV IURP WKH HOHFWURQLF LQWHU�

DFWLRQV EHWZHHQ WZR 5X� XQLWV WKURXJK WKH EULGJLQJ OLJDQG� DV LV VHHQ LQ WKHLU

HOHFWURFKHPLFDO EHKDYLRXU� 7KH XVH RI ORQJHU ES\ EULGJHV LQ �D±�F DWWHQXDWHV WKH

HOHFWURQLF FRXSOLQJ WR WKH SRLQW WKDW LQ �F WKH ±� FKDUJH WUDQVIHU VWDWH LV QR ORQJHU

GHILQHG� 3UHOLPLQDU\ H[SHULPHQWV VKRZ HVVHQWLDOO\ QR WHPSHUDWXUH GHSHQGHQFH RI WKH

,5 VSHFWUD LQ WKH UDQJH IURP URRP WHPSHUDWXUH GRZQ WR ±�� �&�

���(VWLPDWLRQ�RI�UDWH�FRQVWDQWV�RI�LQWUDPROHFXODU

HOHFWURQ�WUDQVIHU�LQ�WKH�PL[HG�YDOHQFH�VWDWH

$W WKH SUHVHQW WLPH� ZH KDYH QR HYLGHQFH RI D SURFHVV RWKHU WKDQ LQWUDPROHFXODU

HOHFWURQ WUDQVIHU WR DFFRXQW IRU WKH FKDQJHV REVHUYHG LQ WKH ,5 VSHFWUDO OLQH VKDSHV RI

RXU V\VWHPV� :H FDUULHG RXW WKH %ORFK HTXDWLRQ W\SH DQDO\VLV IRU WKH ,5 OLQH EURDGHQ�

LQJ ZKLFK LV GHYHORSHG E\ 0F&OXQJ >�@�

2000 1900 18002000 1900 1800
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simulated
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2 × 1012 s1

1 × 1012 s1
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1 × 1011 s1
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)LJ� �� &RPSDULVRQ RI REVHUYHG WR VLPXODWHG LQIUDUHG VSHFWUD LQ WKH Q�&2� UHJLRQ

IRU �D± DV D IXQFWLRQ RI WKH LQWUDPROHFXODU HOHFWURQ WUDQVIHU UDWH FRQVWDQW N
H

)LJXUH � VKRZV DQ H[DPSOH RI WKH VLPXODWHG VSHFWUDO OLQH VKDSHV DV D IXQFWLRQ RI

WKH UDWH FRQVWDQW NH DQG D FRPSDULVRQ WR WKH REVHUYHG VSHFWUXP RI �D
±

� 6LPLODU DQDO\�

VHV ZHUH FDUULHG RXW IRU �D
±

±�F
±

DQG �D
±

>�@� 7KH UDWH FRQVWDQWV NH RI HOHFWURQ WUDQVIHU
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HVWLPDWHG E\ WKLV W\SH RI VLPXODWLRQ IRU �G
±� �D±� �E±� DQG �F

± DUH ������u���� DW

±�� �&� �����u����� �����u����� FD� �u���� V
±�
� UHVSHFWLYHO\� 6LPXODWHG VSHFWUD DV

D IXQFWLRQ RI NH IRU �F
±
VKRZ WKDW NH IRU �F

±
LV FORVH WR WKH ORZHU OLPLW WKDW FDQ EH GH�

WHUPLQHG UHOLDEO\ E\ WKLV DSSURDFK >�@�

���3RVVLEOH�DSSOLFDWLRQV�RI�,5�6(&�IRU�WKH�HVWLPDWLRQ

RI�WKH�UDWH�FRQVWDQWV�RI�LQWUDPROHFXODU�HOHFWURQ�WUDQVIHU

LQ�DV\PPHWULF�PL[HG�YDOHQFH�VWDWH

8VLQJ GLIIHUHQW WHUPLQDO OLJDQGV DW WKH /
�
DQG /

�
VLWHV� ZH FDQ SUHSDUH D VHULHV RI

DV\PPHWWULF 5X� GLPHUV �H±�J �)LJ� ��� 7KH\ VKRZ &9 VLPLODU WR WKH V\PPHWULF 5X�
GLPHUV �D±�G� JLYLQJ UHGR[ ZDYH VSOLWWLQJ '( ����� ���� DQG ��� P9 IRU �H� �I� DQG

�J� UHVSHFWLYHO\�� 7KH PL[HG YDOHQW ±� VWDWHV RI �H±�J DOVR VKRZ VLPLODU LQWHUYDOHQFH

WUDQVLWLRQ EDQG �DW ������� ������� DQG ����� FP
±�
� IRU �H� �I� DQG �J� UHVSHFWLYHO\��

7KHVH REVHUYDWLRQV VWURQJO\ VXJJHVW D SRVVLEOH DSSOLFDWLRQ RI WKH DERYH�PHQWLRQHG

WHFKQLTXH WR DV\PPHWULF PL[HG YDOHQFH V\VWHPV�
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WKH DV\PPHWULF V\VWHP LV VRPHZKDW FRPSOLFDWHG� $ FRPSDULVRQ RI SRWHQWLDO HQHUJ\
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7KH TXHVWLRQ RI ZKHWKHU VXFK DQ DV\PPHWULF PL[HG YDOHQFH VWDWH XQGHUJRHV LQ�

WUDPROHFXODU HOHFWURQ WUDQVIHU �ORFDOL]HG RU GHORFDOL]HG� GHSHQGV RQ WZR IDFWRUV� ���

WKH SRWHQWLDO GLIIHUHQFH� '*�� DQG ��� WKH HOHFWURQLF FRXSOLQJ� +$%� /DUJHU FRQWULEX�

WLRQV RI +$% WHQG WR GHORFDOL]H WKH V\VWHP� ZKHUHDV D ODUJHU '*� WHQGV WR ORFDOL]H WKH

V\VWHP� :KHQ +$% DQG '*� DUH RI DSSURSULDWH PDJQLWXGH� WZR PL[HG YDOHQFH LVRPHUV

VKRXOG H[LVW ZKHUH RQH LV D PDMRU LVRPHU DQG WKH RWKHU D PLQRU RQH� DQG LQWUD�

PROHFXODU HOHFWURQ WUDQVIHU RFFXUV ZLWKLQ HDFK LVRPHU� 7KH LQWUDPROHFXODU HOHFWURQ

WUDQVIHU LQ WKH PDMRU LVRPHU UHVXOWV LQ WKH IRUPDWLRQ RI WKH PLQRU LVRPHU DQG YLFH

YHUVD� 7KXV IDU� WKLV EHKDYLRXU LQ DQ DV\PPHWULF PL[HG YDOHQFH VWDWH KDV QRW EHHQ

UHSRUWHG WR RXU EHVW NQRZOHGJH� :H IRXQG SUHOLPLQDULO\ WKDW RQH HOHFWURQ UHGXFHG

IRUPV RI WKH DV\PPHWULFDOO\ VXEVWLWXWHG GLPHUV RI UXWKHQLXP WULPHUV� �H±�J� H[KLELW

WKH DERYH�PHQWLRQHG DV\PPHWULF PL[HG YDOHQFH EHKDYLRXU� PDMRU DQG PLQRU VSHFLHV

LQ D VLQJOH PL[HG YDOHQFH VWDWH H[LVW� DQG LQWUDPROHFXODU HOHFWURQ WUDQVIHU FDXVHV LQIUD�

UHG OLQH FRDOHVFHQFH LQ WKH Q�&2� UHJLRQ� $ GHWDLOHG VWXG\ LV QRZ LQ SURJUHVV�

���&RQFOXVLRQV

7KHUH DUH XQFHUWDLQWLHV LQ WKH UDWHV RI HOHFWURQ WUDQVIHU HVWLPDWHG E\ %ORFK HTXD�

WLRQ VLPXODWLRQ RI WKH ,5 EDQG VKDSH� 7KH SUHFLVH UHODWLRQVKLS EHWZHHQ ,5 OLQH VKDSH

DQG HOHFWURQ�WUDQVIHU G\QDPLFV VWLOO QHHGV WR EH UHILQHG� %XW ,5 EDQG FRDOHVFHQFH SKH�

QRPHQD REVHUYHG LQ WKLV VWXG\ VXJJHVW WKDW LQWUDPROHFXODU HOHFWURQ WUDQVIHU GRHV RFFXU

RQ WKH ,5 WLPHVFDOH DQG RIIHUV JUHDW DGYDQWDJHV IRU FRPSDULQJ WKHRU\ DQG H[SHULPHQW�

$FNQRZOHGJPHQW

7KLV ZRUN ZDV VXSSRUWHG E\ *UDQWV�LQ�$LG IRU 6FLHQWLILF 5HVHDUFK �3ULRULW\ $UHDV 1R� ��������

µ0HWDO�DVVHPEOHG &RPSOH[HV¶� DQG IRU ,QWHUQDWLRQDO 6FLHQWLILF 5HVHDUFK �-RLQW 5HVHDUFK 1R� ���������

IURP WKH 0LQLVWU\ RI (GXFDWLRQ� 6FLHQFH� DQG &XOWXUH� -DSDQ� :H DOVR WKDQN FROODERUDWRUV JLYHQ LQ WKH
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������� ����

>�@ ,72 7�� +$0$*8&+, 7�� 1$*,12 +�� <$0$*8&+, 7�� .,'2 +�� =$9$5,1( , �6�� 5,&+021' 7��

:$6+,1*721 -�� .8%,$. &� 3�� -� $P� &KHP� 6RF�� ��� ������� �����

>�@ ,WR 7�� <$0$*8&+, 7�� .8%,$. &�3�� 0DFURPRO� 6\PS�� ��� ������� ����

>�@ <$0$*8&+, 7�� ,0$,1�� ,72 7�� .8%,$. &�3�� %XOO� &KHP� 6RF� -SQ�� �� ������� �����

>�@ XQSXEOLVHG UHVXOW�

>�@ *5(9(/6 )��:� .(53(1 .�� ./27=%8&+(5 :�(�� 0&&/81* 5�(�'�� 5866(/ *�� 9,277( 0��

6&+$))1(5.�� -� $P� &KHP� 6RF�� ��� ������� ������

5HFHLYHG �� $SULO ����

5HYLVHG �� $SULO ����
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�
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�

� ,QVWLWXWH RI 0ROHFXODU 3K\VLFV� 3ROLVK $FDGHP\ RI 6FLHQFHV� 6PROXFKRZVNLHJR ��� ������ 3R]QD�� 3RODQG

�0RVFRZ 3K\VLFDO 7HFKQLFDO ,QVWLWXWH� ��� ��� 'ROJRSUXGQLL� 5XVVLD

�)DFXOW\ RI &KHPLVWU\ 8QLYHUVLW\ RI :URFáDZ� �� )� -ROLRW�&XULH� ������ :URFáDZ� 3RODQG

7KH FURVVRYHU SKHQRPHQRQ LQ 1D>)H�7K�6D��@� D UHSUHVHQWDWLYH RI D ODUJH FODVV RI WKH )H�,,,� WKLR�

VHPLFDUED]RQDWHV� ZDV H[DPLQHG E\ ;�EDQG (35 LQ WHPSHUDWXUH UDQJH RI ��±��� . DQG PDJQHWLVDWLRQ RI

D SRO\FU\VWDOOLQH VDPSOH ZDV FROOHFWHG LQ WKH WHPSHUDWXUH UDQJH RI ���±��� .� 7KH PDLQ UHVXOWV DUH DV

IROORZV� 7KH DSSHDUDQFH RI ORZ�VSLQ �/6� FRPSOH[HV UHTXLUHV WKH WKHUPDO SRSXODWLRQ RI WKH
�$ WHUP EXW

WKH WUDQVLWLRQ SURFHVV LV UXOHG E\ RWKHU IDFWRUV� 7KH /6 FRPSOH[HV IRUPHG DUH QRW VWDWLVWLFDOO\ GLVWULEXWHG

DPRQJ WKH KLJK�VSLQ �+6� RQHV EXW WHQG WR DVVHPEOH LQ UHVWULFWHG VSDFHV RI WKH FU\VWDO ODWWLFH �GRPDLQV� LQ

ZKLFK ERWK VKRUW�UDQJH DQG ORQJ�UDQJH LQWHUDFWLRQV RI WKH FRPSOH[HV RFFXU� 7KH LQFUHDVH RI FR�RSHUDWLYH

LQWHUDFWLRQV EHWZHHQ WKH /6 FRPSOH[HV DQG WKH HQODUJHPHQW RI GRPDLQV RFFXU JUDGXDOO\ ZLWK WZR DEUXSW

FKDQJHV� (DFK RI WKH MXPSV KDV D GLIIHUHQW FKDUDFWHU� WKH ILUVW RQH LV UHODWHG WR D UHGLVWULEXWLRQ RI WKH

FRPSOH[HV LQ WKH GRPDLQV DQG WKH RWKHU WR D UDSLG LQFUHDVH RI WKH /6 SKDVH YROXPH�

���,QWURGXFWLRQ

6SLQ WUDQVLWLRQV LQ FRPSRXQGV FRQWDLQLQJ �G�±�G� LRQV DUH FRQGLWLRQHG E\ WKH

FORVHQHVV RI HOHFWURQLF WHUPV RI GLIIHUHQW PXOWLSOLFLW\� ZKLFK LV GHWHUPLQHG E\ WKH

OLJDQG ILHOG VWUHQJWK DQG V\PPHWU\� 7KH FRQGLWLRQV DOORZLQJ WKH DSSHDUDQFH RI ORZ�

VSLQ �/6� FRPSOH[HV FDQ EH DFKLHYHG E\ LQGXFLQJ WKH WKHUPDO SRSXODWLRQ RI WKH UHOH�

YDQW WHUP� OLJKW LQGXFWLRQ RI WKH PHWDVWDEOH VWDWH RI /6 RU E\ RWKHU PHDQV VXFK RI /6

VWDELOLVDWLRQ� OLNH H�J� H[WHUQDO K\GURVWDWLF SUHVVXUH�

BBBBBBBBB

 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����
&RUUHVSRQGLQJ DXWKRU� H�PDLO� \DEORNRY#LIPSDQ�SR]QDQ�SO�
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$Q HVVHQWLDO ILUVW UHTXLUHPHQW IRU WKH VSLQ WUDQVLWLRQ LV WR SRSXODWH /6 PXOWLSOHW

VWDWHV� 7ZR SKHQRPHQD DUH GLVFXVVHG LQ WKH OLWHUDWXUH DV WKH LPSRUWDQW IHDWXUHV RI WKH

SURFHVV RI WKH VSLQ WUDQVLWLRQ� WKH FRUUHODWLRQV EHWZHHQ WKH VWDWHV RI D GHILQLWH PXOWL�

SOLFLW\ EHLQJ WKH ILUVW VWDJH RI FRRSHUDWLYH LQWHUDFWLRQ >�� �@ DQG WKH DSSHDUDQFH RI

GRPDLQV RI WKH /6 FRPSOH[HV >�@ DV DQ HOHPHQW RI WKH RULJLQ RI D QHZ SKDVH� 7KH

UHVHDUFK LQWR WKH VSLQ WUDQVLWLRQV KDV D ORQJ KLVWRU\ DQG PHFKDQLVPV RI WKH VSLQ WUDQ�

VLWLRQV KDYH EHHQ WKH VXEMHFW RI PDQ\ H[SHULPHQWDO DQG WKHRUHWLFDO VWXGLHV >�� �@�

+RZHYHU� WKH PHFKDQLVPV KDYH QRW EHHQ IXOO\ UHFRJQLVHG \HW >�@ DQG GRPDLQV KDYH

QRW EHHQ REVHUYHG GLUHFWO\� WKHLU SUHVHQFH EHLQJ LQIHUUHG IURP D TXDOLWDWLYH FRQIRUPLW\

RI WKH REVHUYHG LQQHU K\VWHUHVLV ORRSV WR WKH FRPPRQ WKHRU\ RI WKH K\VWHUHVLV SKH�

QRPHQD >�@�

0HDVXUHPHQWV RI WKH PDJQHWLF VXVFHSWLELOLW\� ;�UD\ DQDO\VLV� 0|VVEDXHU VSHFWURV�

FRS\ DUH WUDGLWLRQDOO\ DSSOLHG IRU WKH VWXG\ RI WKH VSLQ WUDQVLWLRQV� (35 KDV DOVR EHHQ

DSSOLHG EXW XS WR QRZ LWV UROH KDV EHHQ OLPLWHG WR WKH GHWHFWLRQ RI WKH FURVVRYHU SKH�

QRPHQRQ� $V WKH SRVVLELOLWLHV RI WKLV YHU\ VHQVLWLYH DQG VHOHFWLYH PHWKRG DUH

HVVHQWLDOO\ ODUJHU ZH KDYH XVHG WKH (35 PHWKRG IRU WKH VWXG\ RI WKH VSLQ WUDQVLWLRQV LQ

WKH YDVW FODVV RI WKH WKLRVHPLFDUED]RQDWHV RI DURPDWLF DOGHK\GHV RI 0
�
>)H�7K�5�6D��@

W\SH >�@� 7KH GLVWRUWHG )H>2�1�6�@ RFWDKHGURQ UHSUHVHQWV WKH FRRUGLQDWLRQ SRO\KHGURQ

LQ WKHVH FRPSRXQGV� 7KH FKDQJHV RI 0
�
DQG 5 OHDG WR GLYHUVH W\SHV RI WKH VSLQ WUDQVL�

WLRQ� ,Q WKLV SDSHU� ZH SUHVHQW WKH UHVXOWV RI WKH PDJQHWLF VXVFHSWLELOLW\ DQG (35 VWXG\

RI WKH FRQWLQXRXV VSLQ WUDQVLWLRQ LQ 1D>)H�7K�6D��@�

���'HVFULSWLRQ�RI�H[SHULPHQWDO�UHVXOWV

6\QWKHVLV RI WKH 1D>)H�7K�6D��@� $ VWRLFKLRPHWULF DPRXQW RI D KRW DTXHRXV VR�

OXWLRQ RI )H�12�����+�2� ZDV DGGHG WR D ERLOLQJ DTXHRXV VROXWLRQ RI 1D�WKLRVH�

PLFDUED]RQDWH� 7KH VROXWLRQ ZDV UDSLGO\ ILOWHUHG DQG WKH PRWKHU VROXWLRQ ZDV OHIW IRU

FRROLQJ� 7KH ILOWHUHG RII FU\VWDOOLQH SUHFLSLWDWH ZDV ZDVKHG ZLWK ZDWHU� DOFRKRO DQG

HWKHU�

0DJQHWLF VXVFHSWLELOLW\� 7KH PDJQHWLF VXVFHSWLELOLW\ RI WKH SRZGHUHG VDPSOH RI

1D>)H�7K�6D��@ ZDV PHDVXUHG RYHU WKH WHPSHUDWXUH UDQJH RI ���±��� . XVLQJ D

4XDQWXP 'HVLJQ 648,'�EDVHG 0306;/���W\SH PDJQHWRPHWHU� 7KH VXSHUFRQGXFW�

LQJ PDJQHW ZDV JHQHUDOO\ RSHUDWHG DW D ILHOG VWUHQJWK UDQJLQJ IURP ��� WR � 7� 7KH

648,' PDJQHWRPHWHU ZDV FDOLEUDWHG ZLWK D SDOODGLXP URG VDPSOH IRU ZKLFK WKH JUDP

PDJQHWLF VXVFHSWLELOLW\ ZDV WDNHQ DV ����u��
±�
FP

�
J
±�
DW 7  ����� .� 7KH FRUUHFWLRQV

IRU GLDPDJQHWLVP ZHUH HVWLPDWHG IURP WKH 3DVFDO FRQVWDQWV >�@� 7KH WHPSHUDWXUH GH�

SHQGHQFH RI PDJQHWLF PRPHQW RI 1D>)H�7K�6D��@ SUHVHQWHG LQ )LJ� � VKRZV WKDW WKH

GHFUHDVH RI WKH PDJQHWLF PRPHQW VWDUWV DW DERXW ��� . DQG LWV YDOXH JUDGXDOO\ DQG

YHU\ VORZO\ GLPLQLVKHV GRZQ WR DERXW �� .� WKHQ VKDUSO\ GHFUHDVHV� 7KH +6±/6 VSLQ

WUDQVLWLRQ RFFXUV LQ D YHU\ ZLGH WHPSHUDWXUH LQWHUYDO DQG FDQ EH VXEGLYLGHG LQWR WZR

LQWHUYDOV� ���±�� . DQG ��±��� . EXW HYHQ DW WKH ORZHVW WHPSHUDWXUHV LW LV QRW FRP�



6SLQ WUDQVLWLRQ SURFHVV LQ 1D>)H�7K�6D��@ E\ HOHFWURQ SDUDPDJQHWLF UHVRQDQFH ���

SOHWHG� ,Q WKLV SDSHU� ZH SUHVHQW WKH UHVXOWV RI RXU (35 VWXGLHV RI WKH LQLWLDO SURFHVVHV

WDNLQJ SODFH LQ WKH KLJK�WHPSHUDWXUH LQWHUYDO�

)LJ� �� 7KH WHPSHUDWXUH GHSHQGHQFH RI WKH PDJQHWLF PRPHQW

RI 1D>)H�7K�6D��@� $UURZV LQGLFDWH GLUHFWLRQV RI WKH WHPSHUDWXUH FKDQJHV�

,Q WKH LQVHUW� WKH UHVXOWV LQ WKH PDJQHWLF VFDOH DUH VKRZQ

IRU WKH WHPSHUDWXUH UDQJH VWXGLHG E\ (35

(OHFWURQ SDUDPDJQHWLF UHVRQDQFH� (35 PHDVXUHPHQWV RI 1D>)H�7K�6D��@ SRZ�

GHU VDPSOH ZHUH SHUIRUPHG ZLWK DQ ;�EDQG 5$',23$1 6(�;����� VSHFWURPHWHU

ZLWK ��� N+] PDJQHWLF ILHOG PRGXODWLRQ DQG D KRPH�PDGH QLWURJHQ FU\RVWDW LQ WKH

WHPSHUDWXUH UDQJH RI ��±��� D� $ ZHDN EURDG VLJQDO ZLWK '% a ��� P7 ZDV REVHUYHG

DW D URRP WHPSHUDWXUH� :KHQ WKH WHPSHUDWXUH LV ORZHUHG� D QDUURZHU VLJQDO DSSHDUV�

7KLV VLJQDO LV GHILQLWHO\ GXH WR /6 )H�,,,� FRPSOH[HV� :H EHJLQ WR GHWHFW LW IURP

7  ��� . ZKHQ LWV ZLGWK EHFRPHV '%  �� P7 �VHH )LJ� ���

)LJ� �� 7UDQVIRUPDWLRQ RI WKH (35 VSHFWUXP RI WKH 1D>)H�7K�6D��@

FRPSOH[HV DW WKH +6±/6 WUDQVLWLRQ ZLWK GHFUHDVLQJ WHPSHUDWXUH
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:LWK GHFUHDVLQJ WHPSHUDWXUH� WKH LQWHQVLW\ RI WKLV VLJQDO LQFUHDVHV DQG LWV OLQH�

