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Remember these? 

Knowing structure is POWER…because you can relate it to function! 



+ 

Crystalline (therefore ordered), nanoporous structure 

Metal 

“Node” 

Organic 

“linker” 

Zn+2(NO3)2 + 

- 

What is a Metal-Organic Framework? 



MOFs are a subset of a growing category of 

self-assembled, nanoporous materials 



How big are the pores? 
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different effects on the orientations of adjacent metal

coordination polyhedra, which lead to different configura-

tions in the interconnection of these metal ionsand thusresult

in formation of different 3D MOFs.

Thermogravimetric (TG) analysis of 1 showed release of

the included water molecules below 1008C (ca. 14 wt %,

corresponding to the structural analysis), no further weight

loss below 4008C, and framework decomposition in the

temperature range of 400–5508C; the final product was ZnO

(ca. 31 wt %). The TG curve of 2 indicated no weight loss

below 4008C, and the framework collapsed in the temper-

ature range of 400–5008C before formation of the final

product (ZnO, ca. 30 wt %), which implied that the guest

water molecules could not be released before the framework

collapsed. Thermal stability of 1 and 2 was also investigated

by X-ray thermodiffraction analysis, which showed that they

are stable up to temperatures of 420 and 4008C, respectively

(see Supporting Information). Their stability is thus compa-

rable to that of the most thermostable porous MOFs.[15] The

N2 sorption properties of 1 and 2 were also investigated.

Compound 1 exhibited a typical type I isotherm with a

Langmuir surface area of 1400 m2g 1 (BET surface area

1030 m2g 1). Furthermore, the adsorption isotherm of meth-

anol vapor for 1 showed an adsorbed amount of 2.7 methanol

molecules per metal atom, which also confirmed the nano-

porosity of 1 (Figure 2). However, 2 only exhibited surface

adsorption with a Langmuir surface area of 40.8 m2g 1 (BET

surface area 28.7 m2g 1). These observations are consistent

with the different aperture sizes of 1 and 2 (ca. 3.3 and 2.2 Š ,

respectively), which may account for the difference in gas-

sorption properties.[16] The structural featuresand TG analysis

of 2 imply that it cannot serve as a potential gas-sorption

material.

By considering the very similar coordination abilities of

mim and eim, we assumed that eim in 2 may be partially

replaced by mim to enlarge the resultant windowsof the MOF

of 2. However, isolation of the mixed-ligand complexes failed.

In several trials with mixed mim/eim ligands, 1 was obtained

as the major product, while only a few single crystals isolated

from one trial were identified as a new MOF 3. A lthough we

were unable to further measure any properties and the mim/

eim ratio of 3, X-ray crystallography revealed that it

crystallizes in the cubic space group Im3̄m. The MOF of 3

consists of truncated cuboctahedral supercages and octagonal

prisms. The supercage is constructed from Zn4(eim)4, Zn6-

(eim)6, and Zn8(eim)8 SBUs (Figure 1e), each supercage

contactswith six octagonal prismsthrough the octagonal faces

(Figure 1 f), and each octagonal prism links two supercages

through its opposite octagonal faces. In other words, each

supercage is surrounded by six supercages through six

octagonal-prism linkers in three axial directions of the lattice.

The resulting microporous 1D channels have octagonal

apertures with a pore diameter of 7.4 Š (see Supporting

Information). The diameter of the supercage is 18.1 Š , and

the void volume is 14352 Š 3 (55.4% of the cell volume). I t is

noteworthy that the MOF of 3 has a regular zeolitic rho

(RHO) topology (4363), which has not been observed in

MOFs. A lthough 3 wasa byproduct, its formation implies that

Figure 1. Structures of 1–3. Topological sodalite (SOD) net (a) and

space-filling diagram of a hexagonal aperture with a diameter of 3.3 Š

(b) in 1; topological analcime (ANA) net (c) and space-fill ing diagram

of a hexagonal aperture with a diameter of 2.2 Š (d) in 2; a truncated

cuboctahedron (e) and the topological 436 supercage (f) constructed

from six eight-membered rings, eight six-membered rings, and twelve

four-membered rings, and surrounded by six topological 4282 cages,

each constructed from two eight-membered rings and eight four-

membered rings in 3. Color code: Zn red, N blue, C gray, H white.

