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verging with satisfactory residual values. In the case
of MET-1 and 4, with much broader peaks, only
a refinement of the unit cell parameters with full
pattern profile matching could be performed (see
the Supporting Information, section S3).

After we accomplished the structural solution of
METs, the single-crystal structure of a Cd-triazolate
with the equivalent atomic arrangement was inde-
pendently reported,[32] which further supported the
accuracy of our MET structure solution and adding
yet another member to the family. However, no
properties, such as porosity, and so on, were report-
ed.

The calculated pore diameter varies in the MET series
from 4.5 ! in MET-1 and MET-3 to 6.1 ! in MET-2. The
values for the six MET materials are summarized in Table 1,
together with their refined unit-cell volume and specific sur-
face-area values. By choosing elements with different ionic
radii, small changes in the lattice parameters are observed
and networks with the same topology but different pore
sizes are achieved (Figure 4).

All the METs are stable in air, since there were no signifi-
cant changes in the PXRD patterns after several weeks of
air exposure. They are also stable when immersed in
common organic solvents (e.g., dichloromethane, chloro-
form, methanol, tetrahydrofurane, etc.), without any loss of
crystallinity. The thermogravimetric analysis (TGA) indicate
that the compounds are thermally stable, displaying no
weight loss below the decomposition temperature, which
varies with from approximately 250 8C in MET-5 to 400 8C
in MET-2 (see the Supporting Information, section S5 for
TGA data). The magnetic susceptibility measurement per-
formed on MET-2 shows that this compound follows the
Curie–Weiss law up to 5 K, with a Curie temperature of
!21.9 K, and indicates that the Mn atoms are in high spin
(calcd. meff=5.8 mB) (the Supporting Information, section
S6).

The permanent porosity of the compounds was demon-
strated by measurement of the N2 adsorption isotherms at
77 K. All the MET compounds take up significant amounts
of N2 in the micropore region (Figure 5). The surface area
of the METs was calculated according to the Brunauer–
Emmet–Teller (BET) method[33] to give values varying from
370 to 890 m2g!1 (450 to 1010 m2g!1for Langmuir surface
areas), in which we chose the pressure range with values of
v ACHTUNGTRENNUNG(P0–P) increasing with P/P0 (v is adsorbed amount of N2).
These values are in good agreement with those geometric
surface areas estimated from their crystal structures with the
only exception of MET-5, probably due to an incomplete ac-
tivation (see the Supporting Information, section S7). The
step observed in the low pressure region of the MET-2 N2

isotherm (also observed at lower relative pressure in the Ar
isotherm, see the Supporting Information, section S7) can
be attributed to a phase transition of the adsorbates[34]

within the pores so that they can accommodate a higher
number of gas molecules, resulting in the highest surface
area among the series. The possibility of a structural change

as the cause of the step should be ruled out by the absence
of changes in the PXRD patterns of a sample evacuated to

Table 1. Comparison of the cell volume, pore size and surface area of the six MET
materials.

MET-n Metal Cell
volume
[!3]

Void
fraction
[%]

Pore
volumeACHTUNGTRENNUNG[cm3 g!1]

Cavity
diameter [!]

BET areaACHTUNGTRENNUNG[m2 g!1]
Langmuir
areaACHTUNGTRENNUNG[m2 g!1]

MET-1 Mg 4533.9 22.4 0.18 4.50 430 510
MET-2 Mn 5971.7 40.5 0.35 6.12 890 1010
MET-3 Fe 4617.9 22.4 0.18 4.54 450 500
MET-4 Co 5215.8 35.3 0.26 5.16 600 760
MET-5 Cu 5322.2 24.0 0.15 4.86 370 450
MET-6 Zn 5577.9 25.3 0.17 5.06 460 480

Figure 4. Illustration of the control of the pore size in the isostructural
series of METs. Metal atoms are represented as blue spheres or poly-
hedra, nitrogen and carbon atoms are green and black spheres, respec-
tively.