ZLGWK GHFUHDVHV� +HUHDIWHU ZH UHIHU WR WKH ZLGWK RI DQ LQGLYLGXDO (35 OLQH REWDLQHG LQ

WKH SURFHGXUH RI ILWWLQJ RI WKH REVHUYHG H[SHULPHQWDO DQLVRWURSLF VSHFWUXP� 7KH SD�

UDPHWHUV RI WKH ILW DUH WKH J�IDFWRU FRPSRQHQWV� WKH OLQH VKDSH DQG WKH ZLGWK RI

LQGLYLGXDO FRPSRQHQWV DV ZHOO DV WKH FRQWURO SDUDPHWHU ± D IXOO ZLGWK DW D KDOI PD[L�

PXP PHDVXUHG IRU WKH ORZ ILHOG VLGH RI WKH VLJQDO� $ OLQH ZLGWK '%SS PHDVXUHG

EHWZHHQ WKH PD[LPXP DQG PLQLPXP RI WKH ILUVW GHULYDWLYH RI (35 VLJQDO KDV EHHQ

FKRVHQ WR FKDUDFWHULVH ZLGH V\PPHWULFDO (35 VLJQDOV DW KLJK WHPSHUDWXUHV� 7R DVVHVV

WKH DEXQGDQFH RI WKH /6 FRPSOH[HV� ZH KDYH HVWLPDWHG WKH UHODWLYH YDOXHV RI LQWHJUDO

LQWHQVLWLHV RI WKH VLJQDOV� 7KHUHIRUH� WKH QDWXUH RI WKH VSLQ WUDQVLWLRQ SURFHVV FDQ EH

LQIHUUHG IURP H[DPLQDWLRQ RI WKH WHPSHUDWXUH GHSHQGHQFLHV RI '%� WKH VLJQDO LQWHJUDO

LQWHQVLW\ , DQG WKH J�WHQVRU�

7DEOH �� 3DUDPHWHUV RI WKH (35 VLJQDO DW VHOHFWHG WHPSHUDWXUHV�

L '%jj� P7 '%LQGLYLG� P7 JA J
¸¸

��� �� ���� �J!  ����

��� �� ����

��� �� ���� ����� �����

��� �� ����

��� ���� ����� �����

��� ���� ����� �����

��� ����

��� ���� ����� �����

��� ���� ����� �����

��� ���� ����� �����

�$ OLQHZLGWK '%SS LV PHDVXUHG EHWZHHQ WKH PD[LPXP DQG PLQLPXP RI WKH ILUVW GHULYDWLYH WKH ZLGH V\P�

PHWULFDO (35 VLJQDOV DW KLJK WHPSHUDWXUH� WKH '%LQGLYLG FRUUHVSRQGV WR WKH ZLGWK RI DQ LQGLYLGXDO (35 OLQH REWDLQHG

LQ WKH SURFHGXUH RI ILWWLQJ RI WKH REVHUYHG H[SHULPHQWDO DQLVRWURSLF VSHFWUXP�

6HOHFWHG GDWD DUH VKRZQ LQ 7DEOH � DQG LQ )LJV� ���� ,Q WKH WHPSHUDWXUH UDQJH RI

���±��� . D QHDUO\ V\PPHWULFDO VLJQDO LV REVHUYHG ZLWK LWV ZLGWK FRQVWDQWO\ GH�

FUHDVLQJ RQ GHFUHDVLQJ WHPSHUDWXUH� 6WDUWLQJ IURP 7 a ���±��� . WKH VLJQDO EHFRPHV

DV\PPHWULF� 6KDUS GHFUHDVHV RI '%�7� DUH REVHUYHG LQ WKH 7�LQWHUYDO ���±��� . �ZH

VKDOO FDOO LW WKH ILUVW FULWLFDO WHPSHUDWXUH LQWHUYDO DQG FKDUDFWHULVH LW E\ WKH PHDQ

7�YDOXH� 7F

���
 ��� .� DQG DW 7 QHDU ��� . �WKH VHFRQG FULWLFDO 7�LQWHUYDO� FKDUDFWHU�

LVHG E\ 7F

���
�� 0RUHRYHU� WKH FKDQJHV RI '%�7� DUH DFFRPSDQLHG E\ FKDQJHV LQ

J�WHQVRU FRPSRQHQWV� LQ WKH YLFLQLW\ RI 7F

���
WKH JA FKDQJHV IURP �����r����� WR

�����r����� DQG J¸» FKDQJHV IURP �����r����� WR �����r������ $W ��� . JA  �����

DQG J¸»  ����� DQG WUDQVIRUPV FRUUHVSRQGLQJO\ WR ����� DQG ����� EHORZ 7F

���
� ,Q WKH

WHPSHUDWXUH LQWHUYDOV RI ���±��� . DQG ���±�� . WKH OLQH ZLGWK '% �7� FRQWLQXHV WR

GHFUHDVH� 7KHVH LQWHUYDOV GLIIHU LQ WKH VORSHV RI WKH w�'%��w7 GHSHQGHQF\ �FI� )LJ� ���



6SLQ WUDQVLWLRQ SURFHVV LQ 1D>)H�7K�6D��@ E\ HOHFWURQ SDUDPDJQHWLF UHVRQDQFH ���

)LJ� �� 7KH WHPSHUDWXUH GHSHQGHQFH RI WKH (35 OLQH ZLGWK LQ /6 FRPSOH[HV

)LJ� �� 7KH WHPSHUDWXUH GHSHQGHQFH RI WKH LQWHJUDO

LQWHQVLW\ RI WKH (35 VLJQDO LQ /6 FRPSOH[HV

7KH LQWHQVLW\ RI WKH (35 VLJQDO RI WKH /6 FRPSOH[HV� ZKLFK� DV D ZKROH� LQFUHDVHV

ZLWK GHFUHDVLQJ WHPSHUDWXUH� VKRXOG DOVR EH VHQVLWLYH WR WKH DERYH�PHQWLRQHG FKDQJHV

DQG SHFXOLDULWLHV LQ WKH '%�7� GHSHQGHQFH� )LJ� � VKRZV D GLVWLQFW GLVFRQWLQXLW\ LQ ,�7�

DW 7  ��� .� +RZHYHU� ZH ZHUH QRW DEOH WR GHWHFW DQ\ SHFXOLDULWLHV LQ WKLV GHSHQG�

HQFH QHDU ��� .�
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���'LVFXVVLRQ

7KH PDLQ VRXUFH RI WKH LQIRUPDWLRQ LQ RXU VWXG\ LV WKH OLQHZLGWK '% RI WKH (35

VLJQDO� $V WKH /6 FRPSOH[ KDV WKH HOHFWURQ VSLQ 6  ���� WKH OLQH ZLGWK LV GHWHUPLQHG�

LQ JHQHUDO� E\ WKUHH IDFWRUV� WLPH RI SDUDPDJQHWLF UHOD[DWLRQ� GLSROH�GLSROH LQWHUDF�

WLRQV ZLWK PDJQHWLF QHLJKERXUV DQG H[FKDQJH LQWHUDFWLRQV ZLWK WKH /6 DQG +6

SDUWQHUV� 2XU SUHOLPLQDU\ H[SHULPHQWV XQGHU WKH K\GURVWDWLF SUHVVXUH >�@ VKRZHG WKDW

'% LQFUHDVHV ZKHQ WKH SUHVVXUH LV DSSOLHG WR WKH VDPSOH MXVW DW ORZ WHPSHUDWXUHV� )RU

H[DPSOH DW 7  ��� .� '% LQFUHDVHV IURP a �� P7 DW DWPRVSKHULF SUHVVXUH WR �� P7

DW 3  ��� 03D� 7KLV VKRZV GLUHFWO\ WKDW ZH GR QRW QHHG WR DQDO\VH KHUH D SRVVLELOLW\

RI D UHOD[DWLRQ EURDGHQLQJ RI WKH (35 OLQH�

/RZ�VSLQ )H�,,,� FRPSOH[HV DSSHDU DPRQJ WKH KLJK�VSLQ RQHV� 7KH GLVWDQFH EH�

WZHHQ WKH LURQ LRQV LV RI ����±���� QP� 0DJQHWLF PRPHQW RI +6 )H�,,,� LV ���� P%�

6XSSRVLQJ D VL[IROG HQYLURQPHQW RI /6 FRPSOH[ DQG UHJDUGLQJ WKDW WKH YDOXH RI LWV

KLJK WHPSHUDWXUH '% a �� P7� WKH /6 FRPSOH[HV DUH FRQVLGHUHG DV VXEMHFW WR VWURQJ

HQRXJK GLSROH�GLSROH LQWHUDFWLRQV ZLWK WKH +6 FRPSOH[HV DQG WR UHODWLYHO\ ZHDN H[�

FKDQJH LQWHUDFWLRQV� 7KHVH WZR W\SHV RI LQWHUDFWLRQV DUH WHPSHUDWXUH LQGHSHQGHQW�

+RZHYHU� 7DEOH � DQG )LJV� � DQG � VKRZ WKDW '% HVVHQWLDOO\ GHFUHDVHV ZLWK WHP�

SHUDWXUH� )RU H[DPSOH� '%  �� P7 DW ��� .� L�H� WKH OLQH ZLGWK GHFUHDVHV E\ �� P7

ZLWK WKH 7 GHFUHDVLQJ E\ �� .� 7KH RQO\ UHDVRQ IRU WKLV '% QDUURZLQJ FDQ EH D

VWUHQJWKHQLQJ RI WKH H[FKDQJH LQWHUDFWLRQV EHWZHHQ WKH /6 FRPSOH[HV�

$Q HVWLPDWLRQ RI WKH (35 VLJQDO LQWHQVLW\ VKRZV WKDW DW 7  ��� . WKH FRQFHQWUD�

WLRQ RI WKH /6 FRPSOH[HV GRHV QRW H[FHHG ������±����� PRO � DQG� DV IROORZV IURP

)LJ� �� WKH FRQWHQW RI WKH /6 FRPSOH[HV LQFUHDVHV QR PRUH WKDQ ILYH WLPHV DIWHU WKH

WHPSHUDWXUH ORZHULQJ GRZQ WR ��� .� 6XFK D VPDOO LQFUHDVH RI WKH /6 FRPSOH[HV FRQ�

FHQWUDWLRQ FDQQRW OHDG WR WKH REVHUYHG LQFUHDVH LQ WKH H[FKDQJH LQWHUDFWLRQV LI WKH /6

FRPSOH[HV DUH GLVWULEXWHG HYHQO\� 7KLV DOORZV XV WR GUDZ DQ LPSRUWDQW FRQFOXVLRQ WKDW

WKH DSSHDULQJ /6 FRPSOH[HV DUH QRW GLVWULEXWHG VWDWLVWLFDOO\ LQ WKH FU\VWDO ODWWLFH RI WKH

FRPSRXQG EXW KDYH D WHQGHQF\ WR DJJUHJDWH LQ OLPLWHG DUHDV �GRPDLQV�� 7KLV SURFHVV

RI DJJUHJDWLRQ VWDUWV VLPXOWDQHRXVO\ ZLWK WKH RQVHW RI WKH +6 WR /6 WUDQVLWLRQ� 1H�

JOHFWLQJ SRVVLEOH GHIHFWV LQ WKH FU\VWDO ODWWLFH� ZH FDQ FRQVLGHU WKH DSSHDULQJ /6

FRPSOH[HV DV QRW DWWDFKHG WR DQ\ IL[HG SRVLWLRQV LQ WKH VWUXFWXUH� 0RUH WKDQ WKDW� ZH

FDQ VXSSRVH WKDW LQ WKH FRQGLWLRQV RI D GHILQLWH EDODQFH EHWZHHQ WKH WKHUPDO HQHUJ\

DQG VWDELOLVLQJ IDFWRUV DQG GXH WR WKH WUDQVODWLRQDO V\PPHWU\ RI WKH FU\VWDO ODWWLFH� WKH

/6 VWDWH FDQ PLJUDWH EHWZHHQ WKH LURQ FRPSOH[HV� $V ZDV VKRZQ E\ WKH H[SHULPHQW�

WKH DJJUHJDWLRQ RI WKH /6 FRPSOH[HV LQ GRPDLQV LV HQHUJHWLFDOO\ HIILFLHQW� DQG WKHLU

DPRXQW LQ VRPH OLPLWHG DUHDV RI WKH VWUXFWXUH LQFUHDVHV ZLWK GHFUHDVLQJ WHPSHUDWXUH�

7KH HQKDQFHPHQW RI WKH H[FKDQJH LQWHUDFWLRQV DOORZV D FRQFOXVLRQ WKDW WKH /6 FRP�

SOH[HV GR QRW RFFXS\ WKH QHLJKERXULQJ SRVLWLRQV LQ WKH VWUXFWXUH� :H FDQ RQO\ VD\ WKDW

WKH PHDQ GLVWDQFH EHWZHHQ WKH /6 )H�,,,� FRPSOH[HV GHFUHDVHV� $Q DYDLODELOLW\ RI WKH

VWUXFWXUDO EULGJHV ± K\GURJHQ ERQGV ± EHWZHHQ FRPSOH[HV SURPRWHV WKH VWUHQJWKHQLQJ

RI H[FKDQJH LQWHUDFWLRQV�



6SLQ WUDQVLWLRQ SURFHVV LQ 1D>)H�7K�6D��@ E\ HOHFWURQ SDUDPDJQHWLF UHVRQDQFH ���

$ VKDUS LQFUHDVH LQ WKH /6 FRPSOH[HV GHQVLW\ LQ GRPDLQV WDNHV SODFH DW 7F

���
� ,W LV

DFFRPSDQLHG QRW RQO\ E\ D VKDUS LQFUHDVH LQ WKH H[FKDQJH LQWHUDFWLRQV� EXW DOVR E\

D FKDQJH LQ SDUDPHWHUV RI LVRODWHG /6 FRPSOH[HV� DOUHDG\ GLIIHUHQW IURP WKRVH RI WKH

+6 FRPSOH[HV� DQG LQ WKH YLFLQLW\ RI 7F XQGHUJRLQJ IXUWKHU FKDQJHV GXH WR WKH FR�

RSHUDWLYH LQWHUDFWLRQV EHWZHHQ WKH FRPSOH[HV LQ GRPDLQV� 8QIRUWXQDWHO\� QR VWUXFWXUDO

GDWD DUH DYDLODEOH IRU 1D>)H�7K�6D��@ EXW ZH FDQ XVH VRPH SDUDPHWHUV NQRZQ IRU

UHODWHG FRPSRXQGV� )RU H[DPSOH� WKH OHQJWK RI WKH )H�6 DQG )H�1 ERQGV LQ .>)H�7K�

����&O�6D��@ FKDQJHV DW WKH WUDQVLWLRQ IURP +6 FRPSRXQG WR /6� IURP ����� QP DQG

����� QP WR ����� QP DQG ����� QP� UHVSHFWLYHO\ >�@� 7KH VWUXFWXUDO SDUDPHWHUV RI WKH

LURQ FRPSOH[HV FKDQJH DW WKHLU WUDQVIRUPDWLRQ IURP +6 LQWR /6 VWDWH� :H FDQ VXSSRVH

WKDW WKH VWUXFWXUDO SDUDPHWHUV RI WKH /6 FRPSOH[HV LQ GRPDLQV FDQ GLIIHU IURP WKRVH LQ

WKH EXON FU\VWDO EHLQJ LQ /6 VWDWH� $V D UHVXOW DW 7F

���
WKH OLJDQG ILHOG RQ WKH )H�,,,� LRQ

LV FKDQJHG� 7KH VXSSRVLWLRQ LV FRQILUPHG E\ WKH DERYH�PHQWLRQHG FKDQJHV LQ WKH JL�

YDOXHV� ,W VKRXOG EH HPSKDVLVHG WKDW WKLV WUDQVIRUPDWLRQ RFFXUV DV D UHVXOW RI UHGLVWUL�

EXWLRQ RI WKH /6 FRPSOH[ ZLWKRXW FKDQJLQJ WKHLU TXDQWLW\� ZKLFK LV LQGLFDWHG E\ WKH

IDFW WKDW QR DQRPDO\ LV REVHUYHG LQ WKH VLJQDO LQWHQVLW\ QHDU 7F

���
�VHH )LJ� ���

7KH FKDQJHV RI WKH SURSHUWLHV RI WKH FRPSRXQG VWXGLHG DW 7  7F

���
DUH RI D FRP�

SOHWHO\ GLIIHUHQW FKDUDFWHU� $W WKLV WHPSHUDWXUH� D QHZ VKDUS LQFUHDVH LQ WKH H[FKDQJH

LV DFFRPSDQLHG E\ D VWURQJ LQFUHDVH LQ WKH QXPEHU RI /6 FRPSOH[HV� FRQILUPHG E\ DQ

LQFUHDVH LQ WKH VLJQDO LQWHQVLW\ VKRZQ LQ )LJ� �� 7KH SURFHVV LQ TXHVWLRQ FDQ EH WUHDWHG

DV UHODWHG WR DQ HQODUJHPHQW RU DJJUHJDWLRQ RI GRPDLQV OHDGLQJ WR WKH H[WHQVLRQ RI WKH

SKHQRPHQD UHVSRQVLEOH IRU WKH DUUDQJHPHQW RI /6 DQG +6 FRPSOH[HV LQ GRPDLQV DQG

WKH HOHFWURQ VWUXFWXUH RI GRPDLQV LQ ODUJH YROXPHV RI WKH FU\VWDO� 7KH UHODWLYH FRQFHQ�

WUDWLRQ RI WKH /6 FRPSOH[HV UHPDLQV QRW WRR KLJK DQG ZH FDQ VWDWH� LQ WKH DFFRUGDQFH

WR WKH PDJQHWLF VXVFHSWLELOLW\ GDWD WKDW RQO\ D VPDOO SDUW RI WKH FRPSOH[HV DUH LQ WKH

/6 VWDWH� ,Q WKH WHPSHUDWXUHV DERYH 7F

���
� EHWZHHQ 7F

���
DQG 7F

���
� DQG EHORZ 7F

���
WKH

LQFUHDVH LQ WKH /6 FRPSOH[HV QXPEHU DQG H[FKDQJH LQWHUDFWLRQV LQ GRPDLQV� KDV

D FRQWLQXRXV FKDUDFWHU EXW LWV UDWH LV GLIIHUHQW�

7KH HYROXWLRQ RI WKH (35 VSHFWUD RI WKH /6 FRPSOH[HV REVHUYHG LQ WKH SURFHVV RI

WKH VSLQ WUDQVLWLRQ DOORZV D FRQFOXVLRQ WKDW WKH H[FKDQJH LQWHUDFWLRQV EHWZHHQ /6

FRPSOH[HV EHFRPH DSSDUHQW DOUHDG\ DW WKHLU VPDOOHVW FRQFHQWUDWLRQV� 2Q WKH RWKHU

KDQG� WKH H[FKDQJH LQWHUDFWLRQV DUH SRVVLEOH RQO\ DIWHU WKH DSSHDUDQFH RI VRPH /6

DJJUHJDWHV LQ WKH FU\VWDO ODWWLFH� L�H� WKH H[FKDQJH RQO\ DOORZV D GHWHFWLRQ RI FRQJORP�

HUDWLRQ RI /6 FRPSOH[HV LQ GRPDLQV� 7KH H[LVWHQFH RI GRPDLQV KDV QRW EHHQ SURYHG

HDUOLHU >�@� KRZHYHU� DQ HYROXWLRQ RI WKH /6 VWDWH LQ WKH FURVVRYHU SURFHVV ZDV FHU�

WDLQO\ DQDO\VHG ERWK H[SHULPHQWDOO\ DQG WKHRUHWLFDOO\ >�@� :H VKDOO PHQWLRQ VRPH RI

WKH ZRUNV� ,Q >�� �@ WKH PRGHO RI WKH VWDWLF LQWHUPROHFXODU LQWHUDFWLRQV WDNLQJ LQWR DF�

FRXQW WKH PROHFXODU YLEUDWLRQV ZDV GHYHORSHG� 6SLHULQJ� :LOOHQEDFKHU HW DO� >�� ��@

GLVFXVVHG WKH HODVWLF LQWHUDFWLRQ EHWZHHQ WKH /6 LRQV YLD WKH LPDJH SUHVVXUH� 7KH

VWDUWLQJ SRLQW RI DOO FRQVLGHUDWLRQV ZDV WKH REVHUYHG YROXPH FKDQJH DQG GHIRUPDWLRQV

RI WKH ODWWLFH DFFRPSDQ\LQJ WKH WUDQVLWLRQ RI WKH LRQV IURP WKH +6 WR WKH /6 VWDWH� :H

DVVXPH WKDW WKHVH DSSURDFKHV FDQ EH XVHG IRU DQDO\VLV RI WKH SKHQRPHQD LQ GRPDLQV

WR VKRZ DQ LPSRUWDQW UROH RI WKH VKRUW�UDQJH FRUUHODWLRQV EHWZHHQ /6 FRPSOH[HV� $W
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SUHVHQW ZH FDQQRW LQIHU DERXW WKH FKDUDFWHU RI WKHVH FRUUHODWLRQV� 7KH /RUHQW] OLQH

