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 MOFs are coordination MOFs are coordination 
polymers with polymers with 
functional properties:functional properties:
 PorosityPorosity

 FlexibilityFlexibility

 Chemical Chemical tunabilitytunability

 Discreet and rigid pore Discreet and rigid pore 
structure can generate a structure can generate a 
regular array of regular array of 
monodispersemonodisperse, non, non--
surfactant stabilized surfactant stabilized 
colloidal particlescolloidal particles

““IsoreticularIsoreticular” MOF” MOF--5: 5: 
tunable pore size and tunable pore size and 
pore chemistrypore chemistry
((YaghiYaghi et al. Science 1999)et al. Science 1999)

Cr MIL:Cr MIL: 6000 m6000 m22/g/g
((FéreyFérey et al., Science 2005)et al., Science 2005)

PIZAPIZA--1: 1: open metal open metal 
coordination sites in coordination sites in 
linker linker ((SuslickSuslick et al., et al., 

Nat. Mat. 2002)Nat. Mat. 2002)



 Fischer group pioneered Fischer group pioneered 
Metal@MOFMetal@MOF

 Metals are infiltrated using Metals are infiltrated using 
MOCVD precursorsMOCVD precursors

 Pd, Au, Pd, Au, RuRu, Fe(Cp), Fe(Cp)22, , ZnOZnO, TiO, TiO22

and more have been grown in and more have been grown in 
MOFMOF--55

~1.8 nm~1.8 nm

 MOFMOF--5 has a pore diameter 5 has a pore diameter 
of 1.8 nm.of 1.8 nm.

 In all literature on In all literature on 
Metal@MOFsMetal@MOFs, larger, larger--thanthan--
pore particles widely pore particles widely 
observedobserved

Turner et al. Turner et al. Chem. Mater.Chem. Mater., , 20082008



 Cu(BTC) growth on Cu(BTC) growth on 
MicrocantileverMicrocantilever substrates substrates 
gave multiple gave multiple 
morphologiesmorphologies

 Substrates too small for Substrates too small for 
standard chemical standard chemical 
characterization characterization 
techniquestechniques

 Evaporation of silver onto Evaporation of silver onto 
devices generates a strong devices generates a strong 
Raman enhancementRaman enhancement

 SEM does not show SEM does not show 
presence of silver on presence of silver on 
Cu(BTCCu(BTC) surface) surface

200 µm200 µm

40 µm40 µm

SiSi33NN44
SiOSiO22

AuAu

Cu(BTC)Cu(BTC)

~75 nm~75 nm

Allendorf et al. Allendorf et al. JACSJACS, , 20082008
Xia et al. Xia et al. MRS Bull.MRS Bull., , 20052005



 Cu(BTC):Cu(BTC): Cubic, nonCubic, non--
interpenetrated network; interpenetrated network; 
open Cuopen Cu--coordination coordination 
sites. sites. (Chui et al. Science(Chui et al. Science 19991999))

 MOFMOF--508: 508: Doubly Doubly 
interpenetrated, shows interpenetrated, shows 
reversible guestreversible guest--induced induced 
flexibility flexibility (Chen et al. (Chen et al. AngewAngew. . 

Chem. Chem. 20062006))

 MILMIL--68(In):68(In): NonNon--
interpenetrated, interpenetrated, largest largest 
molar uptake of molar uptake of Ag Ag 
((VolkringerVolkringer et al. et al. InorgInorg. Chem. . Chem. 
20082008))

~6~6--7 Å diameter 1D 7 Å diameter 1D 
channelschannels

Large channels = 2 nmLarge channels = 2 nm
Small channels = 1 nmSmall channels = 1 nm

Spherical 1.56 nm poresSpherical 1.56 nm pores



 Infiltration achieved by immersing activated MOF crystals in an Infiltration achieved by immersing activated MOF crystals in an 
ethanolicethanolic solution of AgNOsolution of AgNO33

Gas Gas Phase Phase InfiltrationInfiltration: requires : requires 
airair--free, schlenk conditionsfree, schlenk conditions

vs.vs.

MOFMOF
PrecursorPrecursor

SolutionSolution--based Infiltration: based Infiltration: 
simple preparation, open air simple preparation, open air 
compatible.compatible.