Figure 2. Isotherm for N2 adsorption at 77 K (a) and MeOH vapor

adsorption at 298 K (b) for 1. P0 = saturated vapor pressure.
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ZIF-8 

Most are stable to > 200 °C 



Let’s think about the surface area of MOF pores 

Surface area of a sphere = 4πr2 
Surface area of tennis ball ≈ 140 cm2  ≈ 0.01 m2 



What’s the surface area of 1 cm3 of a MOF 
(approximately)? 

MOF pore diameters are ~ 1 – 3 nm 
 r(pore) ≈ 1 nm = 10-9 m 
Pore volume = (4/3) πr3 = 4x10-27 m3 = 4 nm3 
Surface area = 4πr2 ≈ 10-17 m2 
 
 

1 cm3 = (107 nm)3 = 1021 nm3 

1021 nm3/(4 nm3/pore) = 2.5x1020 pores 
Total surface area = (2.5x1020 pores)x(10-17 m2/pore)           
= 2,500 m2/cm3 

If density = 0.5 g/cm3, then 5,000 m2/g!  
       (the tennis ball is ~ 0.0002 m2/g) 

How many pores in 1 cm3 ? 



1 football field = 5,351 m2  

8 



MOFs attractive for gas storage, catalysis, 

separations, ionic conductors 

Wu, Hu, 

Zhang, Lin 

JACS 127, 

8940, 2005 

NaAlH4 

Bhakta, Allendorf et al., JACS 131, 13198, 2009 

H2 storage 

Bureekaew et al., 

Nat. Mat. 8, 831, 

2009 

Fast H+ 

transport 

CO2 sequestration 

Catalysis 

Nugent et al., Nature 495, 

83 2013 



V. Stavlia et al. Chem. Sci. 3 (2012), 1531–1540 

Thin film growth for MOF device applications 



230 µm 

100 µm 

Piezoresistors 

Au connection 

Microcantilevers (fg sensitivity) 

Piezoresistive 

substrate 

MOF 

Allendorf, Talin, Hesketh, et al., J. Amer. 

Chem. Soc. 130, 14404 (2008) 

MOF films make sensitive, selective gas 

sensors 



MOFs guide Ag nanowire growth 

Houk, Jacobs, Allendorf, Talin et al. 

Nano Lett., 9 3413, (2009)  

Chemical Science 2, 411, (2011); 

Chemistry 17, 11372 (2011).  

; 



Non-porous CPs have been used for 

centuries (i. e. Prussian blue) 

“The Great Wave of Kanagawa” by 

Hokusai 

A. Agrawal, C. Susut, G. Stafford, U. 

Bertocci, B. McMorran, H. Lezec, A. A. Talin, 

Nano Lett. 11, 2774, 2011.  

500 nm 
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The PB red absorption band due to IVCT 

(Intervalence Charge Transfer) 
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B. S. Brunschwig, C. Creutz and N. Sutin, 

Chemical Society Reviews, 2002, 31, 168 

Prussian blue is a ‘class II’ system according 

to donor-bridge acceptor model 

HAB-Electronic coupling matrix element  

BAAB HH 

-Reorganization energy 

Class I:  ~ weak/no coupling 

Class II  ~ moderate coupling 

Class III ~ strong coupling 
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Hopping conduction in oxidized or reduced 

PB consistent with intermediate coupling 

D. M. Pajerowski, T. Watanabe, T. Yamamoto, Y. Einaga, Phys. Rev. B 83, 153202 (2011) 



Can guest molecules induce electrical 

conductivity in an insulating MOF? 

