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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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system: a poly(3-hexyl thiophene) donor (P3HT) in conjunction
with PCBM. It was shown that annealing at a temperature above
the glass transition of the polymer enabled an enhancement of
the efficiency from 0.4% to 3.5%.

In the following years, the power-conversion efficiency could
be increased steadily. This is, to a large fraction, due to the con-
siderable amount of time that has been spent by many laborato-
ries around the world on the optimization of bulk-heterojunction
solar cells—many of them using P3HT:PCBM—but also by new
approaches. Recently, additives have been used in order to allow
an increased control of the phase segregation during film for-
mation of a copolymer–fullerene blend [1], [11], thus yielding
efficiencies of up to 6%. The process additive is a solvent for
the fullerene, but not the polymer, thus allowing the PCBM an
extended time for self-organization during the drying process. A
positive effect by heating the solvent before the film application
could also be shown [12].

Before we go into more detail about concepts to improve
the efficiency, we will discuss the function of organic bulk-
heterojunction solar cells in the next section, as we believe that
a fundamental understanding is the key for a guided device
optimization in the future.

III. DEVICE PHYSICS

A lot of progress has been made in recent years in order to
describe the elementary processes essential for the function of
organic solar cells. Here, we will give an overview of the cur-
rent level of understanding. The sequential processes involved
in the light-to-electricity conversion are depicted schematically
in Fig. 1, together with a typical device configuration of a bulk-
heterojunction solar cell. The donor–acceptor blend is sand-
wiched between two electrodes with different work functions.
The anode consisting of a transparent conductive oxide, such
as indium tin oxide, which is covered by a highly conduct-
ing organic semiconductor, poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS). The cathode is often Al,
Ca/Al, or LiF/Al [9], [13], [14]. In recent years, inverted
structures with exchanged cathode–anode position were used
[15]–[17].

First, light is absorbed by the semiconductor blend, usually
by the conjugated polymer donor, leading to the generation
of singlet excitons [see Fig. 1(a)]. These excitations, which
can be considered as strongly bound electron–hole pairs, can-
not dissociate with a reasonable yield by themselves, which is
the reason why single layer organic solar cells do not show
adequate efficiencies. However, excitons can diffuse along the
polymer chains [see Fig. 1(b)]. If they come close to an acceptor
molecule during their lifetime, the charge transfer of the electron
to the fullerene acceptor takes place [see Fig. 1(c)]. This elec-
tron transfer occurs—due to the distributed heterointerface—in
the whole layer on the time scale of femtoseconds; therefore,
alternative processes are usually suppressed. If, however, the
phase separation of the donor–acceptor blend is unfavorable, a
loss mechanism can occur: An exciton diffusion length being
smaller than the path to the closest acceptor leads to the singlet
excitons recombining radiatively. Once the electron transfer has

Fig. 1. Basic processes for the conversion from light to current of an or-
ganic bulk-heterojunction solar cell (not drawn to scale). (a) Light absorp-
tion by the polymer, exciton generation. (b) Exciton diffusion. (c) Ultrafast
charge transfer of the electron to the fullerene; the hole remains on the polymer.
(d) Dissociation of the still Coulomb-bound charge pair and charge transport
to the respective electrodes. (e) Charge extraction, photocurrent generation.
(f) Charge recombination. (Bottom) Typical device configuration of a bulk-
heterojunction solar cell. The donor–acceptor blend, around 100 nm thick, is
sandwiched between two electrodes with different work functions. The anode
consists of a transparent conductive oxide, such as indium tin oxide, which is
covered by a highly conducting organic semiconductor, PEDOT:PSS. As cath-
ode, often Al, Ca/Al, or LiF/Al are used. The light enters through the glass
substrate.

occurred, the electron on the fullerene and the hole on the con-
jugated polymer are still strongly Coulomb bound due to the
weak screening in organic semiconductors. The charge pair in
this state is called charge-transfer complex or polaron pair. This
polaron pair has to be dissociated into two independent charges,
for instance, by help of the electric field. Only now can the
charges can be transported separately—by a thermally activated
hopping process—to the corresponding electrodes: The elec-
tron hops on a percolated path of fullerens toward the cathode,
whereas the hole moves on the polymer chains to the anode [see
Fig. 1(d)]. Finally, the photogenerated charges are extracted at
the electrodes [see Fig. 1(e)], generating a photocurrent. Alter-
natively, two opposite charges meeting each other during charge
transport can recombine [see Fig. 1(f)].

Next, we will consider the outlined processes in some more
detail. Also, we point the interested reader to some recent
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•  808 atoms in the primitive unit cell 
•  Transparent colorless block shaped crystals  
•  Open three-dimensional and ordered 

structure with extra large pores. 
•  Two unique cavities denoted by “A” and “B” 

Optical image of MOF-177 crystals 

Optimized structure: computed using Tight-
Binding Density Functional Theory (DFT-TB)  
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  S-­‐containing	
  molecules)	
  

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.

Journal of the American Chemical Society Communication
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Can guest molecules induce electrical 
conductivity in an insulating MOF? 
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Cu-TCNQ is a well-known conducting CP 
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TCNQ! Cu2(BTC)3 leads to color change… 

MOF film grown by layer-by-layer method 



TCNQ@Cu2(BTC)3	
  produces	
  new	
  absorp<on	
  band	
  

40x10
-3

30

20

10

0

Ab
so

rb
an

ce

30x10
325201510

Wavenumber (cm
-1

)

Ligand Field region
 CuBTC_abs (film)



…	
  and	
  >107	
  increase	
  in	
  conduc<vity,	
  air	
  stable	
  >	
  1	
  year	
  

Ea=41±1 meV 

percolation 
model 

Hopping conduction 

E 

x 



IR shift of -C≡N indicates charge transfer 
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Raman also shows shift of -C≡N 
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Peak	
  spli`ng	
  indicates	
  2	
  inequivalent	
  -­‐C≡N	
  groups	
  	
  



DFT: Cu dimers linked by TCNQ 
𝐵𝐸= ​𝐸↓𝑡𝑜𝑡𝑎𝑙 −(​𝐸↓𝑇𝐶𝑁𝑄 + ​𝐸↓𝑀𝑂𝐹 )=84  kJ/mol 

A	
  con2nuous	
  TCNQ@CuBTC	
  pathway	
  
through	
  the	
  unit	
  cell	
  can	
  be	
  achieved	
  with	
  4	
  
TCNQs.	
  Based	
  on	
  the	
  experimental	
  loading	
  of	
  
8	
  TCNQs	
  per	
  unit	
  cell	
  two	
  con2nuous	
  
pathways	
  are	
  possible.	
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Guest	
  aroma<city,	
  electronega<vity	
  affect	
  conduc<vity	
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Solvent,	
  precursor	
  likely	
  responsible	
  for	
  conduc<vity	
  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/
projects/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 



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 

TCQN@ 
Cu3(BTC)2 
σ≈10-2S/cm 

Cu3(BTC)2 
σ<10-10S/cm 

ΔV 

High, positive Seebeck coeff. (i.e Fermi level in VB) 



34 

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 à10-1 S/cm with TCNQ 
•  UV-Vis, IR indicate partial charge transfer 
•  Extended π 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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