Figure 5. The six MET compounds have permanent porosity, as shown by
the N2 isotherm curves. Filled and open symbols represent adsorption
and desorption branches, respectively. Inset figure: the normalized Ar
isotherms are represented in a semi-logarithmic scale, to better appreci-
ate the steps in the low pressure region, associated with the differences
in the pore size.
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atmosphere for 1 day generated yellow crystals of
[Mn2(DSBDC)(DMF)2]·0.2DMF (as-synthesized 1) and an
unidentified orange powder. Single-crystal X-ray diffraction
(XRD) analysis of 1 revealed a structure consisting of infinite
Mn2+ chains bridged by both carboxylate groups and
thiophenoxide groups of anionic DSBDC4− ligands (Figure 2).
Although related to the structure of M2(DOBDC), the structure
of 1 is different because two crystallographically independent
Mn2+ ions are found in the asymmetric unit, whereas only one is
present in M2(DOBDC). In 1, one Mn2+ ion is coordinated by
four carboxylate oxygen atoms and two thiophenoxide groups,
while another is coordinated by two carboxylate oxygen atoms,
two thiophenoxide groups and two cis-oriented DMFmolecules.
Importantly, 1 contains infinite (−Mn−S−)∞ chains defined by
Mn2+−thiophenoxide linkages wherein the sulfur atoms at both
crystallographic Mn sites are oriented trans to each other, with
Mn−S distances of 2.493(1) and 2.632(1) Å, respectively. This
indicates that the S atoms interact with the same d orbital of Mn,
an important symmetry requirement for charge delocalization
along the (−Mn−S−)∞ chain. Bridging in each pair of
neighboring Mn atoms is completed by one oxygen atom from
carboxylate groups and μ-carboxylate linkages. Neighboring
chains are connected by DSBDC4− ligands that together define a
three-dimensional framework containing hexagonal 1D pores
with a van der Waals diameter of∼16 Å (for fully activated 1). As
expected on the basis of the longer Mn−S and C−S distances
relative toM−OandC−O, respectively, this is∼2.4 Å larger than
that found inM2(DOBDC) analogues

12c and is much larger than
those found in previous conductive MOFs,3 suggesting potential
applications in donor−acceptor studies.
Attempts to eliminate the unidentified secondary orange

product led us to increase the methanol content of the solvent
mixture. Although gradually increasing the methanol content
visibly decreased the amount of undesired orange product, it also
decreased the crystal size of 1. Pure 1 was obtained as a
microcrystalline yellow material when the DMF/methanol ratio
reached 2:1. Its identity and purity were verified by powder XRD
(PXRD), which revealed a pattern corresponding to that
simulated from the single-crystal X-ray structure (Figure 3).

Thermogravimetric analysis (TGA) of as-synthesized 1
exhibited a gradual weight loss of 31.8% between 50 and 365
°C (Figure S1 in the SI), which matched well with the expected

Figure 1. Conceptual design of MOFs containing (−M−S−)∞ chains
obtained by replacing phenol groups in M2(DOBDC) with thiophenol
groups. The purple bonds indicate the infinite (−M−O−)∞ chains in
M2(DOBDC) and the expected (−M−S−)∞ chains in M2(DSBDC).

Figure 2. Portions of the X-ray crystal stucture of Mn2(DSBDC). (top)
View of an (−M−S−)∞ chain SBU. Mn4 and Mn6 represent fourfold-
and sixfold-coordinated Mn sites, respectively, in activated
Mn2(DSBDC). (bottom) View of infinite 1D pores along the c axis.
H atoms and DMF molecules have been omitted for clarity.

Figure 3. PXRD patterns of as-synthesized 1, methanol-exchanged 1,
and activated 1 and the simulated pattern obtained from the single-
crystal X-ray structure of 1. The inset shows the N2 adsorption isotherm
of activated 1 at 77 K.
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synthesize the rest of the series in gram quanti-
ties and 50 to 95% yield [(22), section S3]. The
phase purity of each material was confirmed by
the singular nature of its needle-like crystal mor-
phology as observed in the scanning electron
microscopy (SEM) images [(22), section S3]. The
materials are highly crystalline, as demonstrated
by their sharp powder x-ray diffraction peaks
(Fig. 2). However, repeated attempts to produce
crystals of the IRMOFs sufficiently large for
single-crystal x-ray analysis were unsuccessful.
Comparison of the experimental PXRD patterns
with those calculated from the crystal models is
in good agreement with regard to both posi-
tions and the relative intensities of the peaks. The
predicted IRMOF-74 structures were ultimately
validated with the Rietveld refinements per-