MOF growth 

Molecule infiltration 
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Cu-TCNQ is a well-known conducting CP 



before 

after 

TCNQ@Cu2(BTC)3 leads to color change 
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… and >106 increase in conductivity, air 

stable > 1 year 

Ea=41±1 meV 

percolation 

model 

Hopping conduction 

E 

x 



IR shift of -C≡N indicates charge transfer 

  144/  cmz o 

Skoog, Holler, Nieman, 

Instrumental Analysis 

-C≡N 



Raman also shows shift of -C≡N 
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C≡N stretch splitting observed only inside 
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Raman 

scans 



Peak splitting indicates 2 inequivalent -C≡N 

groups  



DFT: Cu dimers linked by TCNQ 

𝐵𝐸 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑇𝐶𝑁𝑄 + 𝐸𝑀𝑂𝐹 = 84 kJ/mol 



Guest aromaticity, electronegativity affect 

conductivity 
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H4-TCNQ < F4-TCNQ < 

TCNQ 0.19 eV   < 1.03 eV    

< 2.32 eV 

Increased coupling between neighboring Cu 

dimers lowers barrier to charge transfer 
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Solvent, precursor likely responsible for 

conductivity in as deposited Cu3(BTC)2.  

As deposited: Low but measurable 

conductivity, ionic/electronic? 

Activated, exposed to ambient: No 

measurable conductivity at 10V (<10-12 A) 

Infiltrated MOF: s~0.1S/cm, ~108 increase 
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What about the carrier type (electron or hole?) 

Seebeck effect is one way to find out… 

http://www.mn.uio.no/fysikk/english/research/pr

ojects/bate/thermoelectricity/ 
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Example from recent work with CNT films 
X. He, N. Fujimura, J. M. Lloyd, K. J. Erickson, A. A. Talin, Q. Zhang, W. Gao, Q.Jiang, Y. 

Kawano,R. H. Hauge, F.Léonard, J. Kono, CNT THz detectors, Nano Lett., just accepted 
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High, positive Seebeck coeff. (i.e Fermi 

level in VB) 



Semiconducting Metal Organic Graphene 

Analogues (SMOGs) 

D. Sheberla, L. Sun, M. A. Blood-Forsythe, S. Er, C. R. Wade, 
C.K. Brozek, A. Aspuru-Guzik, M. Dincă, JACS ASAP 
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Guest 1 

Guest 2 

Guest 3 

Visions for Molecule@MOF ICs, nanodevices 



Conclusions 

• MOFs are hybrid materials with ordered, chemically tunable 

porosity 

• Ideal for gas storage, separations, catalysis, sensors, 

templates for nanomaterial synthesis 

• MOF thin films can be grown LBL in solution 

• Conductivity of Cu3(BTC)2 tunable 10-8 
10-1 S/cm with TCNQ 

• UV-Vis, IR indicate partial charge transfer 

• Extended p network essential for conductivity 

• Opportunities for tuning properties w/ molecule@MOF 

expanding  

A. A. Talin, A. Centrone, M. E. Foster, V. Stavila, P. Haney, R. A. Kinney, V. Szalai, 

F. El Gabaly, H. P. Yoon, F. Léonard, M. D. Allendorf, Science 343, 66 (2014); 

 

V. Stavila, A. A. Talin, M. D. Allendorf, Chem. Soc. Rev. 10.1039/c4cs00096j 

(ASAP) 
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A schematic representation of the alignment of the HOMO/LUMO 

orbitals and bandgaps of H2O@CuBTC, TCNQ, F4-TCNQ, and H4-

TCNQ determined at the UB3LYP/VTZP level of theory. 

 





Van der Waals forces govern the interaction of 
molecules such as H2, He, and CH4, with surfaces 



How does surface area affect gas storage? 

PV = nRT 

Physisorption 

Compression of propane into gas container with and without MOF-filling (MOF-5 tablets in 
lecture bottles, room temperature) – U. Mueller et al. J. Mater. Chem., 2006, 16, 626–636  
 



The demise of Moore’s Law? 

Moore's Law past 32nm: Future Challenges in Device Scaling 

Kelin J. Kuhn 

Logic Technology Development, Intel Corporation, Hillsboro, OR, 97124, U.S.A. 

Contact: kelin.ptd.kuhn@intel.com 

 
Abstract—This paper explores the challenges facing process 

generations past the 32nm technology node and speculates on 

what new solutions will be needed.  The challenges facing planar 

and multiple-gate devices are compared and contrasted.  