VKDSH REVHUYHG IRU (35 RI WKH /6 FRPSOH[HV FRQILUPV WKDW D ODUJH QXPEHU RI /6

FRPSOH[HV DUH LQYROYHG LQWR H[FKDQJH LQWHUDFWLRQV LQ GRPDLQV� 7KH H[LVWHQFH RI WKH

LQWHUPROHFXODU FRQWDFWV LQ WKH VWUXFWXUH RI 1D>)H�WK�6D��@ H[SODLQV ERWK SRVVLELOLW\ RI

WKH PXWXDO LQIOXHQFH EHWZHHQ WKH LURQ FRPSOH[HV EHLQJ LQ D GHILQLWH VSLQ VWDWH DQG WKH

H[FKDQJH LQWHUDFWLRQV EHWZHHQ DOO FRPSOH[HV �/6±/6� +6±+6 DQG /6±+6�� $W WKH

VDPH WLPH� ORQJ�UDQJH LQWHUDFWLRQV KDYH DOVR EHHQ SURYHG WR EH VLJQLILFDQW� DV GHPRQ�

VWUDWHG E\ WKH DQRPDOLHV DW 7F
���
DQG 7F

���
�

���&RQFOXVLRQV

7KH VWXG\ RI WKH GLIIXVH +6²/6 WUDQVLWLRQ LQ 1D>)H�7K�6D��@ E\ (35 DOORZHG D

GLUHFW REVHUYDWLRQ RI VRPH LPSRUWDQW IHDWXUHV RI WKH WUDQVLWLRQ� ZKLFK KDYH KLWKHUWR

EHHQ TXHVWLRQDEOH�

7KH SURFHVV RI WUDQVLWLRQ RI )H�,,,� FRPSOH[HV WR WKH ORZ VSLQ VWDWH LV VKRZQ WR LQ�

YROYH WKH IRUPDWLRQ RI GRPDLQV FRPSULVLQJ D ILQLWH QXPEHU RI WKH /6 FRPSOH[HV� 7KH

FRPSOH[HV GR QRW QHFHVVDULO\ RFFXS\ WKH QHDUHVW�QHLJKERXU SRVLWLRQV LQ WKH FU\VWDO

ODWWLFH� -XVW RSSRVLWH� LW LV VKRZQ WKDW WKH PHDQ GHQVLW\ RI WKH /6 FRPSOH[HV LQ D GR�

PDLQ LQFUHDVHV ZLWK WKHLU WRWDO FRQFHQWUDWLRQ�

:H FRQVLGHU WKH SURFHVV RI WKH JURZWK RI GRPDLQV �L�H�� LQFOXVLRQ RI QHZ /6 FRP�

SOH[HV LQWR D GRPDLQ� DV EHLQJ UXOHG E\ VKRUW�UDQJH LQWHUDFWLRQV� 7KHVH LQWHUDFWLRQV� DW

WKH EHJLQQLQJ RI WKH +6±/6 WUDQVLWLRQ� KDYH D FKDUDFWHU RI SDLU FRUUHODWLRQV DQG FDQ

VKRZ VRPH WKH IHDWXUHV LQKHUHQW WR WKH FR�RSHUDWLYH V\VWHP� �,Q WKH VDPH ZD\ WKH SDLU

-DKQ±7HOOHU FRUUHODWLRQV LQ WKH GRSHG SDLU RI -7 FRPSOH[HV DUH VKRZQ WR PRGHO WKH FR�

RSHUDWLYH LQWHUDFWLRQV LQ WKH FRQFHQWUDWHG -7 FU\VWDO >��� ��@�� $QG LQGHHG� WKH PHUJLQJ

RI GRPDLQV� RU WKHLU JURZWK DQG UHRUJDQLVDWLRQ DUH FRRSHUDWLYH SURFHVV DQG VWLPXODWHG

E\ ORQJ� UDQJH LQWHUDFWLRQV� $GGLWLRQDO ZHDN FKDQJHV LQ WKH /6 FRPSOH[HV SDUDPHWHUV

DFFRPSDQ\ WKH WUDQVIRUPDWLRQ RI WKH GRPDLQ VWUXFWXUH RI WKH +6±/6 V\VWHP�

$OO WKH DERYH�PHQWLRQHG REVHUYDWLRQV VKRXOG EH D VXEMHFW RI IXUWKHU LQYHVWLJDWLRQ�
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�'HSDUWPHQW RI &KHPLVWU\� 8QLYHUVLWL 3XWUD 0DOD\VLD� ����� 6HUGDQJ� 6HODQJRU� 0DOD\VLD

�'HSDUWPHQW RI 3K\VLFV� 8QLYHUVLWL 3XWUD 0DOD\VLD� ����� 6HUGDQJ� 6HODQJRU� 0DOD\VLD

7LQ VHOHQLGH WKLQ ILOPV ZHUH SUHSDUHG WKURXJK FRPELQDWLRQ RI FKHPLFDO SUHFLSLWDWLRQ DQG YDFXXP

HYDSRUDWLRQ WHFKQLTXH� 7KH YDFXXP GHSRVLWLRQ ZDV FDUULHG RXW XVLQJ GLIIHUHQW TXDQWLWLHV RI WKH VWDUWLQJ

PDWHULDO� 7KH GLIIHUHQFHV LQ WKH VWUXFWXUDO DQG FRPSRVLWLRQDO SURSHUWLHV RI WKH ILOPV GHSRVLWHG ZHUH VWXG�

LHG� 7KH ILOPV ZHUH FKDUDFWHULVHG XVLQJ YDULRXV WHFKQLTXHV VXFK DV ;�UD\ GLIIUDFWRPHWU\� VFDQQLQJ

HOHFWURQ PLFURVFRSH DQG HQHUJ\ GLVSHUVLYH DQDO\VLV RI ;�UD\� 3KRWRDFWLYLW\ RI WKH VDPSOHV ZDV VWXGLHG

XVLQJ WKH OLQHDU VZHHS YROWDPPHWU\� 7KH ILOPV ZHUH IRXQG WR EH S�W\SH VHPLFRQGXFWRUV� 7KH RSWLFDO

EDQGJDS HQHUJ\ ZDV IRXQG WR EH LQGLUHFW DQG HTXDO WR (J  ���� H9�

.H\ ZRUGV� WLQ VHOHQLGH� SKRWRHOHFWURFKHPLFDO FHOO� WKLQ ILOP� HYDSRUDWLRQ

���,QWURGXFWLRQ

7KH VHDUFK IRU WKLQ�ILOP PDWHULDOV IRU VRODU HQHUJ\ FRQYHUVLRQ DQG RWKHU UHODWHG

DSSOLFDWLRQV KDV EHHQ UHFHQWO\ LGHQWLILHG� ,W LV QRW VXUSULVLQJ QRZ WKDW D ORW RI HIIRUW

KDV EHHQ JHDUHG WRZDUGV PHWDO FKDOFRJHQLGHV DV WKLV FODVV RI PDWHULDOV KDG VKRZQ

VRPHZKDW VXSHULRU SHUIRUPDQFH ZKHQ FRPSDUHG WR RWKHUV >�� �@� 7KH V\QWKHVLV DQG

FKDUDFWHULVDWLRQ RI PHWDO FKDOFRJHQLGHV YLD GLIIHUHQW WHFKQLTXHV KDYH DWWUDFWHG FRQ�

VLGHUDEOH DWWHQWLRQ GXH WR WKHLU DSSOLFDWLRQ SURVSHFWV� 7KHVH FRPSRXQGV DUH DOVR

UHSRUWHG WR EH XVHG DV VHQVRU DQG ODVHU PDWHULDOV� WKLQ ILOPV SRODUL]HUV DQG WKHUPRH�

OHFWULF FRROLQJ PDWHULDOV >�� �@� 7KH\ DUH XVXDOO\ SUHSDUHG WKURXJK HOHFWURFKHPLFDO

DQG FKHPLFDO GHSRVLWLRQ PHWKRG DQG DUH TXLWH DWWUDFWLYH IRU GHVLJQLQJ V\VWHPV IRU

BBBBBBBBB

&RUUHVSRQGLQJ DXWKRU� H�PDLO� ]XONDU#IVDV�XSP�HGX�P\�
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HOHFWUR�RSWLFV DQG SKRWRHOHFWURFKHPLFDO �3(&� VRODU FHOOV� ,PSURYHPHQWV LQ SURFHVV

UHSURGXFLELOLW\ ODLG WKH JURXQGZRUN IRU LQWURGXFLQJ D QHZ SURGXFW� ZKLFK LV FRP�

SRVHG RI VHYHUDO LQQRYDWLYH PDWHULDOV DQG PHWKRGV� 7KHVH PHWDO FKDOFRJHQLGHV KDYH

EHHQ SUHSDUHG LQ WKH IRUP RI WKLQ ILOPV E\ YDULRXV UHVHDUFKHUV�

$ FRQVLGHUDEOH DWWHQWLRQ KDV DOVR EHHQ JLYHQ E\ YDULRXV UHVHDUFKHUV WR WKH SUHSD�

UDWLRQ WHFKQLTXHV RI WLQ VHOHQLGH �6Q6H� WKLQ ILOPV� $PRQJ WKH PHWKRGV XVHG DUH

FKHPLFDO EDWK GHSRVLWLRQ >�@� YDFXXP HYDSRUDWLRQ� FKHPLFDO YDSRXU GHSRVLWLRQ >�±��@

DQG HOHFWURGHSRVLWLRQ >��� ��@� 6Q6H LV D QDUURZ EDQG JDS ELQDU\ ,9±9, VHPLFRQGXF�

WRU GLVSOD\LQJ D YDULHW\ RI DSSOLFDWLRQV VXFK DV DQ HVVHQWLDO PDWHULDO LQ SKRWRHOHFWUR�

FKHPLFDO VRODU FHOOV WR VXSSUHVV WKH SKRWRFRUURVLRQ DQG WR HQKDQFH WKH ILOO IDFWRU LQ

HOHFWULFDO VZLWFKHV DQG LQ MXQFWLRQ GHYLFHV >��@� %HFDXVH RI WKHLU DQLVRWURSLF FKDUDF�

WHU� WLQ FKDOFRJHQLGHV DUH DWWUDFWLYH OD\HUHG FRPSRXQGV� DQG FDQ EH XVHG DV FDWKRGH

PDWHULDOV LQ OLWKLXP LQWHUFDODWLRQ EDWWHULHV >��@� 7KH LQGLUHFW FKDUDFWHU RI WKH EDQGJDS RI

6Q6H LV D FRPPRQ SURSHUW\ RI ,9±9, FRPSRXQGV DQG KDV EHHQ FRQILUPHG E\ EDQG VWUXF�

WXUH FDOFXODWLRQV IRU 6Q6H >��@� ,W KDV RUWKRUKRPELF FU\VWDO VWUXFWXUH ZLWK OD\HUV VWDFNHG

DORQJ WKH F D[LV DQG D  ���� c� E  ���� c DQG F  ����� c >��@� 0RWLYDWHG E\ WKH SRWHQ�

WLDO DSSOLFDWLRQV RI WLQ FKDOFRJHQLGHV� LQYHVWLJDWLRQV RI WKHVH FRPSRXQGV DUH EHFRPLQJ

SDUWLFXODUO\ DFWLYH LQ WKH ILHOG RI PDWHULDOV FKHPLVWU\� 7KH VWXGLHV FRPSULVH VSHFWURVFRS\�

VHQVLQJ SURSHUWLHV DQG HOHFWURQLF VWUXFWXUH RI 6Q6H FRPSRXQGV >��@� ,Q WKH SUHVHQW ZRUN�

ZH KDYH SUHSDUHG 6Q6H WKLQ ILOPV WKURXJK YDFXXP HYDSRUDWLRQ� 7KH 6Q6H VRXUFH IRU WKH

HYDSRUDWLRQ ZDV REWDLQHG WKURXJK FKHPLFDO SUHFLSLWDWLRQ WHFKQLTXH�

���([SHULPHQWDO

6Q6H SRZGHU ZDV REWDLQHG E\ WKH FKHPLFDO V\QWKHVLV� 7KH GHVLUHG DPRXQW RI HOH�

PHQWDO VHOHQLXP ZDV GLVVROYHG LQ ��� 0 1D2+ VROXWLRQ DQG VWLUUHG UDSLGO\ IRU �� PLQ�

8SRQ FRPSOHWH GLVVROXWLRQ RI HOHPHQWDO 6H� WKH 6Q VROXWLRQ FRPSOH[HG ZLWK ('7$ ZDV

DGGHG DQG WKH VWLUULQJ SURFHVV ZDV PDLQWDLQHG IRU DOPRVW �� PLQ� %ODFN SUHFLSLWDWH

�6Q6H� REWDLQHG ZDV ILOWHUHG DQG ZDVKHG ZLWK GLVWLOOHG ZDWHU DQG GULHG LQ RYHQ IRU � K�

7KH UHTXLUHG DPRXQW RI WKH 6Q6H SRZGHU ZDV XVHG DV WKH VRXUFH IRU WKH YDFXXP HYDSR�

UDWLRQ V\VWHP WR REWDLQ WZR VDPSOHV RI 6Q6H ILOPV ZLWK GLIIHUHQW WKLFNQHVVHV�

7KLQ ILOPV RI 6Q6H ZHUH GHSRVLWHG XVLQJ WKH V\QWKHVLVHG SRZGHU LQ DQ (GZDUGV

$XWR ��� 9DFXXP &RDWLQJ 8QLW� ,QGLXP�GRSHG WLQ R[LGH �,72� JODVV ZDV XVHG DV WKH

VXEVWUDWH� 7KH VXEVWUDWHV ZHUH FOHDQHG XOWUDVRQLFDOO\ LQ HWKDQRO DQG GLVWLOOHG ZDWHU

EHIRUH WKH GHSRVLWLRQ SURFHVV� 7KH YDFXXP ZDV NHSW DW �u��
±�
PEDU� 6Q6H SRZGHU

ZDV HYDSRUDWHG IURP D WXQJVWHQ ILODPHQW RQWR WKH ,72 JODVV VXEVWUDWH WR IRUP WKH

VHPLFRQGXFWRU OD\HU� 7KH VRXUFH�WR�VXEVWUDWH GLVWDQFH ZDV PDLQWDLQHG DW �� FP� 7KH

ILOPV ZHUH IRXQG WR EH XQLIRUP� IUHH RI SLQKROHV DQG DGKHUHG ZHOO WR WKH ,72 JODVV

VXEVWUDWH� WKHLU WKLFNQHVVHV DPRXQWHG WR �� DQG �� PP�

;�UD\ GLIIUDFWLRQ �;5'� DQDO\VLV ZDV FDUULHG RXW XVLQJ D 6LHPHQV '����� 'LI�

IUDFWRPHWHU IRU WKH �T UDQJLQJ IURP �q WR ��q ZLWK &X.D OLQH XVHG DV D EHDP �O  



7LQ VHOHQLGH WKLQ ILOPV ���

������ c�� 6FDQQLQJ HOHFWURQ PLFURVFRS\ �6(0� DQG HQHUJ\ GLVSHUVLYH DQDO\VLV RI ;�

UD\ �(';� ZDV SHUIRUPHG RQ D -(2/ -60 ���� 6FDQQLQJ 0LFURVFRSH� 2SWLFDO DE�

VRUSWLRQ VWXG\ ZDV FDUULHG RXW XVLQJ WKH 3HUNLQ (OPHU 89�9LV /DPEGD ��

6SHFWURSKRWRPHWHU� 7KH ILOP�FRDWHG ,72 JODVV ZDV SODFHG DFURVV WKH VDPSOH UDGLDWLRQ

SDWKZD\ ZKLOH DQ XQFRDWHG ,72 JODVV ZDV SXW DFURVV WKH UHIHUHQFH SDWK� )URP WKH

DQDO\VHV RI WKH DEVRUSWLRQ VSHFWUD WKH EDQG JDS HQHUJ\ (J ZDV GHWHUPLQHG� 7KH HOOLS�

VRPHWU\ WHFKQLTXH ZDV XVHG WR GHWHUPLQH WKH WKLFNQHVV RI WKH ILOPV XVLQJ DQ (/;���&

(OOLSVRPHWHU�

3KRWRHOHFWURFKHPLFDO �3(&� H[SHULPHQWV ZHUH SHUIRUPHG LQ WKH >)H�&1��@
�±

�>)H�&1��@
�±

UHGR[ V\VWHP� E\ UXQQLQJ OLQHDU VZHHS YROWDPPHWU\ �/69� EHWZHHQ ±

��� 9 DQG ±��� 9� 7KH HOHFWURO\WHV ZHUH SUHSDUHG XVLQJ DQDO\WLFDO JUDGH UHDJHQWV DQG

GHLRQLVHG GLVWLOOHG ZDWHU� $Q (*	* 3ULQFHWRQ $SSOLHG 5HVHDUFK SRWHQWLRVWDW GULYHQ

E\ D VRIWZDUH PRGHO ��� (OHFWURFKHPLFDO $QDO\VLV 6\VWHP ZDV XVHG WR FRQWURO WKH

/69 SURFHVV DQG WR PRQLWRU WKH FXUUHQW DQG YROWDJH SURILOHV LQ D FRQYHQWLRQDO WKUHH�

HOHFWURGH FHOO� $J�$J&O ZDV XVHG DV WKH UHIHUHQFH HOHFWURGH� 7KH ZRUNLQJ DQG FRXQWHU

HOHFWURGHV ZHUH PDGH RI 6Q6H FRDWHG ,72 JODVV VXEVWUDWH DQG SODWLQXP� UHVSHFWLYHO\�

7KH FRXQWHU HOHFWURGH ZDV SROLVKHG SULRU WR WKH LQVHUWLRQ LQWR WKH HOHFWURO\WH FHOO�

$ WXQJVWHQ�KDORJHQ ODPS ���� :� ZDV XVHG IRU LOOXPLQDWLQJ WKH HOHFWURGH�

���5HVXOWV�DQG�GLVFXVVLRQ

7KH ;5' RI WKH 6Q6H SRZGHU REWDLQHG IURP WKH FKHPLFDO SUHFLSLWDWLRQ WHFKQLTXH

LV VKRZQ LQ )LJ� �� 7KH SHDNV LQ WKH SDWWHUQ LQGLFDWH WKH IRUPDWLRQ RI WKH RUWKRUKRPELF

SKDVH RI 6Q6H� 7KH UHVXOWV DUH ZHOO PDWFKHG ZLWK WKH VWDQGDUG -&3'6 YDOXHV �)LOH

1R� �������� IRU 6Q6H �7DEOH ��� 1R SHDNV FRUUHVSRQGLQJ WR 6H LQ WKH ;5' SDWWHUQ

DUH VHHQ� 7KLV LQGLFDWHV WKDW WKH VDPSOH SRZGHU FRQWDLQV QR HOHPHQWDO 6H�

7DEOH �� ;5' GDWD RI 6Q6H SRZGHU

G �c�

�T �GHJ� 9DOXHV

REWDLQHG

-&3'6 YDOXHV

�)LOH 1R� ��������

���� ���� ����

���� ���� ����

���� ���� ����

����

����

����

����

����

����

���� ���� ����

���� ���� ����

���� ���� ����
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)LJ� � ;�UD\ GLIIUDFWLRQ VSHFWUXP RI 6Q6H WKLQ ILOPV

ZLWK GLIIHUHQW WKLFNQHVVHV� D� ���� PP� E� ���� PP

�TT�GHJUHHV

�TT�GHJUHHV



7LQ VHOHQLGH WKLQ ILOPV ���

7KH ;5' SDWWHUQV RI YDFXXP�GHSRVLWHG 6Q6H WKLQ ILOPV KDYLQJ WKLFNQHVV ���� PP
DQG ���� PP DUH VKRZQ LQ )LJ� �D� E� UHVSHFWLYHO\� 7KH EURDG SHDN DSSHDULQJ DW ORZ
DQJOH LV GXH WR WKH JODVV VXEVWUDWH LWVHOI� 7KH REVHUYDWLRQ RI ;�UD\ SHDNV LQ ERWK 6Q6H
WKLQ ILOPV LQGLFDWHV WKDW WKH YDFXXP�GHSRVLWHG ILOPV DUH SRO\FU\VWDOOLQH� 7KH LQWHQVL�
WLHV RI WKH VLJQDOV DUH UDWKHU ZHDN GXH WR WKH WKLQ ILOP QDWXUH RI WKH VDPSOHV� 7DEOH �
OLVWV WKH REVHUYHG G�YDOXHV IRU 6Q6H WKLQ ILOPV LQ FRPSDULVRQ ZLWK WKH -&3'6 VWDQ�
GDUG GDWD �)LOH 1R� ��������� 7KH REVHUYHG G�YDOXHV DUH LQ D JRRG DJUHHPHQW ZLWK WKH
VWDQGDUG YDOXHV IRU WKH RUWKRUKRPELF VWUXFWXUH RI 6Q6H� 7KH VWURQJHVW SHDN IRU ERWK
ILOPV RFFXUUHG DW �T  ����q ZLWK G  ���� c �FRUUHVSRQGLQJ WR WKH ����� UHIOHFWLRQ�� ,W
LQGLFDWHV WKDW WKH SUHIHUUHG RULHQWDWLRQ OLHV DORQJ WKH ����� GLUHFWLRQ IRU YDFXXP GH�
SRVLWHG 6Q6H WKLQ ILOPV�

7DEOH �� ;5' GDWD RI 6Q6H ILOPV

7KLFNQHVV

�PP�

�T

�GHJ�

G �c�

PHDVXUHG

G �c� VWDQGDUG

�)LOH 1R� ��������
KNO

���� ���� ���� ���

���� ���� ���� �������

���� ���� ���� ���

���� ���� ���� ���

���� ���� ���� ���

���� ���� ���� ���

���� ���� ���� ���

���� ���� ���� ���

���� ���� ���� ���

����

���� ���� ���� ���

7KH GRPLQDQW RULHQWDWLRQ LQ WKH ����� SODQH KDV DOVR EHHQ UHSRUWHG E\ RWKHU UH�

VHDUFKHUV IRU WKH 6Q6H WKLQ ILOPV GHSRVLWHG E\ YDFXXP GHSRVLWLRQ >��� ��� ��� ��@ DQG

HOHFWURFKHPLFDO GHSRVLWLRQ >�� ��� ��@� $V H[SHFWHG� WKH FU\VWDOOLQLW\ RI WKH WKLFNHU

ILOP LV EHWWHU DQG PRUH ;�UD\ SHDNV DUH REVHUYHG� 7KH LQWHQVLW\ RI WKH ����� SHDN

VKRZV D VLJQLILFDQW LQFUHDVH DV WKH WKLFNQHVV RI WKH 6Q6H ILOP LQFUHDVHV� 7KH FU\VWDO�

OLWH VL]HV �JUDLQ GLDPHWHU� ' RI WKH GHSRVLWV ZHUH GHWHUPLQHG XVLQJ WKH 6FKHUUHU¶V

IRUPXOD >��@�

TZ

O

FRV

.
'  

ZKHUH O LV WKH ZDYHOHQJWK RI ;�UD\V� T WKH %UDJJ DQJOH DQG Z WKH IXOO ZLGWK DW D KDOI

PD[LPXP �LQ UDGLDQV�� . YDULHV ZLWK �KNO� DQG FU\VWDOOLWH VKDSH EXW XVXDOO\ LV QHDUO\

HTXDO WR �� 7KH JUDLQ VL]H LQFUHDVHG IURP ���� QP WR ���� QP ZKHQ WKH WKLFNQHVV RI

WKH ILOP ZDV LQFUHDVHG �VHH 7DEOH ���
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7DEOH �� *UDLQ VL]H LQ 6Q6H WKLQ ILOPV

7KLFNQHVV

�PP�
3HDN

*UDLQ VL]H

�QP�

���� ��� ����

���� ��� ����

)LJXUH � VKRZV WKH 6(0 PLFURJUDSKV RI 6Q6H ILOPV� 7KH WKLQQHU ILOPV H[KLELW

JURZWK RI VPDOO JUDLQV GLVWULEXWHG DFURVV WKH VXUIDFH RI WKH VXEVWUDWH� 7R KDYH D YLVXDO

UHIHUHQFH RQ WKH WZR ILOPV DQG WR EH DEOH WR FRPSDUH WKHP� D VPDOO SRUWLRQ RI WKH VXE�

VWUDWH VXUIDFH FRQWDLQLQJ WKH WKLFNHU ILOP ZDV FOHDQHG ZLWK +12�� 7KLV SRUWLRQ RI WKH

VXUIDFH LV PDUNHG ZLWK µ;¶ LQ )LJ� �E� 7KLV UHYHDOV WKH WKLFNHU VXUIDFH FRYHUDJH RI WKH

6Q6H RQWR WKH VXEVWUDWH LQ WKH ODWWHU ILOP� 7KH PLFURJUDSKV RI WKHVH ILOPV LQGLFDWH

XQLIRUP VXUIDFH FRYHUDJH DQG VPRRWK 6Q6H WH[WXUH� 7KH ('; DQDO\VLV LQGLFDWHV WKH

6Q WR 6H UDWLR WR EH ���� ZKLFK LV DOPRVW DW WKH VWRLFKLRPHWU\ OHYHO�

D� E�

;

)LJ� �� 6(0 PLFURJUDSKV RI 6Q6H SUHSDUHG DW GLIIHUHQW WKLFNQHVV� �D� ���� PP �E� ���� PP

7KH EDQG�JDS HQHUJ\ DQG WUDQVLWLRQ W\SH ZDV GHULYHG IURP PDWKHPDWLFDO WUHDWPHQW

RI WKH GDWD REWDLQHG IURP WKH RSWLFDO DEVRUEDQFH YV� ZDYHOHQJWK ZLWK WKH IROORZLQJ

UHODWLRQVKLS IRU QHDU�HGJH DEVRUSWLRQ�

� �
Q

Q

K

(KN
$

Q

J

�
�

 

ZKHUH Q LV WKH IUHTXHQF\� K LV WKH 3ODQFN¶V FRQVWDQW� N HTXDOV D FRQVWDQW ZKLOH Q FDU�

ULHV WKH YDOXH RI HLWKHU � RU �� )LJXUH � VKRZV WKH DEVRUEDQFH VSHFWUD RI WKH ILOPV RI

GLIIHUHQW WKLFNQHVVHV� ,W LV FOHDU WKDW WKH WKLFNHU ILOP KDV D KLJKHU DEVRUSWLRQ� 7KLV

FRXOG EH GXH WR PRUH 6Q6H PDWHULDO GHSRVLWHG RQWR WKH VXUIDFH RI WKH VXEVWUDWH� 7KH

EDQG JDS (J FRXOG EH REWDLQHG IURP D VWUDLJKW OLQH SORW RI �$KQ�
��Q

DV D IXQFWLRQ RI KQ�

DQ H[WUDSRODWLRQ RI WKH YDOXH RI �$KQ�
��Q

WR ]HUR� ZLOO JLYH (J� ,I D VWUDLJKW OLQH JUDSK LV
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REWDLQHG IRU Q  �� LW LQGLFDWHV D GLUHFW HOHFWURQ WUDQVLWLRQ EHWZHHQ WKH VWDWHV RI WKH VHPL�

FRQGXFWRU� ZKHUHDV WKH WUDQVLWLRQ LV LQGLUHFW LI D VWUDLJKW OLQH JUDSK LV REWDLQHG IRU Q  ��

�
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�

���
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��� ��� ��� ��� ���

:DYHOHQJWK�QP�

$
E
V
R
U
E
D
Q
F
H

�E�

�D�

)LJ� �� 2SWLFDO DEVRUEDQFH YV� ZDYHOHQJWK VSHFWUXP

IRU 6Q6H ILOPV� 7KLFNQHVV� D� ���� PP� E� ���� PP

$ OLQHDU WUHQG LV DSSDUHQW ZKHUH Q LQ WKH UHODWLRQVKLS ��� HTXDOV �� 7KH VWUDLJKW�

OLQH EHKDYLRXU LQ )LJ� � WHVWLILHV DQ LQGLUHFW WUDQVLWLRQ RI WKH EDQG VWUXFWXUH� 7KH OLQH

VHJPHQWV UHTXLUHG WR E\ SDVV WKH HQHUJ\ RI WKH JDS OLHV DW DERXW ���� H9 IRU WKH 6Q6H

ILOP� $ VLPLODU EDQG�JDS YDOXH KDV DOVR EHHQ UHSRUWHG E\ RWKHU UHVHDUFKHUV IRU YDFXXP

HYDSRUDWHG 6Q6H ILOPV >�� ��� ��� ��@�

�

���

�

���

�

���

�
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)LJ� �� 3ORW RI �$KQ���Q YV� KQ LQ DQ 6Q6H ILOP ZLWK Q  �

)LJXUH � VKRZV WKH GLIIHUHQFH EHWZHHQ WKH SKRWRFXUUHQW ,S DQG WKH GDUN FXUUHQW ,G

IRU WKH WZR ILOPV ZKHQ LOOXPLQDWHG ZLWK D WXQJVWHQ�KDORJHQ ODPS ���� :�� $Q LQ�
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FUHDVH LQ WKH FXUUHQW FRXOG EH REVHUYHG IRU WKH ERWK VDPSOHV� ZKLFK ZDV HPSOR\HG DV

D FDWKRGH LQ WKH HOHFWURFKHPLFDO FHOO DV WKH SRWHQWLDO LV VZHSW WR PRUH QHJDWLYH UHJLRQ�

$ FRPSDULVRQ EHWZHHQ WKH WZR VDPSOHV LQGLFDWHV DQ LQFUHDVH LQ WKH SKRWRUHVSRQVH IRU

WKH WKLFNHU ILOP� 7KH UHDVRQ IRU WKH LQFUHDVH LQ WKH SKRWRUHVSRQVH FRXOG EH H[SODLQHG

LQ WHUP RI WKH JUDLQ VL]H� $V WKH JUDLQ VL]H LQFUHDVHV IURP ���� WR ���� QP� WKH JUDLQ

ERXQGDULHV DUH UHGXFHG� 7KH ERXQGDULHV DUH NQRZQ WR DFW DV UHFRPELQDWLRQ FHQWUHV IRU

PLQRULW\ FDUULHUV DQG WUDSSLQJ FHQWUHV IRU PDMRULW\ FDUULHUV�

�

����

����

����

����

����

��������������������������
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�E�

)LJ� �� &RPSDULVRQ RI SKRWRVHQVLWLYLW\ RI WKH VDPSOHV� 7KLFNQHVV �D� ���� PP �E� ���� PP

7KH GHSHQGHQFH VKRZQ LQ )LJ� � FRQILUPV WKDW WKH ILOPV SRVVHVV VHPLFRQGXFWLQJ

EHKDYLRXU� 7KH IDFW WKDW WKH SKRWRFXUUHQW RFFXU RQ WKH QHJDWLYH �FDWKRGH� SRWHQWLDO

LQGLFDWHV WKDW WKH ILOPV SUHSDUHG DUH RI WKH S�W\SH DQG WKH\ FDQ EH GHSOR\HG DV SKRWR

FDWKRGH LQ WKH SKRWRHOHFWURFKHPLFDO FHOO DSSOLFDWLRQ WR IDFLOLWDWH D UHGXFWLRQ UHDFWLRQ

RI WKH HOHFWUR DFWLYH VSHFLHV LQ WKH VROXWLRQ�

���&RQFOXVLRQ

&OHDU� WUDQVSDUHQW 6Q6H ILOPV ZLWK GLIIHUHQW WKLFNQHVV FRXOG FRQYHQLHQWO\ EH SUH�

SDUHG E\ FRPELQDWLRQ RI FKHPLFDO SUHFLSLWDWLRQ DQG YDFXXP HYDSRUDWLRQ WHFKQLTXH�

7KH 6Q6H SRZGHU SUHSDUDWLRQ PHWKRG LV OHVV WHGLRXV WKDQ WKH SUHYLRXVO\ XVHG VROLG�

VWDWH PHWKRG >�� ��� ��� ��@� 7KH SUHIHUUHG RULHQWDWLRQ RI WKH FU\VWDOOLWHV OLHV DORQJ WKH

����� GLUHFWLRQ� 7KH WKLFNHU 6Q6H ILOP H[KLELWV D KLJKHU SKRWRDFWLYLW\� 7KH EDQG JDS

ZDV IRXQG WR EH LQGLUHFW DQG HTXDO WR ���� H9�

$FNQRZOHGJHPHQWV

:H DUH JUDWHIXO WR WKH 0DOD\VLDQ *RYHUQPHQW IRU SURYLGLQJ WKH JUDQW XQGHU ,53$ 1R� ���������

�����($���� :H ZRXOG OLNH WR WKDQN WKH 'HSDUWPHQW RI 3K\VLFV� 8QLYHUVLWL 3XWUD 0DOD\VLD IRU SURYLGLQJ



7LQ VHOHQLGH WKLQ ILOPV ���

WKH ODERUDWRU\ IDFLOLWLHV� 2QH RI XV �6�1�� ZRXOG OLNH WR WKDQN WKH 0LQLVWU\ RI 6FLHQFH� 7HFKQRORJ\ DQG WKH

(QYLURQPHQW IRU WKH 1DWLRQDO 6FLHQFH )HOORZVKLS �16)��

5HIHUHQFHV
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0DWHULDOV 6FLHQFH� 9RO� ��� 1R� �� ����

0HWDO�FRPSOH[HV�LPPRELOLVHG�LQ�RQ�SRURXV�PDWULFHV

±�SRVVLEOH�HQ]\PH�PLPLFV

,� /$%È',
�
� ,� 6=,/È*<,

�
� 1�,� -$.$%

�
� .� +(51È',

�
� ,� 3È/,1.Ï
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�'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\� 8QLYHUVLW\ RI 6]HJHG�

'yP WpU �� 6]HJHG� +����� +XQJDU\

�'HSDUWPHQW RI 2UJDQLF &KHPLVWU\� 8QLYHUVLW\ RI 6]HJHG�

'yP WpU �� 6]HJHG� +����� +XQJDU\

�'HSDUWPHQW RI $SSOLHG DQG (QYLURQPHQWDO &KHPLVWU\� 8QLYHUVLW\ RI 6]HJHG�

5HUULFK %� WpU �� 6]HJHG� +����� +XQJDU\

&X�,,� KLVWLGLQH RU &X�,,��GLHWK\OHQH�WULDPLQR���LPLGD]RODWR�=Q�,,��WULV�DPLQRHWK\ODPLQH WULSHUFKOR�

UDWR FRPSOH[HV ZHUH SUHSDUHG DQG LPPRELOLVHG LQ�RQ SRURXV PDWULFHV �PRQWPRULOORQLWH DQG VLOLFD JHO� YLD

�L� DGVRUSWLRQ�K\GURJHQ ERQGLQJ� �LL� HOHFWURVWDWLF IRUFHV RU �LLL� JUDIWLQJ ZLWK FRYDOHQW ERQG� ,W ZDV IRXQG

WKDW LPPRELOLVDWLRQ LQFUHDVHG FDWDO\WLF DFWLYLW\ DQG FDWDO\VW OLIHWLPH LQ WKH GHFRPSRVLWLRQ UHDFWLRQ RI

K\GURJHQ SHUR[LGH UHODWLYH WR WKH PDWUL[�IUHH FRPSOH[HV� 7KH LPPRELOLVHG PDWHULDOV ZHUH FKDUDFWHULVHG

E\ H[SHULPHQWDO DQG FRPSXWDWLRQDO PHWKRGV�

.H\ ZRUGV� &X�KLVWLGLQH� FRPSOH[HV� 1D�PRQWPRULOORQLWH� VLOLFD JHO� KRVW�JXHVW VXEVWDQFHV� )7�,5 VSHF�

WURVFRS\� LPPRELOLVDWLRQ� DQFKRULQJ

���,QWURGXFWLRQ

+RPRJHQHRXV FDWDO\VWV DUH JHQHUDOO\ PRUH VHOHFWLYH DQG RFFDVLRQDOO\ PRUH DFWLYH

WKDQ WKHLU KHWHURJHQHRXV FRXQWHUSDUWV� 1HYHUWKHOHVV� WKH\ DOVR KDYH VHYHUDO GLVDGYDQ�

WDJHV� -XVW WZR RI WKHP DUH WKHLU WHGLRXV DQG RIWHQ XQVXFFHVVIXO VHSDUDWLRQ IURP WKH

UHDFWLRQ PL[WXUH DQG WKHLU VKRUWHU OLIHWLPH� %RWK RI WKHVH XQIDYRUDEOH IHDWXUHV PD\ EH

HOLPLQDWHG LI WKH KRPRJHQHRXV FRPSOH[HV DUH KHWHURJHQL]HG� &RPSOH[HV LPPRELOLVHG

LQ VROLG RU VHPL�VROLG PDWULFHV PD\ PLPLF HQ]\PHV >�� �@� ZKLFK PD\ PHDQ KLJK DF�

BBBBBBBBB

 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����
&RUUHVSRQGLQJ DXWKRU� H�PDLO� GRPH#FKHP�X�V]HJHG�KX�
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WLYLW\ DW ORZ WHPSHUDWXUH DQG YHU\ KLJK VHOHFWLYLW\� W\SLFDO IHDWXUHV RI HQYLURQPHQWDOO\