formed for IRMOF-74-II to -VII (Fig. 2, A to H,
respectively). The structural parameters were
refined against the PXRD patterns collected with
a synchrotron source, resulting in satisfactory
residuals (table S2) [(22), section S4]. IRMOF-
74-IX and -XI display broad peaks in their PXRD
patterns—indicative of small crystals—a situa-
tion that precludes distinguishing the peaks with
low intensities in the high-angle area. Further-
more, a possible lessening in the extent of order
within the pore walls cannot be ruled out because
these members of the series are constructed from
extremely long organic links with long alkyl
chains in which disorder and flexibility of the
links are more pronounced. Although the qual-
ity of the diffraction patterns for these members
does not allow us to perform a meaningful full

structural refinement (Rietveld), the patterns
clearly show the most intense diffraction peaks,
corresponding to the largest d-spacings, at their
expected 2q positions. Accordingly, we carried
out Pawley refinements in order to obtain their
unit cell information. Low convergence residuals
were achieved in the refinements of both com-
pounds, and the agreement of the measured and
model-calculated cell parameters indicated the
formation of the targeted crystal structures (tables
S2 and S3) (22).

Visualizing the pores of MOFs by means of
EM presents a considerable challenge because of
their sensitivity to the electron beam. We exam-
ined members of this IRMOF-74 series with
low-voltage high-resolution SEM (LV-HRSEM)
(IRMOF-74-VII) and high-resolution transmis-
sion EM (HRTEM) (IRMOF-74-VII and IX). Pre-
liminary results showed that we could clearly
visualize the arrangement and the size of the pores
in specimens of the crystals of those IRMOFs
(Fig. 2, I to K). Ordered pores arranged in a
hexagonal formation were resolved through both
techniques, and the pore metrics are in agreement
with those determined from x-ray crystallogra-
phy. Through theHRTEMexperiments, six-sided
rings were observed when the incident electron
beam was positioned along the c axis and thus
parallel to the pore channels. Fast Fourier trans-
form (FFT) analysiswas performed on the centered
square areas in the HRTEM images of IRMOF-
74-VII and -IX (Fig. 2, J and K, insets). Six re-
flection spots corresponding to the 110 reflections
were resolved from the FFT patterns, from which
the d-spacing was measured (3.95 and 5.57 nm
for IRMOF-74-VII and -IX, respectively). These
values are in good agreement with the d-spacing
values derived from the x-ray crystal structure
analysis (4.59 and 5.69 nm for IRMOF-74-VII
and -IX, respectively). The small deviations from
x-ray crystal analysis can be attributed to the
broad spot in the FFT analysis and the ultra-high
vacuum condition used in the HRTEM experi-
ment. Furthermore, through the HRTEManalysis
images of the channel direction (c axis) were ob-
served by placing the incident electron beam per-
pendicular to the channels [(22), section S5].

The unit cell, void volume, and pore aperture
cover a wide range as the size of the organic link
is increased (table S4). The void volume calcu-
lated by using the crystal structure data increased
from 49 to 85% for the parent IRMOF-74-I to -XI.
The pore aperture is defined as the length of
the diagonal and the distance between the two
opposite edges in the regular hexagonal cross
section (Fig. 3A, atom-to-atom distance). This
method is consistent with that previously used
for referring to the pore aperture, and it was de-
ployed here to facilitate comparison with reported
values (2, 26). The diagonal dimension of the
pore aperture, based on the refined unit cell, in-
creased from 19 Å in IRMOF-74-II to 98 Å in
IRMOF-74-XI, with a discrete increment of near-
ly 6 Å as each phenylene unit was added. Fur-
thermore, upon the addition of each phenylene

Fig. 3. Crystal structures of IRMOF-74 series. (A) Perspective views of a single one-dimensional channel
shown for each member of IRMOF series, starting from the smallest (top right). Pore aperture is described
by the length of the diagonal and the distance between the two opposite edges in the regular hexagonal
cross section. Hexyl chains as well as hydrogen atoms are omitted for clarity. C atoms are shown in gray, O
atoms in red, Mg atoms in blue, and Zn atoms in green. (B) Perspective side view of the hexagonal
channel, showing the ring of 282 atoms (highlighted in gold) that define the pore aperture of the largest
member of the series, IRMOF-74-XI.
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synthesize the rest of the series in gram quanti-
ties and 50 to 95% yield [(22), section S3]. The
phase purity of each material was confirmed by
the singular nature of its needle-like crystal mor-
phology as observed in the scanning electron
microscopy (SEM) images [(22), section S3]. The
materials are highly crystalline, as demonstrated
by their sharp powder x-ray diffraction peaks
(Fig. 2). However, repeated attempts to produce
crystals of the IRMOFs sufficiently large for
single-crystal x-ray analysis were unsuccessful.
Comparison of the experimental PXRD patterns
with those calculated from the crystal models is
in good agreement with regard to both posi-
tions and the relative intensities of the peaks. The
predicted IRMOF-74 structures were ultimately
validated with the Rietveld refinements per-