Resistance and capacitance challenges are reviewed in relation to 

past history and on-going research. Key enhancers such as high-k 

metal-gate (HiK-MG), substrate and channel orientation, as well 

as NMOS and PMOS stress are discussed in relation to the 

challenges of the coming transistor generations.   

Keywords-CMOS; high-k; metal-gate; strain; orientation 

I.  INTRODUCTION 

For the past 40 years, relentless focus on Moore’s Law 
transistor scaling has provided ever-increasing transistor 
performance and density (Fig. 1). Interestingly enough, key 
technologists in each generation of this long history have also 
looked forward and predicted the “end of scaling” within one 
or two generations [1-4]. However, each time the technology 
reached the predicted barriers, scaling did not stop. Instead, 
imaginative new solutions were developed to further extend 
Moore’s Law and the transistor scaling roadmap.  

A decade ago, “transistor scaling” meant “classic” Dennard 
scaling [5], where oxide thickness (Tox), transistor length (Lg) 
and transistor width (W) were scaled by a constant factor (1/k) 
in order to provide a delay improvement of 1/k at constant 
power density. Classic Dennard scaling ended at 130nm 
(130nm was the last CMOS generation where making the 
transistor smaller was sufficient to deliver performance 
improvement). In all subsequent generations (90nm, 65nm, 
45nm, 32nm etc.) shrinking the transistor degraded the 
performance.   However transistor scaling didn’t end at the 
130nm node.  Instead, enhancers were added (strain in the 
90nm and 65nm nodes [6,7], and strain + HiK-MG in the 45nm 
and 32nm nodes [8,9]) to continue to drive the transistor 
roadmap forward.   
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Fig. 1.  Moore’s Law:  CPU transistor count has increased by 2X 
and feature size has decreased by 0.7X every two years. 

II. NEXT GENERATION ARCHITECTURES 

A. Planar transistors 

As we look beyond 32nm planar transistors, there are a 
number of scaling challenges to be addressed (Fig. 2).    
Increased off-state current (Ioff) from degraded drain-induced 
barrier lowering (DIBL) and subthreshold slope (SS) caused by 
poorer short channel effects (SCE) represents a significant 
limitation for effective gate lengths (Leff) shorter than 
approximately 15nm.  Decreasing Tox to provide better channel 
control comes with a penalty of increased gate leakage current 
(Igate) and increased channel doping.  Increased channel doping 
decreases mobility (degrading performance due to impurity 
scattering) and increases random dopant fluctuations, RDF 
(degrading the minimum operating voltage, Vmin). Decreasing 
gate pitch increases the parasitic capacitance contribution for 
both contact-to-gate and epi-to-gate thus increasing overall gate 
capacitance (Cgs).  Decreasing source/drain opening size 
increases the source drain resistance (Rsd) thus decreasing drive 
current.   Additionally, decreasing gate pitch decreases the 
volume/quantity of the stressor materials for both NMOS 
(stress induced by overlayer films) and PMOS (stress induced 
by embedded-SiGe, e-SiGe) thus decreasing mobility and 
drive.  

 
 

Fig. 2.  Scaling challenges in planar devices. 

 

B. Multiple gate or multiple channel devices 

Multiple gate or multiple channel FETs (MUGFETS or 
MUCFETS) have been proposed to help resolve the SCE issues 
past 32nm (as an example, the ITRS 2007 roadmap predicts the 
use of multiple gate or multiple channel FETs starting in 22nm 
[10]).   While MUGFETs provide significant resolution to the 
DIBL/SS SCE issues, they do have some unique challenges of 
their own (Fig. 3).   The most significant of these is the 
challenge of continuing to maintain a high level of mobility 
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 2. Experimental Test Beds 

 The fabrication of single molecule electronic devices is a very 

challenging task. Conventional lithography is still unable to 

deliver resolution at the molecular scale and it is beyond the 

capability of traditional microfabrication technologies. Neverthe-

less, a broad range of groups have devised a number of sophis-

ticated experimental techniques. For an extended discussion, we 

refer the interested reader to the excellent reviews on various 

experimental test beds of molecular electronic devices by Chen 

et al., [  24  ]  Akkerman et al., [  6  ]  McCreery et al., [  8  ]  and Li et al. [  25  ]  In 

this section, we briefl y describe the most widely used methods. 