IULHQGO\ SURFHGXUHV�

,I RQH LQWHQGV WR PRGHO HQ]\PHV RU ZDQWV WR H[SORLW WKHLU KLJK DFWLYLW\ DQG �RU�

VHOHFWLYLW\� D YLDEOH ZD\ LV WU\LQJ WR DQFKRU WKH SURVWKHWLF JURXS�V� IRXQG RU DVVXPHG

WR EH UHVSRQVLEOH IRU WKHVH SDUDPHWHUV RQWR ULJLG RU VHPL�ULJLG VXSSRUWV� :KHQ

&X�DPLQR DFLG RU &X�=Q±1�FRQWDLQLQJ PXOWLGHQWDWH OLJDQG FRPSOH[HV DUH LPPREL�

OLVHG RQ VXSSRUWV� HQ]\PH PLPLFV PD\ EH REWDLQHG� ZKLFK PLJKW EH HIILFLHQW DQG

VHOHFWLYH FDWDO\VWV LQ D ODUJH YDULHW\ RI HQ]\PH�FDWDO\VHG UHDFWLRQV >�@� ,PPRELOLVDWLRQ

FDQ EH GRQH LQ VHYHUDO ZD\V� IRU D GHWDLOHG GHVFULSWLRQ RI YDULRXV SRVVLELOLWLHV >�@� ,Q

WKLV ZRUN� ZH VKRZ VRPH IHDVLEOH PHWKRGV IRU WKH SUHSDUDWLRQ� 7KH V\QWKHWLF PHWKRGV

DQG WKH UHVXOWLQJ K\EULG PDWHULDOV DUH GHVFULEHG LQ WKH SUHVHQW SDSHU� 7KH LPPRELOLVHG

FRPSOH[HV ZHUH FKDUDFWHULVHG E\ YDULRXV H[SHULPHQWDO DQG FRPSXWDWLRQDO PHWKRGV

DQG VRPH RI WKHP ZHUH XVHG DV FDWDO\VWV LQ WKH GHFRPSRVLWLRQ UHDFWLRQ RI +�2��

���([SHULPHQWDO

���� 6\QWKHVLV RI WKH FRPSOH[HV DQG PHWKRGV IRU LPPRELOLVDWLRQ

0DWHULDOV� )RU WKH V\QWKHWLF ZRUN &X&O� RU &X�12�� �SURGXFWV RI 5($1$/�� /�

KLVWLGLQH �$OGULFK�� PRQWPRULOORQLWH �%HQWROLW�+� /DSRUWH� LRQ�H[FKDQJH FDSDFLW\� ��

PHT���� J� %(7 VXUIDFH DUHD� �� P
�
�J �DV�V\QWKHVLVHG� RU VLOLFD JHO �$OGULFK� 7/&

KLJK�SXULW\ JUDGH� DYHUDJH SDUWLFOH VL]H� �±�� �P� %(7 VXUIDFH DUHD� a��� P
�
�J� )H

��
�

����� �� &O
±
� ����� �� S+ >��� DTXHRXV VXVSHQVLRQ@ a ���� DYHUDJH SRUH GLDPHWHU�

� QP� ZHUH XVHG� )RU WKH SUHSDUDWLRQ RI WKH &X�,,��GLHWK\OHQH�WULDPLQR���LPLGD]RODWR�

=Q�,,��WULVDPLQRHWK\ODPLQH WULSHUFKORUDWR FRPSOH[ �GHQRWHG DV & LQ WKH SUHVHQW SDSHU�

]LQF DQG FRSSHU SHUFKORUDWH �SURGXFWV RI 5($1$/�� LPLGD]ROH� GLHWK\OHQH WULDPLQH

DQG WULV���DPLQRHWK\O�DPLQH �SURGXFWV RI $OGULFK� ZHUH DSSOLHG�

,PPRELOLVDWLRQ YLD DGVRUSWLRQ�K\GURJHQ ERQGV� 'XULQJ WKLV IRUP RI LPPRELOL�

VDWLRQ D FDOFXODWHG DPRXQW RI /�KLVWLGLQH ZDV DGVRUEHG LQ PRQWPRULOORQLWH RU RQ VLOLFD

JHO DW QHXWUDO S+� 7KHQ� WKH PHWDO LRQV ZHUH LQWURGXFHG IURP VROXWLRQ� DQG ILQDOO\� WKH

HPSW\ FRRUGLQDWLRQ VLWHV RI WKH FHQWUDO LRQV ZHUH ILOOHG LQ E\ DGGHG /�KLVWLGLQH� 'XU�

LQJ DQG DIWHU DSSO\LQJ WKH PHWKRG� WKH KRVW PDWHULDO ZDV ZDVKHG IUHH RI H[FHVV DPLQR

DFLG� $QFKRULQJ WKH DPLQR DFLG ZDV E\ DGVRUSWLRQ ILUVW� DQG WKHQ E\ XVLQJ WKH HOHFWUR�

VWDWLF ILHOG RI WKH &X
��
LRQV�

,PPRELOLVDWLRQ YLD HOHFWURVWDWLF IRUFHV� 7KH &X±/�KLVWLGLQH FRPSOH[ ZDV SUH�

SDUHG H[ VLWX DQG WKHQ LW ZDV LQWURGXFHG LQWR WKH SRUH V\VWHP RI PRQWPRULOORQLWH� ,Q

WKLV SURFHGXUH WKH FRSSHU VDOW ZDV GLVVROYHG LQ ZDWHU� DQG WKHQ WKH OLJDQG ZDV DGGHG

XQGHU FRQWLQXRXV VWLUULQJ� 'XULQJ WKH IRUPDWLRQ RI WKH FRPSOH[ FKDQJHV LQ S+ ZHUH

UHJLVWHUHG� 7KH VWDUWLQJ VROXWLRQ ZDV DFLGLF �S+  ��� IRU WKH FRSSHU VROXWLRQ� EH�

FRPLQJ FORVH WR QHXWUDO E\ WKH HQG RI WKH UHDFWLRQ� 7KHQ� WKH FRPSOH[ ZDV FU\VWDOOLVHG
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E\ FRROLQJ DQG HYDSRUDWLQJ WKH H[FHVV RI VROYHQW� 7KH SUHIRUPHG FRPSOH[HV ZHUH

LQWURGXFHG LQWR PRQWPRULOORQLWH XVLQJ LVRSURSDQRO DV D VROYHQW� 7KH SURFHGXUH DS�

SOLHG ZDV LRQ H[FKDQJH RI WKH EXON\ FRPSOH[ LRQ LQ WKH SUH�VZROOHQ PRQWPRULOORQLWH

���� PPRO FRPSOH[ LRQ�J PRQWPRULOORQLWH��

,Q WKH VHFRQG FDVH� &X�,,� LRQV ZHUH LQWURGXFHG E\ LRQ H[FKDQJH LQWR �RQWR�

PRQWPRULOORQLWH RU VLOLFD JHO DQG WKH\ VHUYHG DV VWDUWLQJ PDWHULDOV� ,RQ H[FKDQJH ZDV

SHUIRUPHG WZLFH DW ��� . IRU �� K HDFK WLPH� 7KH FRQFHQWUDWLRQ RI WKH H[FKDQJHG LRQV

ZDV WKH VDPH DV ZKHQ WKH SURFHGXUH ZDV SHUIRUPHG E\ WKH SUHIRUPHG FRPSOH[HV� 7KH

FRPSOH[HV ZHUH V\QWKHVLVHG LQ VLWX LQVLGH WKH SRUHV E\ DGGLQJ OLJDQG PROHFXOHV�

HQRXJK IRU WKH SUHVXPHG IRXUIROG FRRUGLQDWLRQ� 7KH V\QWKHVLV ZDV SHUIRUPHG XVLQJ

LVRSURSDQRO VROXWLRQ RI WKH OLJDQGV XQGHU UHIOX[ IRU �� KRXUV�

%HIRUH LPPRELOLVDWLRQ WKH &X�,,��GLHWK\OHQH�WULDPLQR���LPLGD]RODWR�=Q�,,��WULV�

DPLQRHWK\ODPLQH WULSHUFKORUDWR FRPSOH[ ZDV SUHSDUHG H[ VLWX IROORZLQJ WKH JHQHUDO

UHFLSH SXEOLVKHG LQ UHI� >�@� ,Q WKLV SURFHGXUH WKH ]LQF RU WKH FRSSHU SHUFKORUDWH ZDV

GLVVROYHG LQ ZDWHU DQG WKHQ WKH OLJDQGV �LPLGD]ROH DQG GLHWK\OHQH WULDPLQH IRU WKH

FRSSHU VDOW VROXWLRQ DQG WULV���DPLQRHWK\O�DPLQH IRU WKH ]LQF VDOW VROXWLRQ� ZHUH DGGHG

XQGHU FRQWLQXRXV VWLUULQJ� )RU SUHSDULQJ WKH EULGJHG ELQXFOHDU FRPSOH[� WKH WZR FRP�

SOH[ VROXWLRQV ZHUH DGGHG LQ ��� PRODU UDWLR WR D TXDUWHU RI WKDW DPRXQW RI IUHH =Q�,,�

LQ HWKDQRO XQGHU YLJRURXV VWLUULQJ� 7KH VWLUULQJ ZDV PDLQWDLQHG IRU �� K DQG WKHQ� WKH

EULGJHG ELQXFOHDU FRPSOH[ ZDV DOORZHG WR FU\VWDOOLVH� 7KH LPPRELOLVHG FRPSOH[

FDWDO\VW ZDV SUHSDUHG XVLQJ LVRSURSDQRO� 7KH SUHIRUPHG FRPSOH[ ZDV GLVVROYHG LQ

LVRSURSDQRO DQG WKLV VROXWLRQ ZDV LQWURGXFHG LQWR PRQWPRULOORQLWH VXVSHQGHG LQ LVR�

SURSDQRO� ,PPRELOLVDWLRQ RFFXUUHG ZLWK FDWLRQ H[FKDQJH�

,PPRELOLVDWLRQ XVLQJ YLD FRYDOHQW ERQGLQJ� )RU FRYDOHQW JUDIWLQJ ��FKORUR�

SURS\O�IXQFWLRQDOLVHG VLOLFD JHO �$OGULFK� ZDV XVHG� $SSUR[LPDWHO\ �� RI WKH 2+

JURXSV FDUULHG WKH FKORURSURS\O IXQFWLRQDOLW\� 7R HQIRUFH ERQGLQJ DW WKH 1�WHUPLQDO�

/�KLVWLGLQH PHWK\OHVWHU K\GURFKORULGH �$OGULFK� ZDV WKH DPLQR DFLG GHULYDWLYH� 7KH

FRXSOLQJ ZDV DFKLHYHG XQGHU EDVH FRQGLWLRQV DIWHU UHIOX[ IRU � KRXUV� 7KHQ� WKH SURG�

XFW ZDV GLYLGHG LQWR WZR SDUWV� 2QH SDUW ZDV WUHDWHG ZLWK &X�12��� VROXWLRQ DQG WKH

DPLQR DFLG HVWHU� UHVXOWLQJ LQ &X±/�KLVWLGLQH PHWK\OHVWHU FRPSOH[ FRYDOHQWO\ DQ�

FKRUHG WR VLOLFD� 7KH RWKHU SDUW ZDV VXEMHFW WR DFLG K\GURO\VLV DQG WKHQ WR VXEVHTXHQW

WUHDWPHQW ZLWK &X�12��� VROXWLRQ DQG /�KLVWLGLQH� UHVXOWLQJ LQ FRYDOHQWO\ DQFKRUHG

&X±/�KLVWLGLQH FRPSOH[� %HIRUH DQ\ IXUWKHU XVH� WKH LPPRELOLVHG PDWHULDOV ZHUH

ZDVKHG IUHH RI H[FHVV &X�,,� LRQV DV ZHOO DV OLJDQGV DQG ZHUH DLU�GULHG�

���� 0HWKRGV RI FKDUDFWHULVDWLRQ

7KH KRVW�IUHH FRPSOH[HV ZHUH H[DPLQHG E\ GHULYDWRJUDSK\� 89 DQG ,5 VSHFWUR�

VFRSLHV� 7KH KRVW PDWHULDOV DQG WKH LPPRELOLVHG PDWHULDOV ZHUH FKDUDFWHULVHG E\

SRZGHU ;�UD\ GLIIUDFWLRQ DQG ,5 VSHFWURVFRS\� WKHUPDO DQDO\VLV DQG %(7 PHDVXUH�

PHQWV� 7KH WKHUPDO EHKDYLRXU RI WKH VXEVWDQFHV ZDV LQYHVWLJDWHG ZLWK WKH XVH RI

D 'HULYDWRJUDSK 4 LQVWUXPHQW� 7KH VDPSOHV ZHUH VWXGLHG XQGHU WKH IROORZLQJ FRQGL�
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WLRQV� PDVV VDPSOH ��� PJ� KHDWLQJ UDWH �� GHJ�PLQ� WHPSHUDWXUH UDQJH ���±���� .

LQ DLU� ;�UD\ GLIIUDFWRJUDPV ZHUH UHJLVWHUHG RQ D '521 � GLIIUDFWRPHWHU� %(7 PHDV�

XUHPHQWV ZHUH SHUIRUPHG LQ D FRQYHQWLRQDO YROXPHWULF DGVRUSWLRQ DSSDUDWXV FRROHG WR

WKH OLTXLG QLWURJHQ WHPSHUDWXUH ����� .�� 3ULRU WR PHDVXUHPHQWV WKH KRVW VDPSOHV ZHUH

SUHWUHDWHG LQ YDFXXP DW ��� . IRU � K� 1HLWKHU %(7 VXUIDFH DUHD QRU EDVDO GLVWDQFH

ZDV VLJQLILFDQWO\ DOWHUHG FRPSDUHG WR WKRVH RI WKH KRVW PDWHULDO �PRQWPRULOORQLWH�

�� P
�
�J� ���� QP �DV V\QWKHVL]HG���

6XEVWDQFHV REWDLQHG E\ FRYDOHQW JUDIWLQJ ZHUH VWXGLHG E\ )7�,5 VSHFWURVFRS\� HL�

WKHU E\ PHDQV RI WKH .%U WHFKQLTXH RU WKH VHOI�VXSSRUWHG ZDIHU PHWKRG� 7KH .%U

SHOOHWV ���� PJ RI WKH VXEVWDQFHV LQ ��� PJ .%U� RU WKH VHOI�VXSSRUWHG ZDIHUV

��� PJ�FP
�
� ZHUH SUHVVHG IURP WKH PDWHULDOV DQG WKHVH ZHUH DSSOLHG IRU PRQLWRULQJ

FKDQJHV LQ WKH ,5 VSHFWUD RI WKH VDPSOHV� 7KH )7�,5 VSHFWUD RI WKH KRVW DQG JXHVW

PDWHULDOV DQG WKH KRVW±JXHVW FRPSOH[HV SUHSDUHG E\ ERWK WKH WZR�VWHS DQG WKUHH�VWHS

PHWKRGV ZHUH WDNHQ DQG FRPSDUHG� 7KH ����±��� FP
±�
UDQJH ZDV LQYHVWLJDWHG� 7KH

VSHFWUD ZHUH UHFRUGHG E\ D 0DWWVRQ *HQHVLV , VSHFWURSKRWRPHWHU ZLWK � FP
±�
UHVROX�

WLRQ� )RU D VSHFWUXP ��� VFDQV ZHUH FROOHFWHG� 6SHFWUD RI WKH .%U SHOOHWV ZHUH WDNHQ

DW ��� . �HYHU\ KRVW±JXHVW FRPSOH[ ZDV VWXGLHG� LQ DLU� 6HOI�VXSSRUWHG ZDIHUV �QRW DOO

EXW RQO\ IHZ KRVW±JXHVW FRPSOH[HV ZHUH LQYHVWLJDWHG GXH WR H[SHULPHQWDO GLIILFXOWLHV

HQFRXQWHUHG ZKHQ PDNLQJ WKH ZDIHUV� ZHUH GHJDVVHG DW ��� .� ��� .� ��� .� ��� .�

DQG ��� . IRU � K DW HDFK WHPSHUDWXUH DQG WKH ,5 VSHFWUD ZHUH UHFRUGHG DIWHU HDFK

SUHWUHDWPHQW WHPSHUDWXUH� 7KH VSHFWUD ZHUH HYDOXDWHG E\ WKH :LQ�,5 SDFNDJH�

7KH FRYDOHQWO\ JUDIWHG FRPSOH[HV ZHUH PRGHOOHG E\ WKH 30� VHPL�HPSLULFDO

TXDQWXP FKHPLFDO FRGH >�@ LQFOXGHG LQ WKH +\SHU&KHP SDFNDJH >�@�

0DQ\ RI WKH LPPRELOLVHG VDPSOHV DV ZHOO DV WKH HIIHFWV RI KRVW�IUHH FRPSOH[HV

ZHUH WHVWHG LQ WKH GHFRPSRVLWLRQ RI K\GURJHQ SHUR[LGH� 7KH UHDFWLRQ ZDV SHUIRUPHG

LQ WKH OLTXLG SKDVH DW ���� ��� RU ��� . ZLWK WKH &X±/�KLVWLGLQH FRQWDLQLQJ DQG DW

��� . ZLWK WKH &X±& FRQWDLQLQJ FRPSRVLWH� 7KH WUDQVIRUPDWLRQV ZHUH IROORZHG E\

89�9,6 VSHFWURVFRS\ �3HUNLQ (OPHU�� 7KH ZHOO�VWLUUHG UHDFWLRQ PL[WXUH FRQWDLQHG

��� PJ RI WKH FDWDO\VWV DQG �� FP
�
RI ��� K\GURJHQ SHUR[LGH DTXHRXV VROXWLRQ�

���5HVXOWV�DQG�GLVFXVVLRQ

���� +RVW�IUHH FRPSOH[HV

89�9,6 VSHFWURVFRSLF UHVXOWV UHYHDOHG WKDW WKH FRSSHU LRQV ZHUH FRPSOH[HG �DE�

VRUSWLRQV UHOHYDQW WR WKH IUHH LRQV GLVDSSHDUHG IRUP WKH VSHFWUD RI WKH FRPSOH[HV��

7KH VWUXFWXUH RI WKH ELQXFOHDU FRPSOH[ LV VKRZQ EHORZ >�@�

1 1 =Q
��

1

1

1

1
1

1

1
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7KH WKHUPDO EHKDYLRXU RI WKLV FRPSOH[ ZDV UHODWLYHO\ VLPSOH �)LJ� �D�� 8S WR

��� . ZDWHU ZDV UHPRYHG LQ DQ HQGRWKHUPLF SURFHVV �SUREDEO\ LW LV WKH SK\VLVRUEHG

DQG WKH FU\VWDO ZDWHU�� %HWZHHQ ��� . DQG ��� . WKH FRPSOH[ GHFRPSRVHG YLJRU�

RXVO\� 7KLV SURFHVV ZDV H[RWKHUPLF� $ERYH ��� . WKH RUJDQLF OLJDQGV ZHUH UHPRYHG

JUDGXDOO\ DQG FRQWLQXRXVO\�

)LJ� �� 7KHUPRJUDYLPHWULF �7*� DQG GLIIHUHQWLDO WKHUPDO DQDO\WLF �'7$� FXUYHV RI

�D� WKH EDUH &X�,,��GLHWK\OHQH�WULDPLQR���LPLGD]RODWR�=Q�,,��WULV�DPLQRHWK\ODPLQH

WULSHUFKORUDWR FRPSOH[ �&� DQG �E� WKH & FRPSOH[ LPPRELOLVHG LQ PRQWPRULOORQLWH
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���� +RVW PDWHULDOV

$ JUHDW GHDO RI LQIRUPDWLRQ LV DYDLODEOH FRQFHUQLQJ WKH VWUXFWXUDO FKDUDFWHULVWLFV RI

WKH KRVW PDWHULDOV >�@� /HW XV VXPPDUL]H LQ D FRXSOH VHQWHQFHV WKH PDLQ IHDWXUHV UHOH�

YDQW WR WKLV ZRUN�

0RQWPRULOORQLWH LV D OD\HUHG PDWHULDO RI WKH FDWLRQ H[FKDQJH DELOLW\� ,W LV FDSDEOH

RI VZHOOLQJ LQ D ODUJH YDULHW\ RI VROYHQWV� VXFK DV ZDWHU� YDULRXV DOFRKROV� HWF� 7KHUH�

IRUH� LW FDQ DFFRPPRGDWH WKH FRPSOH[HV LQ YDULRXV SRVLWLRQV� ,I LQWHUFDODWLRQ LV WRR

GHQVH� IUHH WUDIILF RI WKH UHDFWLQJ VSHFLHV PD\ EH KLQGHUHG� WKXV� RSWLPLVDWLRQ RI SLO�

ODULQJ LV RI JUHDW LPSRUWDQFH�

6LOLFD JHO LV D PDWHULDO FRQWDLQLQJ VXUIDFH 2+ JURXSV FDSDEOH RI LRQ H[FKDQJH�

$OWKRXJK LW KDV SRUH VWUXFWXUH� DV D ILUVW DSSUR[LPDWLRQ ZH FDQ FRQVLGHU LW DV D SODQDU

PDWHULDO� DW OHDVW UHODWLYH WR PRQWPRULOORQLWH� 7KH VXUIDFH 2+ JURXSV PD\ EH IXQF�

WLRQDOLVHG� WKXV� H[WHQGHG VWUXFWXUHV PD\ EH EXLOW LI WKH VSDFHU JURXSV FRQWDLQ UHDFWLYH

JURXSV�

���� ,QWHUFDODWHG VXEVWDQFHV

6XEVWDQFHV LPPRELOLVHG YLD HOHFWURVWDWLF IRUFHV� :KHQ WKH FRPSOH[HV LQYHVWL�

JDWHG ZHUH LQFRUSRUDWHG LQWR DQ\ RI WKH SRURXV PDWULFHV VWXGLHG� WKH\ EHFDPH PRUH

VWDEOH� ORRVLQJ DOO OLJDQGV DW KLJKHU WHPSHUDWXUH �DURXQG ���� .� WKDQ WKH IUHH FRP�

SOH[HV �DURXQG ��� .�� %HWZHHQ ��� . DQG ��� . WKH GHK\GUDWLRQ FRXOG EH REVHUYHG

IRU WKH KRVW PDWHULDOV�

$V IDU DV WKH &X±& FRPSOH[ LPPRELOLVHG LQ PRQWPRULOORQLWH LV FRQFHUQHG� OLJDQGV

DUH UHPRYHG LQ VWHSV �WKH\ DUH FRPEXVWHG VLQFH PHDVXUHPHQWV ZHUH SHUIRUPHG LQ DLU��

1R DEUXSW FKDQJHV ZHUH REVHUYHG� LQGLFDWLQJ WKDW LPPRELOL]DWLRQ RFFXUUHG PDLQO\

ZLWK LRQ H[FKDQJH �)LJ� �E��

,Q WKH FDVH RI WKH LPPRELOLVHG &X±/�KLVWLGLQH FRPSOH[HV� LW EHFDPH FOHDU RQ WKH

EDVLV RI ZHLJKW ORVVHV PHDVXUHG E\ GHULYDWRJUDSK\ WKDW WZR KLVWLGLQH PROHFXOHV ZHUH

ERQGHG WR WKH FHQWUDO LRQ� 1HYHUWKHOHVV� IRXUIROG FRRUGLQDWLRQ PD\ EH DVVXPHG� VLQFH

KLVWLGLQH JHQHUDOO\ DFWV DV D ELGHQWDWH OLJDQG >�� ��@� 2Q KHDWLQJ WKH FRPSRVLWH PDWHUL�

DOV� D PXOWLSOH ZHLJKW ORVV RFFXUHG� LQGLFDWLQJ JUDGXDO ORVV RI WKH OLJDQGV� %\ ��� .