formed for IRMOF-74-II to -VII (Fig. 2, A to H,
respectively). The structural parameters were
refined against the PXRD patterns collected with
a synchrotron source, resulting in satisfactory
residuals (table S2) [(22), section S4]. IRMOF-
74-IX and -XI display broad peaks in their PXRD
patterns—indicative of small crystals—a situa-
tion that precludes distinguishing the peaks with
low intensities in the high-angle area. Further-
more, a possible lessening in the extent of order
within the pore walls cannot be ruled out because
these members of the series are constructed from
extremely long organic links with long alkyl
chains in which disorder and flexibility of the
links are more pronounced. Although the qual-
ity of the diffraction patterns for these members
does not allow us to perform a meaningful full

structural refinement (Rietveld), the patterns
clearly show the most intense diffraction peaks,
corresponding to the largest d-spacings, at their
expected 2q positions. Accordingly, we carried
out Pawley refinements in order to obtain their
unit cell information. Low convergence residuals
were achieved in the refinements of both com-
pounds, and the agreement of the measured and
model-calculated cell parameters indicated the
formation of the targeted crystal structures (tables
S2 and S3) (22).

Visualizing the pores of MOFs by means of
EM presents a considerable challenge because of
their sensitivity to the electron beam. We exam-
ined members of this IRMOF-74 series with
low-voltage high-resolution SEM (LV-HRSEM)
(IRMOF-74-VII) and high-resolution transmis-
sion EM (HRTEM) (IRMOF-74-VII and IX). Pre-
liminary results showed that we could clearly
visualize the arrangement and the size of the pores
in specimens of the crystals of those IRMOFs
(Fig. 2, I to K). Ordered pores arranged in a
hexagonal formation were resolved through both
techniques, and the pore metrics are in agreement
with those determined from x-ray crystallogra-
phy. Through theHRTEMexperiments, six-sided
rings were observed when the incident electron
beam was positioned along the c axis and thus
parallel to the pore channels. Fast Fourier trans-
form (FFT) analysiswas performed on the centered
square areas in the HRTEM images of IRMOF-
74-VII and -IX (Fig. 2, J and K, insets). Six re-
flection spots corresponding to the 110 reflections
were resolved from the FFT patterns, from which
the d-spacing was measured (3.95 and 5.57 nm
for IRMOF-74-VII and -IX, respectively). These
values are in good agreement with the d-spacing
values derived from the x-ray crystal structure
analysis (4.59 and 5.69 nm for IRMOF-74-VII
and -IX, respectively). The small deviations from
x-ray crystal analysis can be attributed to the
broad spot in the FFT analysis and the ultra-high
vacuum condition used in the HRTEM experi-
ment. Furthermore, through the HRTEManalysis
images of the channel direction (c axis) were ob-
served by placing the incident electron beam per-
pendicular to the channels [(22), section S5].

The unit cell, void volume, and pore aperture
cover a wide range as the size of the organic link
is increased (table S4). The void volume calcu-
lated by using the crystal structure data increased
from 49 to 85% for the parent IRMOF-74-I to -XI.
The pore aperture is defined as the length of
the diagonal and the distance between the two
opposite edges in the regular hexagonal cross
section (Fig. 3A, atom-to-atom distance). This
method is consistent with that previously used
for referring to the pore aperture, and it was de-
ployed here to facilitate comparison with reported
values (2, 26). The diagonal dimension of the
pore aperture, based on the refined unit cell, in-
creased from 19 Å in IRMOF-74-II to 98 Å in
IRMOF-74-XI, with a discrete increment of near-
ly 6 Å as each phenylene unit was added. Fur-
thermore, upon the addition of each phenylene