The common concept in all of these methods is the ability to 

form nanometer-sized gap (nanogap) electrodes. Individual mol-

ecules can occasionally bridge a gap between electrodes, thus 

creating reliable molecular junctions that allow charge transport 

measurements through constituent single molecules.  

 2.1. Break Junctions 

 Break junctions can be categorized into two types: mechani-

cally controllable break junctions and electromigrated break 

junctions. Mechanically controllable break junctions (MCBJs) 

were introduced by Moreland et al. [  26  ]  and Muller et al. [  27  ]  This 

technique consists of a lithographically defi ned, metallic free-

suspended bridge or a notched wire above a gap etched in an 

insulating (polymer or oxide) layer, fi xed on the top of a bend-

able substrate. [  28–  39  ]  The bendable substrate is most often made 

from a phosphor–bronze sheet due to its superior mechanical 

deformation properties. This substrate is put in a three-point 

bending geometry, where it can be bent by moving a piezo-

controlled pushing rod, as illustrated in  Figure    2  . As the substrate 

is bent, the metallic wire is elongated until fi nally the metallic 

constriction breaks and two fresh electrode surfaces are created. 

The molecules can be assembled between the separate gap elec-

trodes by different methods. For example, one can break the 

electrodes while molecules are present either in solution [  32  ]  or 

in the gas phase [  37  ]  or by adding a solution with the desired 

molecules after the breakage of the metallic wire. [  38  ,  39  ]  The fi rst 

example of MCBJs to make molecular junctions was illustrated 

by Reed et al. (see Figures  2 b,c) in 1997. [  32  ]  In this study, a gold 

wire was covered with a self-assembled monolayer (SAM) of 

1,4-benzenedithiol (BDT), which is able to bind to two gold elec-

trodes through thiol groups. The gold wire was subsequently 

elongated in the molecular solution until breakage. Once the 

wire was broken, the solvent was evaporated and the wires 

were brought together until the onset of a conductance value. 

    Figure  1 .     Illustration of a single molecule attached to metallic electrodes 

as a basic component in single molecule electronic devices.  

Could polymer or molecule-based electronics 
be the answer? 

Organic semiconductors: 
cheap, tunable properties, 
mechanically flexible, but… 

DIsordered structure leads to chain-
to-chain hopping, causing: 
➡Poor mobility 
➡Low free carrier lifetime 
➡Chemical & thermal Instability 

Molecular electronics: the 
ultimate in tunability and 

scalability, but… 

Extremely difficult fabrication 
stalls advances 

At these length scales, “bottom-up” 
fabrication beats “top down”… 



E. Biemmi, C. Scherb, T. Bein, J. AM. 

CHEM. SOC. 2007, 129, 8054 

New device concept based on Guest@MOF materials: 
Reconfigurable Electronics 

? 
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Electrically conducting porous MOFs are rare 

Y. Kobayashi et al. Chem. Mater. 2010, 22, 4120 

•  p-type Cu-Ni Dithiolene MOF 
- First semiconducting, porous MOF 
- Conductivity increases with oxidative doping 
- Original Cu-Cu version is not porous 
 (Inorg. Chem. 2009, 48, 9048) 

 
• Other examples 
- MET-3 (Fe-triazolate MOF) 
- Mn(thiophenol) MOF: (−Mn−S−)∞ Chains  

 
 

• Strategies for conducting MOFs: 
- Charge delocalization 
- 2nd- and 3rd row transition metals 
- Redox-active ligands (e.g., TCNQ) 
- Soft ligands (e.g. S-containing molecules) 

 
 
 

Gándara et al. 
Chem. Eur. J. 2012, 

18, 10595 

Mn(thiophenol) MOF 
L. Sun et al. 

J. Am. Chem. Soc. 
2013, 135, 8185 