WKH LPPRELOLVHG FRPSOH[HV ZHUH FRPSOHWHO\ GHFRPSRVHG�

6XEVWDQFHV LPPRELOLVHG YLD DGVRUSWLRQ�K\GURJHQ ERQGLQJ� ,Q WKH &X±/�

KLVWLGLQH�PRQWPRULOORQLWH FRPSRVLWH �)LJ� �� WKH ORDGLQJ ZDV ORZ� DQG WKH EDQG

VWUXFWXUH RI WKH KRVW LQ WKH ORZ ZDYH QXPEHU UHJLRQ �����±��� FP
±�
� ZDV FOHDUO\ VHHQ

LQ WKH VSHFWUD RI WKH K\EULG PDWHULDOV� 3UREDEO\ GXH WR D ORZ ORDGLQJ� WKH EDQGV RI WKH

FDUER[\OLF 2+ ZHUH KDUGO\ VHHQ� DQG WKH EDQGV RI WKH 2+ JURXSV LQ PRQWPRULOORQLWH

ZHUH DOVR QRW FRPSOHWHO\ XVHG� ,W VHHPV DV LI WKH FDUER[\OLF JURXS RI KLVWLGLQH� DIWHU

GHSURWRQDWLRQ� WRRN SDUW LQ FRPSOH[ IRUPDWLRQ DQG RQO\ IHZ &X
��

LRQV LQWHUDFWHG ZLWK

WKH 2+ JURXSV RI PRQWPRULOORQLWH� 3RVVLEO\� WKH FRPSOH[ ZDV LPPRELOLVHG EHWZHHQ

WKH OD\HUV RI PRQWPRULOORQLWH E\ DGVRUSWLRQ DQG �RU� K\GURJHQ ERQGLQJ�
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2QO\ D VPDOO DPRXQW RI &X±/�KLVWLGLQH FRPSOH[ FRXOG EH DQFKRUHG WR VLOLFD JHO

ZLWK WKLV PHWKRG �)LJ� ���

)LJ� �� )7�,5 VSHFWUD RI $� /�KLVWLGLQH� %� WKH &X±/�KLVWLGLQH FRPSOH[ LPPRELOLVHG

LQ PRQWPRULOORQLWH E\ WKH DGVRUSWLRQ�K\GURJHQ ERQGLQJ PHWKRG� &� WKH DLU�GULHG PRQWPRULOORQLWH

)LJ� �� )7�,5 VSHFWUD RI $� /�KLVWLGLQH� %� WKH &X±/�KLVWLGLQH FRPSOH[ LPPRELOLVHG

RQ VLOLFD JHO E\ WKH DGVRUSWLRQ�K\GURJHQ ERQGLQJ PHWKRG� &� WKH DLU�GULHG VLOLFD JHO

6XEVWDQFH LPPRELOLVHG YLD FRYDOHQW ERQGLQJ� ,Q RXU YLHZ� WKH PRVW SURPLVLQJ

DQFKRULQJ PHWKRG LV FRYDOHQW JUDIWLQJ� 7KH FRPSOH[ LV LPPRELOLVHG LQGHHG� OHDFKLQJ

LV PLQLPDO LI RFFXUV DW DOO� DQG WKH V\QWKHVLV PHWKRG SURYLGHV VRPH FRQWURO RYHU WKH

VWUXFWXUH RI WKH DQFKRUHG FRPSOH[� 0RUHRYHU� WKH OLQNHU JURXS DOORZV VRPH IOH[LELOLW\

IRU WKH FRPSOH[� ZKLFK LV VXUHO\ DGYDQWDJHRXV IRU XVH DV D FDWDO\VW� $W WKH EHJLQQLQJ

RI DQ H[WHQGHG UHVHDUFK SURMHFW VLOLFD JHO ZDV FKRVHQ WR EH WKH ILUVW KRVW� ,W FRQWDLQV

ODUJH DPRXQW RI 2+ JURXSV VXLWDEOH IRU IXQFWLRQDOLVDWLRQ� 7KH FKORURSURS\O�PRGLILHG

YHUVLRQ �DOVR DYDLODEOH FRPPHUFLDOO\� XQGHUJRHV HDV\ UHDFWLRQ ZLWK HLWKHU WKH 1�

WHUPLQDO RU WKH &�WHUPLQDO RI DQ DPLQR DFLG� 7KH UHDFWLRQ FDQ EH FRQWUROOHG E\
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FKRRVLQJ D VXLWDEO\ SURWHFWHG DPLQR DFLG� :H XVHG &�SURWHFWHG /�KLVWLGLQH� WKXV DQ

DPLGH ZDV V\QWKHVL]HG ILUVW� 7KHQ� WKH HVWHU JURXS ZDV K\GURO\VHG DQG WKH FRPSOH[

ZDV DOORZHG WR IRUP E\ DGGLQJ &X�,,� LRQ�FRQWDLQLQJ VROXWLRQ DQG XQSURWHFWHG /�

KLVWLGLQH WR WKH VOXUU\� 7KH REWDLQHG PDWHULDOV ZHUH VWXGLHG E\ )7�,5 VSHFWURVFRS\�

7KH UHOHYDQW VSHFWUD DUH VKRZQ LQ )LJ� ��

)LJ� �� )7�,5 VSHFWUD RI �$� /�KLVWLGLQH� �%� WKH &X±/�KLVWLGLQH FRPSOH[ FRYDOHQWO\ JUDIWHG RQWR ��

FKORURSURS\O VLOLFD JHO� �&� WKH DLU�GULHG ��FKORURSURS\O VLOLFD JHO

8QIRUWXQDWHO\� )7�,5 VSHFWUD DUH UDUHO\ HQRXJK IRU JLYLQJ DFFXUDWH VWUXFWXUH IRU

WKH DQFKRUHG FRPSOH[� 6RPH LQIRUPDWLRQ PD\ EH REWDLQHG� KRZHYHU� 7KH EDQG LQ WKH

2+ VWUHWFKLQJ UDQJH LQGLFDWHV WKH SUHVHQFH RI XQFRPSOH[HG 2+ JURXSV� 7KH ODUJH UHG

VKLIW RI WKH & 2 EDQG PD\ EH WDNHQ DV WKH VLJQ RI FR�RUGLQDWLYH �FDUERQ\O� 2±&X

ERQG� 7KH RWKHU WZR FR�RUGLQDWLRQ VLWHV DUH SUREDEO\ ILOOHG LQ E\ WKH QLWURJHQV RI WKH

DPLQR JURXSV� VLQFH WKH UHOHYDQW EDQGV DOVR PRYHG WRZDUGV ORZHU ZDYH QXPEHUV�

)LJ� �� 0ROHFXODU PRGHO RI &X±/�KLVWLGLQH FRPSOH[

FRYDOHQWO\ DQFKRUHG WR VLOLFD JHO YLD WKH UHDFWLRQ

RI DPLQR JURXS RI RQH DPLQR DFLG DQG W

KH ��FKORURSURS\O IXQFLRQDOLW\ RI WKH VLOLFD JHO

0ROHFXODU PRGHOOLQJ IDFLOLWDWHV YLVXDOLVDWLRQ RI WKH SRVVLEOH VWUXFWXUH �)LJ� ��� ,Q

RUGHU WR REWDLQ D PRUH UHDOLVWLF SLFWXUH� UHODWLYHO\ ODUJH VLOLFD FOXVWHU ZDV FKRVHQ� (Q�

HUJHWLF GDWD PD\ DOVR EH REWDLQHG E\ H�J�� ')7 FDOFXODWLRQV� KRZHYHU� DW SUHVHQW WKH

FRPSXWDWLRQDO H[HUFLVH LV QRW WUDFWDEOH E\ RXU PHDQV�



0HWDO FRPSOH[HV LPPRELOLVHG LQ�RQ SRURXV PDWULFHV ���

���� 'HFRPSRVLWLRQ RI K\GURJHQ SHUR[LGH

7KH FDWDO\WLF DFWLYLWLHV RI FRPSOH[HV �&X±/�KLVWLGLQH SUHSDUHG E\ WKH LQ VLWX DV

ZHOO DV WKH H[ VLWX PHWKRGV DQG WKH &X±& FRPSOH[� LPPRELOLVHG LQ PRQWPRULOORQLWH

ZHUH LQYHVWLJDWHG� )LUVW� EODQN UHDFWLRQV ZHUH PDGH XVLQJ WKH PHWDO VDOWV� WKH KRVW�IUHH

FRPSOH[HV� DQG WKH FRPSOH[�IUHH KRVW DQG� WKHQ� WKH YDULRXVO\ SUHSDUHG KRVW�JXHVW

PDWHULDOV ZHUH VWXGLHG�

:KLOH WKH &X�,,� VROXWLRQ ZDV LQDFWLYH LQ WKH GHFRPSRVLWLRQ UHDFWLRQ RI K\GURJHQ

SHUR[LGH �+�2�� +�2 ���� 2�� DW DQ\ RI WKH WHPSHUDWXUHV XVHG� LQ WKH SUHVHQFH RI WKH

FRPSOH[HV WKH UHDFWLRQV VWDUWHG� DOWKRXJK DIWHU ORQJ LQGXFWLRQ SHULRGV ��� PLQ IRU &X

±/�KLVWLGLQH DQG �� PLQ IRU WKH &X±& FRPSOH[�� 7KH PRQWPRULOORQLWH ZDV FRPSOHWHO\

LQDFWLYH� RQO\ WKH &X�,,��PRQWPRULOORQLWH VKRZHG D VOLJKW GHFRPSRVLWLRQ DFWLYLW\ DW

WKH KLJKHVW WHPSHUDWXUH XVHG ���� .��

0HDVXUHPHQWV UHYHDOHG WKDW WKH LPPRELOLVHG &X±/�KLVWLGLQH FRPSOH[ ZDV DEOH WR

GHFRPSRVH WKH SHUR[LGH FRPSRXQGV ZLWKRXW LQGXFWLRQ SHULRG DQG� WKXV� PRUH UDSLGO\

WKDQ WKH DTXHRXV FRPSOH[ FRXOG GR� 7KH DFWLYLW\ RI WKH LPPRELOLVHG FRPSOH[ ZDV

IRXQG WR GHSHQG RQ WKH PHWKRG RI VDPSOH SUHSDUDWLRQ� WRR �7DEOH ��� 7KH LQ VLWX SUH�

SDUHG LPPRELOLVHG FRPSOH[ ZDV IRXQG WR EH PRUH DFWLYH WKDQ WKH SUHIRUPHG DQG WKHQ

LQWURGXFHG RQH�

7DEOH �� 5DWH RI K\GURJHQ SHUR[LGH GHFRPSRVLWLRQ RQ &X�,,�

FRPSOH[HV LPPRELOL]HG LQ PRQWPRULOORQLWH

'HFRPSRVLWLRQ UDWH �PROHFXOHV�FHQWUDO LRQ�K�

&X±/�KLVWLGLQH &X±&7�.

H[ VLWX LQ VLWX H[ VLWX

��� � � ±

��� ���� ����

��� ���� ���� ���� �����D�

D

5DWH RI GHFRPSRVLWLRQ LQ WKH SUHVHQFH RI WKH KRVW�IUHH FRPSOH[�

7KH &X±& FRPSOH[ LPPRELOLVHG LQ PRQWPRULOORQLWH ZDV DOVR IRXQG WR EH DFWLYH LQ

WKH GHFRPSRVLWLRQ UHDFWLRQ� WKH LQGXFWLRQ SHULRG� KRZHYHU� ZDV �� PLQ� 1HYHUWKHOHVV�

WKH WXUQRYHU UDWH IRU WKH LPPRELOLVHG PDWHULDO ZDV KLJKHU WKDQ WKDW RI WKH KRVW�IUHH

FRPSOH[ �7DEOH �� ODVW FROXPQ�� 0RUHRYHU� WKH LPPRELOLVHG VXEVWDQFH FRXOG EH UHXVHG

DW OHDVW WKUHH WLPHV ZLWKRXW DQ\ DSSUHFLDEOH ORVV RI DFWLYLW\� ZKLOH WKH EDUH FRPSOH[

GHFRPSRVHG DQG ORVW LWV DFWLYLW\ E\ WKH HQG RI WKH ILUVW UXQ�

���&RQFOXVLRQV

&X FRPSOH[HV ZHUH SUHSDUHG DQG LPPRELOLVHG LQ PRQWPRULOORQLWH RU RQ VLOLFD JHO

E\ YDULRXV PHWKRGV XVLQJ SULPDU\ ERQGLQJ �LRQLF RU FRYDOHQW� RU VHFRQGDU\ IRUFHV
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�DGVRUSWLRQ�K\GURJHQ ERQGLQJ� IRU DQFKRULQJ WKH FRPSOH[HV WKURXJK HLWKHU WKHLU OLJ�

DQGV RU WKHLU FHQWUDO LRQV� 7KH LPPRELOLVHG FRPSOH[HV DUH SURPLVLQJ FDWDO\VWV� DQG

DIWHU VRPH RSWLPLVDWLRQ DQG VRPH IXUWKHU VWUXFWXUDO VWXGLHV WKH\ FDQ EH XVHG DV HQ�

]\PH PLPLFV DQG PD\ DOORZ EHWWHU XQGHUVWDQGLQJ KRZ FHUWDLQ HQ]\PHV ZRUN�

$FNQRZOHGJHPHQW

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1DWLRQDO 6FLHQFH )XQG RI +XQJDU\ WKURXJK WKH JUDQW 27.$

7������� 7KH ILQDQFLDO KHOS LV KLJKO\ DSSUHFLDWHG�

5HIHUHQFHV

>�@ 0,7&+(/ 3�&�+�� &KHPLVWU\ DQG ,QGXVWU\ ������� ����

>�@ .,5%< $�-�� $QJHZ� &KHP� ,QW� (G� (QJO� �� ������� ����

>�@ *5g*(5 +�� :,/.(1 -�� $QJHZ� &KHP�� ,QWO� (G� (QJ�� �� ������� ����

>�@ %$/.86 .�-� -U� *$%5,(/29 $�*�� -� ,QFO� 3KHQRP� 	 0RO� 5HFRJ�� �� ������� ����

>�@ 6$720�� 1$*$( 6�� 8(+$5$0�� 1$.$<$ -�� -� &KHP� 6RF�� &KHP� &RPPXQ� ������� �����

>�@ 67(:$57 -�-�3�� -� &RPSXW� &KHP�� �� ������� ���� LELG� �� ������ ����

>�@ +\SHU&KHP ���� +\SHUFXEH� ,QF�� *DLQHVYLOOH� )/� �����

>�@ 1(0(&= (�� >LQ�@ &OD\ 0LQHUDOV� $NDGpPLDL .LDGy� %XGDSHVW� ����� &KDSWHU ,�

>�@ 681'%(5* 5�-�� 0$57,1 5�%�� &KHP� 5HY�� �� ������� ����

>��@ 0$57(// $�(�� 60,7+ 5�0� &ULWLFDO 6WDELOLW\ &RQVWDQWV� $PLQR $FLGV� 9RO� �� 3OHQXP 3UHVV� 1HZ

<RUN� �����

5HFHLYHG � )HEUXDU\ ����

5HYLVHG �� 0DUFK ����



0DWHULDOV 6FLHQFH� 9RO� ��� 1R� �� ����

&RSSHU�,��FRPSOH[HV�DV�SRWHQWLDO�&9'�SUHFXUVRUV

±�VWXGLHV�LQ�WKH�OLTXLG�VWDWH�DQG�JDV�SKDVH

,� 6=<0$�6.$


� 5� .8&+$5(.� (� 6=à<.

'HSDUWPHQW RI &KHPLVWU\� 1LFRODXV &RSHUQLFXV 8QLYHUVLW\� *DJDULQD �� ������ 7RUX�� 3RODQG

&X�,� FRPSOH[HV ZLWK WULPHWK\O SKRVSKLWH DQG DOLSKDWLF SHUIOXRULQDWHG FDUER[\ODWHV RI WKH W\SH

>&X�^3�20H��`��P�5&22��@ ZKHUH 5  &)�� &�)�� &�)�� &�)��� &�)��� &�)��� &�)�� KDYH EHHQ SUHSDUHG

DV YLVFRXV OLTXLGV� 7KH VSHFWURVFRSLF UHVXOWV VXJJHVW WKH GLPHULF VWUXFWXUHV IRU FRPSOH[HV LQ WKH OLTXLG

VWDWH� ZKHUH WKH PHWDO LRQV DUH OLQNHG E\ WKH EULGJLQJ FDUER[\ODWHV� 7KLV W\SH RI ERQGLQJ ZDV UHYHDOHG LQ

WKH JDV SKDVH DV ZHOO� ,Q PDVV VSHFWUD WKH PRVW LQWHQVLYH VLJQDOV ZHUH REVHUYHG IRU WKH >&X��5&22�@
� DQG

>&X��5&22��@
� IUDJPHQWV� 7KHUPDO GHFRPSRVLWLRQ RI FRPSOH[HV SURFHHGV DV D PXOWLVWDJH SURFHVV�

\LHOGLQJ D &X�2 LQ WKH PRVW RI FDVHV�

.H\ ZRUGV� &X�,� FRPSOH[HV� &9' SUHFXUVRUV� WULPHWK\O SKRVSKLWH� SHUIOXRULQDWHG FDUER[\ODWHV� 7*$

���,QWURGXFWLRQ

3UHYLRXV VWXGLHV UHYHDOHG WKDW JROG�,� DQG VLOYHU�,� FRPSOH[HV ZLWK SHUIOXRULQDWHG

FDUER[\ODWHV DQG WHUWLDU\ SKRVSKLQHV SUHVHQWHG D VXIILFLHQW YRODWLOLW\ IRU FKHPLFDO

YDSRXU GHSRVLWLRQ �&9'� >�±�@� KHQFH WKH SXUSRVH RI WKLV ZRUN ZDV WR SUHSDUH YROD�

WLOH SUHFXUVRUV IRU &9' RI FRSSHU PHWDO RU FRSSHU R[LGH WKLQ ILOPV� 7KH (, PDVV

VSHFWURPHWU\� WHPSHUDWXUH�YDULDEOH ,5 VSHFWURVFRS\ DQG WKHUPDO VWXGLHV ZHUH XQGHU�

WDNHQ WR GHWHUPLQH WKH NLQG RI VSHFLHV RFFXUULQJ LQ WKH JDV SKDVH DQG WKH PHFKDQLVP

RI WKH UHDFWLRQ RI WKHUPDO GHFRPSRVLWLRQ� 7KH NQRZOHGJH DERXW WKH VWUXFWXUDO DQG

WKHUPDO SURSHUWLHV VKRXOG DVFHUWDLQ WKH VXLWDELOLW\ RI FRPSOH[HV DV SUHFXUVRUV IRU

&9'� ZKLFK RXJKW WR EH FRPSHWLWLYH WR RUJDQRPHWDOOLFV XVHG DW SUHVHQW�

BBBBBBBBB

 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����
 &RUUHVSRQGLQJ DXWKRU� H�PDLO� SROD#FKHP�XQL�WRUXQ�SO�
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���([SHULPHQWDO�VHFWLRQ

���� 0DWHULDOV

7ULPHWK\O SKRVSKLWH ������ SHUIOXRULQDWHG FDUER[\OLF DFLGV ���±���� DQG FRSSHU

SRZGHU IRU RUJDQLF V\QWKHVLV ZHUH SXUFKDVHG IURP $OGULFK DQG XVHG ZLWKRXW IXUWKHU SXUL�

ILFDWLRQ� $FHWRQLWULOH RI DQDO\WLFDO JUDGH �)OXND� ZDV GULHG RYHU PROHFXODU VLHYHV �$� QH[W

RYHU &D+� DQG� ILQDOO\� ZDV GLVWLOOHG XQGHU GU\ QLWURJHQ IURP 3�2�� SULRU WR XVH�

���� 0HWKRGV

7KHUPDO VWXGLHV ZHUH SHUIRUPHG ZLWK D 020 2'���� 'HULYDWRJUDSK �3DXOLN DQG

3DXOLN� +XQJDU\�� 7KH DWPRVSKHUH RYHU WKH VDPSOH ZDV QLWURJHQ� WKH KHDWLQJ UDQJH

���±��� .� KHDWLQJ UDWH ��� .�PLQ� VDPSOH PDVV ��±��� PJ� WKH 7* UDQJH ��� ��� RU

��� PJ DQG WKH UHIHUHQFH PDWHULDO $O�2�� 3RZGHU GLIIUDFWRJUDPV ZHUH UHFRUGHG ZLWK

DQ +=���$�� '521�� GLIIUDFWRPHWHU XVLQJ &X.D UDGLDWLRQ� O  ������ QP� 0DVV

VSHFWUD ZHUH UHFRUGHG RQ DQ $0'���� PDVV VSHFWURPHWHU XVLQJ WKH (, PHWKRG LQ WKH

UDQJH RI ���±��� .� 7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD �����±��� FP
±�
� ZHUH SHU�

IRUPHG ZLWK D 3HUNLQ±(OPHU ���� )7 ,5 VSHFWURSKRWRPHWHU LQ WKH UDQJH RI

���±��� .� DW WKH SUHVVXUH RI ��
±�
PEDU� &RSSHU ZDV GHWHUPLQHG XVLQJ D &DUO =HLVV

-HQD $$6 VSHFWURPHWHU ZLWK &X�12��� VROXWLRQ DV WKH VWDQGDUG�

���� 6\QWKHVLV

7KH UHDFWLRQV ZHUH SHUIRUPHG XQGHU DUJRQ DWPRVSKHUH XVLQJ 6FKOHQN WHFKQLTXHV�

6XLWDEOH FRSSHU�,,� FDUER[\ODWHV �5&22��&X ZHUH V\QWKHVLVHG DV GHVFULEHG LQ >�@� ,Q

WKH JHQHUDO SURFHGXUH� FRSSHU�,,� FDUER[\ODWH �������
±�
PROHV� ZDV SODFHG LQ WKH

6FKOHQN WXEH� HLWKHU GLVVROYHG RU VXVSHQGHG LQ �� FP
�
RI IUHVKO\ GLVWLOOHG DFHWRQLWULOH

DQG FRSSHU SRZGHU �������
±�
PROHV� ZDV DGGHG� 7KH VXVSHQVLRQ REWDLQHG ZDV VWLUUHG

XQWLO WKH VROXWLRQ EHFDPH SDOH \HOORZ� 1H[W� 3�20H�� �������
±�
PROHV� LQ DFHWRQLWULOH

�� FP
�
� ZDV DGGHG DQG WKH UHDFWLRQ PL[WXUH VWLUUHG IRU DERXW �� K DW DPELHQW WHP�

SHUDWXUH� ILOWHUHG DQG WKH VROYHQW HYDSRUDWHG RQ YDFXXP OLQH� OHDYLQJ SDOH \HOORZ

YLVFRXV OLTXLG� 7KH REWDLQHG FRPSOH[HV ZHUH XQVWDEOH LQ DLU� WXUQLQJ JUHHQ� 7KH UH�

VXOWV RI &X GHWHUPLQDWLRQ ZHUH DV IROORZV ��� �FDOF��IRXQG��

��� &��+��&X�)�2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ������������

��� &��+��&X�)��2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ������������

��� &��+��&X�)��2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ����������

��� &��+��&X�)��2��3�� &X ����������

7KH (, PDVV VSHFWUD ZHUH UHFRUGHG IRU WKH FRPSOH[HV LQ RUGHU WR SURYH WKH IRUPXODH�

7KH IUDJPHQWV FRQILUPLQJ WKH VWRLFKLRPHWULF FRPSRVLWLRQ ZHUH DV IROORZV� >&X��5&22�@
�
�

>&X��5&22��@
�
� >&X��5&22�^3�20H��`@

�
DQG >&X��5&22�^3�20H��`�@

�
� )RU WKH SDU�



&RSSHU�,� FRPSOH[HV DV SRWHQWLDO &9' SUHFXUVRUV ���

WLFXODU FRPSOH[HV WKH\ ZHUH GHWHFWHG DW �>P�]@�� ��� ���� ���� ���� ���� ��� ���� ���� ����

���� ��� ���� ���� ���� ���� ��� ���� ���� ���� ���� ��� ���� ���� ���� ���� ��� ���� �����

���� ZKHUHDV IRU ��� RQO\ >&X��5&22�@
�
± ��� DQG >&X��5&22�^3�20H��`@

�
± ��� ZHUH

REVHUYHG�

���5HVXOWV�DQG�GLVFXVVLRQ

���� 7KHUPDO DQDO\VLV

7KH UHVXOWV RI WKHUPDO DQDO\VLV DUH JLYHQ LQ 7DEOH �� 7KH H[DPLQDWLRQ RI WKH WKHU�

PRDQDO\WLFDO FXUYHV VXJJHVWV D WZR�VWDJH� H[RWKHUPLF GHFRPSRVLWLRQ SURFHVV RI

FRPSOH[HV �±�� WKUHH�VWDJH LQ WKH FDVH RI � DQG IRXU�VWDJH IRU FRPSOH[ �� 7KH RQVHW

WHPSHUDWXUH RI WKH ILUVW H[RWHUP LV LQ WKH UDQJH ���±��� .� VXJJHVWLQJ WKDW WKH SHU�

IOXRULQDWHG FKDLQ KDG D VPDOO LQIOXHQFH RQ WKH WKHUPDO VWDELOLW\ RI FRPSOH[HV VWXGLHG�

7DEOH �� 5HVXOWV RI WKH WKHUPDO DQDO\VLV �LQ 1LWURJHQ�

7HPSHUDWXUH UDQJHD

>.@

:HLJKW ORVV RQ

7* >�@&RPSRXQG
+HDW

HIIHFW
7L 7P 7I )RXQG &DOF�

'HWDFKHG

JURXS

)LQDO

SURGXFW

H[R ��� ��� ��� ����

H[R ��� ��� ��� ���� ����

H[R ��� ��� ��� ����
��� >&X

�
^3�20H�

�
`
�
�P�&)

�
&22�

�
@

H[R ��� ��� ��� ���� ���� �&)
�
&22 &X

�
2

H[R ��� ��� ��� ���� ���� �3�20H����� >&X�^3�20H��`��P�&�)�&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ����
��� >&X�^3�20H��`��P�&�)�&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ���� ���� �3�20H����� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ����

��� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� F� �&X�2 �

&X�3�2�

H[R ��� ��� ��� ����
��� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� F� &X�2

H[R ��� ��� ��� ���� ���� �3�20H��
H[R ��� ��� ��� ������� >&X�^3�20H��`��P�&�)��&22��@

H[R ��� ��� ��� ��� ����
E� &X�2

D7L ± LQLWLDO WHPSHUDWXUH� 7P ± PD[LPXP WHPSHUDWXUH� 7I ± ILQDO WHPSHUDWXUH�
E'HFRPSRVLWLRQ FRQQHFWHG ZLWK WKH VXEOLPDWLRQ�
F8QDEOH WR GHWHUPLQH�

,Q WKH FDVH RI FRPSRXQGV �� � DQG �� DQDO\VLV RI WKH WKHUPRJUDYLPHWULF �7*� FXUYHV

LQGLFDWHV GLVVRFLDWLRQ RI WZR PROHFXOHV RI SKRVSKLWH LQ WKH ILUVW VWHS� 0RUHRYHU� GH�

WDFKPHQW RI WKH FDUER[\ODWHV UHVLGXHV LQ WKH ODVW WZR VWDJHV FDQ EH SURSRVHG IRU �� ,Q

WKH FDVH RI FRPSOH[ �� WKH VHFRQG DQG WKLUG GHFRPSRVLWLRQ SURFHVV ZDV FRQQHFWHG
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ZLWK WKH VXEOLPDWLRQ� SUREDEO\ UHVXOWLQJ LQ WKH IRUPDWLRQ RI >&X��&�)��&22�@ RU

>&X��&�)��&22��@ IUDJPHQWV� 'HFRPSRVLWLRQ UHDFWLRQV RI FRPSRXQGV �� ± �� ZHUH

FRPSOHWHG LQ WKH UDQJH RI ���±��� . DQG WKH ILQDO SURGXFW DSSHDUHG WR EH &X�2� 2QO\

IRU WKH FRPSOH[ � D PL[WXUH RI &X�2 DQG &X�3�2� �� � �� ZDV REVHUYHG� 3RZGHU GLI�

IUDFWRJUDPV RI WKH ILQDO SURGXFWV UHYHDOHG OLQHV IRU &X�2 ± ������ ����� QP WKDW

FRUUHVSRQG WR WKRVH UHSRUWHG LQ 3RZGHU 'LIIUDFWLRQ )LOH >�@� ,5 VSHFWUD RI WKH ILQDO SURG�

XFW RI � UHYHDOHG VWURQJ YLEUDWLRQV LQ WKH UDQJH RI ����±���� FP
±�
WKDW DUH FKDUDFWHULVWLF

RI &X�3�2� >�@� 6LPLODU ILQDO SURGXFWV ZHUH UHSRUWHG IRU RWKHU FRSSHU�,� SKRVSKLQH FRP�

SOH[HV� H�J� >&X^3�&�+���`�@%)� DQG >&X�^�3�23K��`��P�5&22��@ >�� �@� 7KH

WHPSHUDWXUHV RI WKH ILQDO SURGXFW IRUPDWLRQ �7I� ZHUH DOWHUHG LUUHJXODUO\ IRU WKH SHU�

IOXRULQDWHG FKDLQV IURP &� WR &� DQG LQ PRVW FDVHV WKHVH DUH LQ WKH UDQJH DFFHSWDEOH

IRU &9' SXUSRVHV ZLWK WKH KRW ZDOO UHDFWRU ���� .��

���� 0DVV VSHFWURPHWU\

%HFDXVH WKH QDWXUDO DEXQGDQFH RI FRSSHU LV
��
&X ����� �� DQG

��
&X ����� ��� LQ FRP�

SRXQGV KDYLQJ RQH FRSSHU DWRP WZR VLJQDOV FDQ EH H[SHFWHG ZLWK WKH LQWHQVLW\ UDWLR ����

6SHFLHV ZLWK WZR FRSSHU DWRPV VKRXOG UHYHDO WKUHH SHDNV ZLWK WKH FKDUDFWHULVWLF ����� LQ�

WHQVLW\ SDWWHUQ� $V DQ H[DPSOH� WKH PDVV VSHFWUXP RI � LV SUHVHQWHG LQ )LJ� ��

)LJ� �� (, PDVV VSHFWUXP RI WKH FRPSOH[ >&X�^3�20H��`��P�&�)�&22��@ ����

D� >&X^3�20H��`@
�� E� >&�)�&2230H@�� F� >&X^3�20H��`�@

�� G� >&X��&�)�&22�@��

H� >&X��&�)�&22��@
�� I� >&X��&�)�&22�^3�20H��`�@

�



&RSSHU�,� FRPSOH[HV DV SRWHQWLDO &9' SUHFXUVRUV ���

7KH DQDO\VLV RI WKH VSHFWUD VXJJHVWV D GLPHULF VWUXFWXUH IRU WKH FRPSRXQGV VWXGLHG

DQG SRLQWV WR WKH IUDJPHQWDWLRQ VFKHPH VKRZQ LQ )LJ� ��

>&X�^3�20H��`����5&22��@

>&X��5&22��@
�

>&X��5&22�@
�

>&X��5&22�^3�20H��`�@
�

>&X��5&22�^3�20H��`@
�

>&X^3�20H��`�@
�

>&X^3�20H��`@
�

)LJ� �� )UDJPHQWDWLRQ VFKHPH IRU WKH FRPSOH[HV >&X�^3�20H��`��P�5&22��@

$PRQJ WKH IUDJPHQWV LQFOXGLQJ FRSSHU� WKH KLJKHVW LQWHQVLW\ ZDV H[KLELWHG E\

>&X��5&22�@
�
� 7KH PD[LPXP LQWHQVLW\ RI WKLV IUDJPHQW YDULHG DQG IRU � ��� ZDV UHDFKHG

DW ��� .� IRU � ± ��� DW ��� . DQG ���� LQ WKH FDVH RI � ���� .�� � ���� .�� � ���� .��

� ���� .�� � ���� .�� 7KH ORZHU WHPSHUDWXUHV ZHUH REVHUYHG IRU WKH FRPSOH[HV �� � DQG �

FRQWDLQLQJ WKH HYHQ QXPEHU RI FDUERQV LQ WKH FDUER[\ODWH FKDLQ� 7KH FRPSRXQG � KDYLQJ

WKH ORZHVW WHPSHUDWXUH ZDV VWXGLHG XVLQJ WHPSHUDWXUH�YDULDEOH ,5 VSHFWURVFRS\�

���� 7HPSHUDWXUH�YDULDEOH ,5

7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD ����±��� .� UHFRUGHG IRU WKH FRPSOH[ � DUH

VKRZQ LQ )LJ� �� $PRQJ WKH EDQGV FKDUDFWHULVWLF RI � ZH KDYH FKRVHQ� ���� FP
±�

)LJ� �� 7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD RI >&X�^3�20H��`��P�&�)��&22��@ ����

D� W  � PLQ� 7  ��� .� E� W  �� PLQ� 7  ��� .� F� W  �� PLQ� 7  ��� .�

G� W  �� PLQ� 7  ��� .� W ± WLPH� 7 ± WHPSHUDWXUH
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�QD&22�� ���� FP
±�
�QV&22� DQG ��� FP

±�
�Q3�2� >��� ��@� %HFDXVH RQO\ WKH LQWHQ�

VLW\ RI WKHVH EDQGV ZDV LQFUHDVLQJ GXULQJ KHDWLQJ� ZH FRQFOXGH WKDW RQO\ WKH

PROHFXODU IRUP RI >&X�^3�20H��`��P�&�)��&22��@ ��� ZDV SUHVHQW LQ WKH JDV SKDVH�

7KHUHIRUH WKH FRPSOH[ FDQ EH WUDQVSRUWHG DV D YDSRXU WR WKH &9' UHDFWLRQ FKDPEHU�

���&RQFOXVLRQV

7KH WKHUPDO DQDO\VLV GDWD VXJJHVWV WKDW WKH FRPSRXQGV VWXGLHG FDQ EH XVHG LQ

&9' RI FRSSHU R[LGH ILOPV� 7KH GHFRPSRVLWLRQ SURGXFW FDQ EH PRGLILHG KRZHYHU

GHSHQGLQJ RQ WKH FRQGLWLRQV RI WKH GHSRVLWLRQ WHFKQLTXH� 7KH PDVV VSHFWUD DQG WHP�

SHUDWXUH�YDULDEOH ,5 GDWD DQDO\VLV SRLQWHG WR >&X�^3�20H��`��P�&�)��&22��@ ��� DV

WKH PRVW VXLWDEOH SRWHQWLDO OLTXLG &9' SUHFXUVRU DPRQJ WKH FRPSOH[HV VWXGLHG�

$FNQRZOHGJHPHQWV

7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH VXSSRUW IURP WKH 3ROLVK &RPPLWWHH IRU 6FLHQWLILF 5HVHDUFK

�.%1� JUDQW 1R � 7��& ������

5HIHUHQFHV

>�@ 6=à<. (�� à$.206.$ ,�� *52'=,&.,$�� 3ROLVK -� &KHP�� �� ������� �����

>�@ 6=à<. (�� à$.206.$ ,�� *52'=,&.,$�� 3ROLVK -� &KHP�� �� ������� �����

>�@ 6&+8/7='�/�� 0$5.6 7�-�� $GY� 0DWHU�� � ������� ����

>�@ 6=à<. (�� à$.206.$ ,�� *52'=,&., $�� 7UHQGV LQ &RRUGLQDWLRQ &KHPLVWU\� 6ORYDN 7HFKQLFDO 8QL�

YHUVLW\ 3UHVV� %UDWLVODYD� ����� S� ����

>�@ 6=à<. (�� 3,6=&=(. 3�� à$.206.$ ,�� *52'=,&., $�� 6=$7.2:6., -�� %à$6=&=<. 7��

&KHP� 9DS� 'HSRVLWLRQ�� � ������� ����

>�@ 6=à<. (�� 6=<0$�6.$ ,�� 3RO\KHGURQ� �� ������� �����

>�@ 3RZGHU 'LIIUDFWLRQ )LOH� 6HWV ������ -RLQW &RPPLWWHH RQ 'LIIUDFWLRQ 6WDQGDUGV� �����

>�@ 1<48,67 5�$�� .$*(/ 5�2�� ,QIUDUHG 6SHFWUD RI ,QRUJDQLF &RPSRXQGV� $FDGHPLF 3UHVV� 1HZ <RUN�

����� SS� ���±����

>�@ '( /8&&$ 1(72 9�$�� 0$852 $�(�� 6$5*(17(//, 9�� ,21$6+,752 0�� 7KHUPRFKLP� $FWD� ���

������� ����

>��@ 1$.$0272 .�� ,QIUDUHG DQG 5DPDQ 6SHFWUD RI ,QRUJDQLF DQG &RRUGLQDWLRQ &RPSRXQGV� :LOH\�

1HZ <RUN� ����� S� ����

>��@ $WODV ,.�VSHFWURY IRVIRURRUJDQLFKHVNLNK VRHGLQLHQLM� 1DXND� 0RVFRZ� �����

5HFHLYHG � $SULO ����

5HYLVHG �� $SULO ����



0DWHULDOV 6FLHQFH� 9RO� ��� 1R� �� ����

=HWD�SRWHQWLDO�DQG�GRSLQJ�LQ�SRO\DQLOLQH�GLVSHUVLRQV
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�
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�
'HSDUWDPHQWR GH 4XtPLFD� 8QLYHUVLGDGH )HGHUDO GR 5LR *UDQGH GR 1RUWH�

/DJRD 1RYD� 1DWDO� &� 3� ����� 51 ���������� %UD]LO

�*UXSR GH 3ROtPHURV ³3URI� %HUQKDUG *URVV´� ,QVWLWXWR GH )tVLFD GH 6mR &DUORV�

8QLYHUVLGDGH GH 6mR 3DXOR� &� 3� ���� 6mR &DUORV� 63 ���������� %UD]LO

�)DFXOGDGH GH &LrQFLDV H 7HFQRORJLD GH 3UHVLGHQWH 3UXGHQWH� 8QLYHUVLGDGH (VWDGXDO 3DXOLVWD�

&� 3� ���� 3UHVLGHQWH 3UXGHQWH� 63 ���������� %UD]LO

3RO\DQLOLQH �3$QL� KDV EHHQ FODVVLILHG DV DQ LQWUDFWDEOH SRO\PHU� SDUWLFXODUO\ LQ LWV FRQGXFWLQJ IRUP�

WKH HPHUDOGLQH VDOW �(6�� 7KHUHIRUH RQH FDQ FRQVLGHU WKH PL[WXUH RI ZDWHU DQG 3$QL DV D VXVSHQVLRQ� 7KH

FRQGXFWLQJ IRUP RI 3$QL FDQ EH REWDLQHG E\ D GRSLQJ SURFHVV NQRZQ DV ³DFLG GRSLQJ´� LQ ZKLFK D VWURQJ

DFLG WXUQV 3$QL IURP LWV LQVXODWLQJ IRUP� WKH HPHUDOGLQH EDVH �(%�� LQWR WKH FRQGXFWLQJ IRUP� WKH HPHU�

DOGLQH VDOW� :LWK WKH REMHFWLYH RI HVWDEOLVKLQJ D FRUUHODWLRQ EHWZHHQ WKH GRSLQJ OHYHO DQG WKH ]HWD SRWHQWLDO

RI SRO\DQLOLQH GLVSHUVLRQV� SRO\DQLOLQH � +&O DTXHRXV VXVSHQVLRQV ZHUH SUHSDUHG� 3RVLWLYH ]HWD SRWHQWLDO

YDOXHV IRU WKH YDULRXV VXVSHQVLRQV RI 3$QL VKRZHG WKDW LW DFTXLUHG SRVLWLYH FKDUJHV DIWHU WKH GRSLQJ

SURFHVV� ,W ZDV DOVR REVHUYHG DQ LQFUHDVH LQ ]HWD SRWHQWLDO YDOXHV DV +&O FRQFHQWUDWLRQ LQFUHDVHG� ZKLFK

FRXOG EH FRUUHODWHG WR 89�YLVLEOH VSHFWUD RI 3$QL VXVSHQVLRQV�

.H\ ZRUGV� SRO\DQLOLQH� HOHFWURSKRUHWLF PRELOLW\� ]HWD SRWHQWLDO� GRSLQJ

���,QWURGXFWLRQ

3RO\PHUV GHULYHG IURP RUJDQLF FRPSRXQGV� ZLWK S�HOHFWURQ FRQMXJDWLRQ DQG KLJK

GRSDQW FRQFHQWUDWLRQ� DUH WHUPHG FRQGXFWLQJ RUJDQLF SRO\PHUV >�@� 7KHVH SRO\PHUV

KDYH EHHQ H[WHQVLYHO\ VWXGLHG E\ UHVHDUFKHUV GXH WR WKHLU ODUJH YDULHW\ RI DSSOLFDWLRQV�

VXFK DV UHFKDUJHDEOH EDWWHULHV >�@� HOHFWURFKURPLF GHYLFHV >�@ DQG OXPLQHVFHQW PDWHUL�

DOV >�@ LQ RSWLFDO GHYLFHV� $PRQJ WKHVH SRO\PHUV� SRO\DQLOLQH �3$QL� LV DW DQ

BBBBBBBBB

&RUUHVSRQGLQJ DXWKRU� H�PDLO� MOFIRQVHFD#XRO�FRP�EU�
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RXWVWDQGLQJ SRVLWLRQ� PDLQO\ GXH WR WKH UHODWLYHO\ VLPSOH H[SHULPHQWDO PHWKRGV XVHG