Fig. 3. Crystal structures of IRMOF-74 series. (A) Perspective views of a single one-dimensional channel
shown for each member of IRMOF series, starting from the smallest (top right). Pore aperture is described
by the length of the diagonal and the distance between the two opposite edges in the regular hexagonal
cross section. Hexyl chains as well as hydrogen atoms are omitted for clarity. C atoms are shown in gray, O
atoms in red, Mg atoms in blue, and Zn atoms in green. (B) Perspective side view of the hexagonal
channel, showing the ring of 282 atoms (highlighted in gold) that define the pore aperture of the largest
member of the series, IRMOF-74-XI.
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1996; Weld et al., 1999). Additional capabilities of acoustic wave
sensors include remote operation and passive interrogation (Guhr
et al., 2005; Reindl et al., 1996). In recent years, the interest in the
development of highly sensitive acoustic wave devices as biosensor
platforms has grown. Biosensors are analytical devices that com-
bine a biologically sensitive element with a physical transducer to
selectively and quantitatively detect trace amounts of biological
samples (Andle and Vetelino, 1995; Ballantine et al., 1997; Cavic
et al., 1999; Janshoff et al., 2000).

This review is focused on acoustic wave microelectromechan-
ical systems (MEMS) biosensors that are fabricated using MEMS
techniques such as lithography, etching, deposition of thin metal
films and sputtering of piezoelectric thin layers. The MEMS  fab-
rication of the acoustic wave biosensors enables the integration
of these devices with the corresponding electronic circuits. The
compatibility of the piezoelectric layer fabrication with the MEMS
technology is critical for robust sensor fabrication. Sensors fabri-
cated using standard complementary metal oxide semiconductor
(CMOS)-MEMS technology facilitate the integration of the acous-
tic wave devices with the electronic circuits (necessary for data
acquisition) on a single silicon chip. The CMOS-MEMS fabrication
performed by a CMOS foundry reduces the production costs of the
acoustic wave biosensors considerably.

To contain or to allow biological fluids to flow on the acoustic
wave MEMS  biosensors, micro-fluidic channels have to be placed on
top of the sensors. The method to integrate the acoustic wave MEMS
biosensors with micro-fluidic depends on the type of biological
application. For some acoustic wave MEMS  biosensors, the sen-
sor and the micro-fluidic channel or reservoir are fabricated at the
same time. Other acoustic wave MEMS  biosensors are integrated
in polymer microfluidic chambers after the sensor fabrication has
been completed.

For biological detection the biosensor is functionalized with spe-
cific molecules. When a bioanalyte interacts with this sensing layer,
physical, chemical, and/or biochemical changes are produced. Mass
and viscosity changes of the biospecific layer can be detected by
recording changes in the acoustic wave properties such as velocity,
attenuation, resonant frequency and time delay. The main advan-
tage of the SAW devices is the fact that they can be operated with
simple and cheap electronic components. Fully integrated systems
include the sensors, its readout circuitry and a microfluidic system
integrated with the biosensor chip. The measurement of the reso-
nant frequency or time delay can be performed with high degree
of precision using electronic systems. In the last decade, robust
and portable acoustic wave devices used for biological applications
have gained attention. The majority of these devices were fabri-
cated on thick commercial piezoelectric substrates such as lithium
niobate (LiNbO3), lithium tantalate (LiTaO3) and quartz (Arruda
et al., 2009; Bender et al., 1997, 2000; Bisoffi et al., 2008; Branch
and Brozik, 2004; Dahint and Bender, 1998; Gizeli et al., 2003; Grate
and Frye, 1996; Guhr et al., 2005; Jakoby and Vellekoop, 1997; Josse
et al., 2001; Kovacs et al., 1992; Länge et al., 2008; Lec, 2001; Moll
et al., 2007; Schweyer et al., 1997; Vellekoop et al., 1987, 1994;
Welsch et al., 1996; White and Voltmer, 1965).

This review paper first presents acoustic wave biosensors fab-
ricated using MEMS  technology that could be integrated with
electronic circuitry on a single silicon chip. Piezoelectric films
fabricated using MEMS  technology are thinner, can reach higher
frequencies and offers the advantage of monolithic integration with
the advanced CMOS technology for peripheral readout and sig-
nal processing circuitry. These devices include MEMS  film bulk
acoustic wave resonators (FBAR), surface acoustic wave (SAW)
resonators and delay lines. Integration of these (FBAR, SAW res-
onators and delay lines) in micro-fluidic systems are described next.
Micro-reservoirs which contain the biological fluids under test can
be placed either on top or underneath the MEMS  biosensor. The

Fig. 1. SAW delay line biosensor integrated in a microfluidic channel. The surface
between the IDTs is coated with antibodies sensitive to the analyte to be detected.
The analyte molecules binding to the immobilized antibodies on the sensor surface
influence the velocity of the SAW and hence the output signal generated by the
driving electronics.

micro-fluidic systems are usually fabricated using polymers and
offer protection to the water-sensitive electronics. Sensor func-
tionalization using specific antibodies or antigen is also described.
The antibodies or antigen promote binding between the molecules
under test and the sensor surface. Finally, this review article
concludes with an analysis of successful MEMS  acoustic wave
biosensors and its potential usage in arrays.

2. Acoustic wave based MEMS  devices as biosensors

MEMS  technology uses manufacturing techniques perfected in
the integrated circuit (IC) foundries to fabricate miniature mechan-
ical and biological systems. The obvious advantage of using IC
fabrication techniques is that the biosensors can be mass-produced,
are low-cost, small sized and portable. The current trend in MEMS
technology is to incorporate both the acoustic wave sensor and its
signal processing circuits on a single silicon substrate. There are
several published papers describing interesting biological applica-
tions of acoustic wave based devices (Arruda et al., 2009; Bender
et al., 1997, 2000; Bisoffi et al., 2008; Branch and Brozik, 2004;
Dahint and Bender, 1998; Gizeli et al., 2003; Grate and Frye, 1996;
Guhr et al., 2005; Jakoby and Vellekoop, 1997; Josse et al., 2001;
Kovacs et al., 1992; Länge et al., 2008; Lec, 2001; Moll et al.,
2007; Schweyer et al., 1997; Vellekoop et al., 1987, 1994; Welsch
et al., 1996; White and Voltmer, 1965). The majority of the biosen-
sors presented in these papers are based on a thick piezoelectric
substrate as; lithium niobate, lithium tantalate or AT-cut quartz
(Bender et al., 2000; Bisoffi et al., 2008; Branch and Brozik, 2004;
Dahint and Bender, 1998; Gizeli et al., 2003; Guhr et al., 2005; Josse
et al., 2001; Moll et al., 2007; Schweyer et al., 1997; Welsch et al.,
1996). Even though these acoustic wave based sensors demon-
strated high sensitivities to biological analytes, the focus of this
review paper is on acoustic wave MEMS  biosensors, for which
the thick piezoelectric layer characteristic to conventional acoustic
wave biosensors is replaced with thin piezoelectric layer fabricated
using MEMS  technology.

The current biomedical applications of the acoustic wave based
MEMS  devices focuses on two  types of devices: FBAR and SAW. The
FBAR device is fabricated from a thin layer of piezoelectric mate-
rial with excitation electrodes fabricated on both sides of the thin
piezoelectric film. The acoustic waves propagate unguided through
the volume of the thin piezoelectric film. The detection mechanisms
occur at the opposite surfaces of the piezoelectric film. As shown
in Fig. 1, SAW devices have the interdigitated transducers (IDTs)
excitation electrodes fabricated on the one side of the piezoelectric
film. As a result, the SAW devices have the acoustic waves prop-
agating along the surface of the piezoelectric substrate. The SAW
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Conclusions 
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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/
projects/bate/thermoelectricity/ 



400

300

200

100

0

7006005004003002001000

Thot Tcold 

1600

1400

1200

1000

800

600

400

200
4.03.53.02.52.01.51.00.5

Th
er

m
ov

ol
ta

ge
 (µ

V)
 

ΔT (K) 

Seebeck	
  coeff.	
  
~400	
  μV/K	
  

Thermoelectric	
  measurements	
  of	
  TCNQ@Cu3(BTC)2	
  

•  Majority	
  carriers	
  are	
  holes	
  

•  High	
  Seebeck	
  coefficient	
  	
  
~400	
  μV/K	
  vs	
  170	
  μV/K	
  for	
  Bi2Te3	
  
!	
  promising	
  material	
  for	
  
thermoelectrics	
  



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. 
 



Solvent,	
  precursor	
  likely	
  responsible	
  for	
  conduc3vity	
  in	
  as	
  
deposited	
  Cu3(BTC)2	
  	
  

As deposited: Low but measurable 
conductivity, ionic/electronic? 

Activated, exposed to ambient: No 
measurable conductivity at 10 V (<10-12 A) 

Infiltrated MOF (trace water): s~0.1 S/cm, 
~108 increase 



Vibrational spectra show shift of -C≡N 
indicates charge transfer 
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