LQ LWV V\QWKHVLV >�@� 7KLV SRO\PHU PD\ RFFXU LQ GLIIHUHQW UHGR[ VWDWHV� WKH PDLQ VWUXF�

WXUHV� DV VKRZQ LQ )LJ� �� EHLQJ OHXFRHPHUDOGLQH �/(%�� HPHUDOGLQH �(%�� DQG

)LJ� �� %DVLF VWUXFWXUHV RI SRO\DQLOLQH� D� OHXFRHPHUDOGLQH EDVH�

E� HPHUDOGLQH EDVH� F� SHUQLJUDQLOLQH EDVH

SHUQLJUDQLOLQH �3*%� >�@� $OO WKHVH EDVLF IRUPV DUH LQVXODWLQJ RQHV� 'RSLQJ LV WKH

UHDVRQ IRU WKH KLJK FRQGXFWLYLW\ DQG RWKHU XQLTXH SURSHUWLHV RI FRQGXFWLQJ SRO\PHUV

>�@� 7KH IXQGDPHQWDO SURFHVV RI GRSLQJ LV D UHDFWLRQ RI FKDUJH WUDQVIHU EHWZHHQ WKH

RUJDQLF SRO\PHU DQG D GRSDQW� ZKHQ FKDUJHV DUH UHPRYHG �RU DGGHG� WR D SRO\PHU

FKDLQ WKURXJK D FKHPLFDO UHDFWLRQ� WKH JHRPHWULF SDUDPHWHUV� VXFK DV ERQG DQJOHV�

OHQJWKV DQG K\EULGL]DWLRQ� DUH PRGLILHG� UHVXOWLQJ LQ D GUDVWLF FKDQJH LQ FRQGXFWLYLW\�

WKH OHYHOV RI GRSLQJ DQG R[LGDWLRQ EHLQJ WKH PRVW LPSRUWDQW IDFWRUV DIIHFWLQJ WKH

HOHFWULF SURSHUWLHV RI SRO\DQLOLQH >�@� 'LIIHUHQW GRSDQWV SURGXFH SRO\DQLOLQHV ZLWK

GLIIHUHQW SURSHUWLHV� VXLWDEOH IRU VSHFLILF DSSOLFDWLRQV >�� ��@� $V DQ H[DPSOH� LQ WKH

FDVH RI 3$QL ILOPV� RQH FDQ ILQG UHSRUWHG LQ WKH OLWHUDWXUH GRSLQJ E\ FKRURQD GLV�

FKDUJH >��@� ,Q IDFW� RQH RI WKH PRVW FRPPRQ PHFKDQLVPV RI GRSLQJ RI SRO\DQLOLQH�

DFFRUGLQJ WR WKH OLWHUDWXUH� LV NQRZQ DV DFLG GRSLQJ� ZKHUH VWURQJ PLQHUDO DFLGV

FKDQJH WKH LQVXODWLQJ IRUP (% LQWR WKH VDOLQH FRQGXFWLYH RQH (6 >��@� DV GLVSOD\HG LQ

)LJ� ��



=HWD SRWHQWLDO DQG GRSLQJ LQ SRO\DQLOLQH GLVSHUVLRQV ���

)LJ� �� 6FKHPH UHSUHVHQWLQJ GRSLQJ RI (% SRO\DQLOLQH

IRU WKH REWHQWLRQ RI HPHUDOGLQH VDOW �(6�

$OWKRXJK DFLG GRSLQJ RFFXUV ZLWKRXW DQ\ YDULDWLRQ LQ WKH QXPEHU RI HOHFWURQV RI

WKH SRO\PHULF FKDLQ� WKH SURWRQV LQWURGXFH SRVLWLYH FKDUJHV WKHUH� $V D FRQVHTXHQFH�

FKHPLFDO LQWHUDFWLRQ FDQ EH GHVFULEHG DV D WZR�VWDJH SURFHVV >��@�

(% � +$o (%�+±$�DGVRUEHG ���

DQG

(%�+±$�DGVRUEHGo(%±+
�
� $

±
���

ZKHUH (T� ��� UHSUHVHQWV WKH LQWHUDFWLRQ RI WKH LPLQH SRO\PHU JURXS ZLWK WKH DFFHSWRU

PROHFXOH +±$� WKURXJK K\GURJHQ ERQGLQJ� DQG (T� ��� LV WKH FKDUJH VHSDUDWLRQ SURF�

HVV LQ WKHVH DGVRUSWLRQ FRPSOH[HV� 2EYLRXVO\ WKH DFLG PROHFXOHV PD\ UHDFW ZLWK (%

LQ D VLPLODU ZD\ DQG� LQ D VWURQJO\ DFLG PHGLXP� WKH ODVW UHDFWLRQ LV HTXLYDOHQW WR WKH

DFLG GRSLQJ DQG WR WKH FRQYHUVLRQ RI (% LQWR (6� ,Q WKLV ZD\� ZH FDQ GHVFULEH WKH DFLG

GRSLQJ RI (% DV DQ LQWHUDFWLRQ GRQQRU�DFFHSWRU IROORZHG E\ FKDUJH VHSDUDWLRQ �FKDUJH

WUDQVIHU� LQ WKH IRUPHG FRPSOH[� 7KH K\GURJHQ ERQG JLYHQ E\ DQ DFFHSWRU PROHFXOH LV

LQFRUSRUDWHG WR WKH GRQQRU PROHFXOH LQ WKH VHFRQG VWDJH RI WKH WUDQVIRUPDWLRQ�

3RO\DQLOLQH KDV IUHTXHQWO\ EHHQ FODVVLILHG DV DQ LQWUDFWDEOH SRO\PHU� SDUWLFXODUO\ LQ

LWV FRQGXFWLYH IRUP� WKH HPHUDOGLQH VDOW �(6�� ,W LV IHDVLEOH� DV D FRQVHTXHQFH� WR FRQ�

VLGHU WKH PL[WXUH RI SRO\DQLOLQH DQG ZDWHU DV D FROORLGDO VXVSHQVLRQ >��@� ZKLFK�

GHSHQGLQJ RQ WKH DSSOLFDWLRQ� PD\ EHFRPH D SUREOHP IRU WKH SURFHVVLQJ RI WKLV SRO\�

PHU� $V D FRQVHTXHQFH� WKH VWXG\ RI SDUWLFOH LQWHUDFWLRQV LQ WKHVH FROORLGV� WRJHWKHU

ZLWK QHZ PHWKRGV RI SUHSDUDWLRQ UHSUHVHQWV DQ LPSRUWDQW VWHS IRU REWDLQLQJ GLVSHU�

VLRQV ZKLFK FRXOG EH XVHG LQ DQ LQFUHDVLQJO\ ZLGHU UDQJH RI WHFKQRORJLFDO

DSSOLFDWLRQV >��@� 5HJDUGLQJ SDUWLFOH PRUSKRORJ\� 6WHMVNDO HW DO� >��� ��@ KDYH DQD�

O\]HG WKH LQIOXHQFH RI H[SHULPHQWDO FRQGLWLRQV RQ WKH SDUWLFOH VKDSH DQG VL]H RI

SRO\DQLOLQH GLVSHUVLRQV VWDELOL]HG E\ GLIIHUHQW K\GURSKLOLF SRO\PHUV�

,Q DQ\ FROORLGDO V\VWHP� VHYHUDO DVSHFWV RI LWV EHKDYLRXU �H�J� UKHRORJ\ >��@ DQG

VWDELOLW\ >��� ��@� DUH KLJKO\ JRYHUQHG E\ SDUWLFOH±SDUWLFOH SDUWLFOH±VROYHQW LQWHUDF�
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WLRQV� 5HJDUGLQJ SXUHO\ HOHFWURVWDWLF LQWHUDFWLRQV� WKHVH LQWHUDFWLRQV KDYH EHHQ GH�

VFULEHG E\ WKH VR�FDOOHG '/92 WKHRU\ >��@� RQH RI LWV PDLQ SDUDPHWHUV EHLQJ WKH ]

SRWHQWLDO� ZKLFK LV GHILQHG DV WKH HOHFWULFDO SRWHQWLDO DW WKH SDUWLFOH GRXEOH OD\HU VKHDU

SODQH >��@� 7KLV SRWHQWLDO� LQ LWV WXUQ� LV JRYHUQHG E\ VXUIDFH SDUWLFOH FKDUJHV� WKH

KLJKHU WKH GHQVLW\ RI SRVLWLYH FKDUJHV� WKH PRUH SRVLWLYH WKLV SRWHQWLDO ZLOO EH �WKH

RSSRVLWH EHLQJ WUXH IRU QHJDWLYH FKDUJHV� >��@� 7KH DLP RI WKLV ZRUN LV WR FRUUHODWH WKH

OHYHO RI GRSLQJ RI SRO\DQLOLQH SDUWLFOHV �LQ DTXHRXV VXVSHQVLRQV� ZLWK ] SRWHQWLDO YDO�

XHV RI WKHVH YHU\ SDUWLFOHV DQG UHODWH WKHVH GDWD WR PHDVXUHPHQWV RI HOHFWURPDJQHWLF

DEVRUSWLRQ LQ WKH 89�YLVLEOH UHJLRQ�

���([SHULPHQWDO

7KH SRO\DQLOLQH XVHG LQ WKLV ZRUN ZDV V\QWKHVL]HG DW WKH ,QVWLWXWR GH )tVLFD GH 6mR

&DUORV DV GHVFULEHG LQ WKH OLWHUDWXUH >��@� 7KH VXVSHQVLRQV RI 3$QL LQ GLOXWH +&O ZHUH

REWDLQHG E\ WKH GLVSHUVLRQ RI ���� J RI 3$QL LQ �� FP
�
RI DTXHRXV VROXWLRQ RI +&O�

%LGLVWLOOHG ZDWHU ZDV XVHG LQ DOO H[SHULPHQWV� 7KH VXVSHQVLRQV ZHUH SUHSDUHG ZLWK

+&O VROXWLRQV ZLWK WKH IROORZLQJ FRQFHQWUDWLRQV� ��� PPRO�GP
�
� � PPRO�GP

�
�

� PPRO�GP
�
� � PPRO�GP

�
� � PPRO�GP

�
� DQG � PPRO�GP

�
� 7KH GLVSHUVLRQV ZHUH VRQL�

FDWHG IRU �� V DQG OHIW DW D URRP WHPSHUDWXUH IRU �� K� VLQFH LW KDV EHHQ IRXQG WKDW

VRQLFDWLRQ RI 3$QL�FRQWDLQLQJ SDUWLFOHV ZRXOG UHVXOW LQ WKHLU GHVLQWHJUDWLRQ� JHQHUDW�

LQJ XQVWDEOH QDQRSDUWLFOHV� ZKLFK XQGHUJR IUDFWDO DJJUHJDWLRQ >��@� $IWHUZDUGV�

] SRWHQWLDO DQG HOHFWURPDJQHWLF DEVRUSWLRQ PHDVXUHPHQWV ZHUH FDUULHG RXW�

���� (OHFWURSKRUHWLF PRELOLW\ DQG ]] SRWHQWLDO PHDVXUHPHQWV

7KH HOHFWURSKRUHWLF PRELOLW\ PHDVXUHPHQWV P( ZHUH FDUULHG RXW XVLQJ D =HWD�0HWHU

6\VWHP ���� �=HWD�0HWHU ,QF�� 86$�� 7KH ] SRWHQWLDOV RI WKH SRO\DQLOLQH VXVSHQVLRQV ZHUH

FDOFXODWHG IURP P( E\ HPSOR\LQJ WKH 6PROXFKRZVNL UHODWLRQVKLS� DVVXPLQJ WKDW ND �� ��

ZKHUH N LV WKH 'HE\H±+�FNHO SDUDPHWHU DQG D LV WKH UDGLXV RI WKH SDUWLFOHV >��@�

���

ZKHUH H� LV WKH SHUPLWWLYLW\ RI YDFXXP� H LV WKH UHODWLYH HOHFWULF SHUPLWWLYLW\ RI ZDWHU�

DQG K LV WKH YLVFRVLW\ RI WKH GLVSHUVHU SKDVH�



=HWD SRWHQWLDO DQG GRSLQJ LQ SRO\DQLOLQH GLVSHUVLRQV ���

���� 89�YLVLEOH VSHFWURVFRS\

89�YLVLEOH DEVRUSWLRQ VSHFWUD RI WKH VXVSHQVLRQV ZHUH REWDLQHG XVLQJ D &DU\

VSHFWURSKRWRPHWHU� PRGHO �(� DW URRP WHPSHUDWXUH�

���5HVXOWV�DQG�GLVFXVVLRQ

)LJXUH � GLVSOD\V WKH YDOXHV RI ] SRWHQWLDO IRU WKH SRO\DQLOLQH SDUWLFOHV DV D IXQF�

WLRQ RI S+ RI WKH GLVSHUVHU SKDVH� 2QH FDQ REVHUYH WKDW DOO SRWHQWLDO YDOXHV DUH

SRVLWLYH� LQGLFDWLQJ WKDW SRO\DQLOLQH DFTXLUHG SRVLWLYH FKDUJHV DV D FRQVHTXHQFH RI

GRSLQJ� DV GLVFXVVHG EHIRUH� 2QH FDQ DOVR REVHUYH WKDW� DV S+ GHFUHDVHV� ] SRWHQWLDO

LQFUHDVHV� ,W LV GXH WR WKH IDFW WKDW DV PRUH +
�

LRQV DUH SUHVHQW LQ WKH GLVSHUVHU SKDVH�

PRUH SRO\DQLOLQH FKDLQV ZLOO EH GRSHG� LPSO\LQJ DQ LQFUHDVH LQ WKH FKDUJHV RQ WKHVH

FKDLQV �DQG� FRQVHTXHQWO\� RQ WKH SDUWLFOHV VXUIDFH�� $V D FRQVHTXHQFH WKH\ PRYH

IDVWHU WKDQ WKH OHVV GRSHG SDUWLFOHV ZKHQ VXEPLWWHG WR WKH VDPH SRWHQWLDO JUDGLHQW�

%XWWHUZRUWK HW DO� >��@ KDYH IRXQG WKH VDPH UHVXOWV ZLWK SRO\DQLOLQH V\QWKHVL]HG LQ

VLWX ZLWK XOWUDILQH VLOLFD� ,Q WKLV FDVH� WKH HIIHFW FRXOG QRW EH VROHO\ UHODWHG WR 3$QL

GRSLQJ� VLQFH SRO\PHUL]DWLRQ FRQGLWLRQV UHVXOWHG LQ REWDLQLQJ SDUWLFOHV ZLWK D

³UDVSEHUU\´ PRUSKRORJ\� UHVXOWDQW RI EULGJLQJ IORFFXODWLRQ RI VLOLFD WKURXJK SRO\DQL�

OLQH�R[LGH LQWHUDFWLRQ� DV D FRQVHTXHQFH� DQ LQFUHDVH LQ ] SRWHQWLDO ZLWK WKH DFLG

FRQFHQWUDWLRQ FRXOG DOVR EH WKH RXWFRPH RI QHXWUDOL]DWLRQ RI QHJDWLYH VLWHV ZKLFK PD\

H[LVW RQ WKH VLOLFD VXUIDFH >��@�

)LJ� �� ] SRWHQWLDO DV D IXQFWLRQ RI S+ IRU SRO\DQLOLQH GLVSHUVLRQV

,I� DV VHHQ LQ WKH ]HWD SRWHQWLDO PHDVXUHPHQWV� WKH FKDQJH LQ ] SRWHQWLDO IRU SXUH

SRO\DQLOLQH ZHUH GXH WR GRSLQJ� WKHVH FKDQJHV VKRXOG EH UHODWHG WR FKDQJHV LQ WKH 89�

YLVLEOH DEVRUSWLRQ VSHFWUD RI WKHVH GLVSHUVLRQV� 7KLV UHODWLRQ LV GHSLFWHG LQ )LJ� �� LQ

ZKLFK 89�YLVLEOH DEVRUSWLRQ VSHFWUD DUH SORWWHG DV D IXQFWLRQ RI S+ IRU SRO\DQLOLQH

GLVSHUVLRQV� 2QH FDQ REVHUYH LQ WKH UHIHUUHG ILJXUH WKDW WKH VSHFWUD JUDGXDOO\ FKDQJH

IURP WKH HPHUDOGLQH EDVH �S+  ����� DQG� LQ WKH PRUH DFLG FRQGLWLRQV �S+  ����� WKH

FKDQJHV LQ WKH VWUXFWXUH RI SRO\DQLOLQH DUH PXFK PRUH HYLGHQW LQ WKH VSHFWUXP� ZKLFK

LV FKDUDFWHULVWLF RI WKH HPHUDOGLQH VDOW� WKH GRSHG IRUP RI SRO\DQLOLQH >��� ��@� WKH

EDQGV ZKLFK DULVH DW ��� QP DQG ��� QP DUH DWWULEXWHG WR WKH HOHFWURQLF H[FLWDWLRQ RI

EHQ]HQRLG DQG TXLQRLG ULQJV� LQFUHDVH LQ SURWRQDWLRQ RI LPLQH JURXSV ILUVWO\ UHVXOWV LQ

WKH RFFXUUHQFH RI SRODURQV DQG IXUWKHU SURWRQDWLRQ UHVXOWV LQ DQ LQFUHDVH LQ WKH UDQJH
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RI SRODURQ�UHODWHG FRQMXJDWLRQ� UHVXOWLQJ LQ D GHFUHDVH LQ SRODURQ EDQG HQHUJ\ �VKLIW

IURP ��� QP WR ��� QP� EOXH WR GDUN JUHHQ�� 7KH EDQG DW ��� QP DSSHDUV GXH WR WKH

WUDQVLWLRQ RI WKH FRQMXJDWHG DURPDWLF ULQJ >��@� PRUH VSHFLILFDOO\ WR D S�S WUDQVLWLRQ�

)LJ� �� 89�YLVLEOH DEVRUSWLRQ VSHFWUD

RI SRO\DQLOLQH GLVSHUVLRQV

$FFRUGLQJ %DQHUMHH HW DO� >��@� SRO\DQLOLQH GLVSHUVLRQV VKRXOG QRW SUHVHQW PRUH

FKDQJHV LQ 89�YLVLEOH VSHFWUD IRU S+ EHORZ �� EXW WKH\ REVHUYHG WKHVH FKDQJHV LQ

3$QL±309( GLVSHUVLRQV� WKH\ DWWULEXWHG WKHP WR GLIIHUHQW SDUWLFOH VL]HV RU GLIIHUHQW

PDFURPROHFXODU FKDLQ SDFNLQJ� LI WKH VDPH LV WUXH IRU RXU H[SHULPHQWV� LW FRXOG EH WKH

FDVH WKDW� LQ WKH SUHVHQW ZRUN� S+ KDV LQIOXHQFHG PDFURPROHFXODU SDFNLQJ DQG�RU SDU�

WLFOH VL]H RI UHGLVSHUVHG 3$QL� KRZHYHU� LQ RUGHU WR LQHTXLYRFDOO\ DIILUP LW IRU RXU

H[SHULPHQWV� OLJKW VFDWWHULQJ PHDVXUHPHQWV ZRXOG EH QHFHVVDU\�

���&RQFOXVLRQ

=HWD SRWHQWLDO PHDVXUHPHQWV PD\ EH XVHG WR FKDUDFWHUL]H GRSLQJ LQ SRO\DQLOLQH

VXVSHQVLRQV� 7KH YDOXHV RI ]HWD SRWHQWLDO LQFUHDVH ZLWK LQFUHDVLQJ GRSLQJ GHJUHH RI

WKHVH SRO\PHUV� DV FDQ EH FRQILUPHG E\ 89�YLVLEOH DEVRUSWLRQ VSHFWURVFRS\�

$FNQRZOHGJPHQWV

7KH DXWKRUV WKDQN %UD]LO¶V &RQVHOKR 1DFLRQDO GH 'HVHQYROYLPHQWR &LHQWtILFR H 7HFQROyJLFR �&13T��

0LQLVWpULR GD &LrQFLD H 7HFQRORJLD �0&7�� )XQGDomR &RRUGHQDomR GH $SHUIHLoRDPHQWR GH 3HVVRDO GH 1tYHO

6XSHULRU �&$3(6�� %DQFR GR 1RUGHVWH� DQG 3Uy�5HLWRULD GH 3HVTXLVD H 3yV�*UDGXDomR GD 8QLYHUVLGDGH )HGHUDO

GR 5LR *UDQGH GR 1RUWH �333J�8)51� IRU ILQDQFLDO VXSSRUW GXULQJ WKH FRXUVH RI WKLV ZRUN�
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