MOFMOF
AgNOAgNO33

 pXRDpXRD shows little to no change from the neat material.shows little to no change from the neat material.



 MOFs are extremely susceptible to electron beam damageMOFs are extremely susceptible to electron beam damage

 As synthesized AgAs synthesized Ag--clusters are much smaller than initially clusters are much smaller than initially 
believedbelieved

Ag@MILAg@MIL--68(In) 68(In) –– before before 
beam degradationbeam degradation

Ag@MILAg@MIL--68(In) 68(In) –– after beam after beam 
degradationdegradation

Ag (111)



MOFMOF--508 collapses and silver coalesces508 collapses and silver coalescesMILMIL--68(In) framework collapsing and Ag particles forming68(In) framework collapsing and Ag particles forming



 Lack of xLack of x--ray diffraction but ray diffraction but 
strong IR evidence of strong IR evidence of 
interaction leads to interaction leads to 
conclusion that particles are conclusion that particles are 
well dispersed and small.well dispersed and small.

MOF
Ag
w%

Ag:M
(mol)

Ag/Pore

Cu(BTC) 8% 0.2 1.7

MOF-508 29% 1.51 3.2

MIL-68(In) 31% 1.8 19.25

Electron Tomography of Ag@MOFElectron Tomography of Ag@MOF--508508

~ 80nm ~ 80nm



 Effect is general for every MOF we have Effect is general for every MOF we have 
testedtested

 Presence of silver in the pores is Presence of silver in the pores is 
irrelevantirrelevant

 Results may explain largerResults may explain larger--thanthan--pore pore 
particles as imaging artifactsparticles as imaging artifacts

 Electron microscopy of Electron microscopy of MOFsMOFs and other and other 
soft materials must be interpreted with soft materials must be interpreted with 
caution caution 



 FTIR shows FTIR shows 
significant significant 
perturbation of perturbation of 
C=O and MC=O and M--O O 
vibrationsvibrations

 Indicates Indicates 
interaction of silver interaction of silver 
clusters throughout clusters throughout 
the bulk of materialthe bulk of material

C=OZn-O

 Shift of Shift of ZnZn--O to O to 
lower frequency lower frequency 
shows electron shows electron 
withdrawal from withdrawal from 
carboxylatecarboxylate
oxygensoxygens



 Ethanol reduces silver Ethanol reduces silver 
in situin situ. . 

 Zinc remains ionicZinc remains ionic

 XPS analysis of XPS analysis of 
Ag@MOFAg@MOF--508 shows 508 shows 
silver is metallicsilver is metallic

 In situIn situ reduction of silver removes another reduction of silver removes another 
processing step from the infiltration procedure.processing step from the infiltration procedure.



 EPR analysis suggests that a significant population EPR analysis suggests that a significant population 
of Agof Ag3 3 exists in the MOF interiorexists in the MOF interior

 The MOF imparts a kinetic barrier towards Ag The MOF imparts a kinetic barrier towards Ag 
agglomeration which is overcome by the electron agglomeration which is overcome by the electron 
beambeam



 Raman enhancement was examined on all materials Raman enhancement was examined on all materials 
and showed weak but detectable signal enhancement.and showed weak but detectable signal enhancement.

 TRENDTREND: Enhancement increases with increasing MOF : Enhancement increases with increasing MOF 
pore size.pore size.



 Ag@MOFAg@MOF--508 tested against a variety of volatile 508 tested against a variety of volatile analytesanalytes..

MOFMOF

AnalyteAnalyte

House NHouse N22

33--way way switching switching valvevalve

CarrierCarrier

PurgePurge

 System shows rapid, selective and semiSystem shows rapid, selective and semi--reversible response to Hreversible response to H22OO22

 Likely mechanism of response is oxidation of the AgLikely mechanism of response is oxidation of the Ag33 leading to leading to 
drastic changes in the drastic changes in the vibrationalvibrational interaction with the framework.interaction with the framework.



 Silver has been infiltrated into several MOFs using a Silver has been infiltrated into several MOFs using a 
general and gentle solutiongeneral and gentle solution--based infiltrationbased infiltration

 The MOFs impart a large kinetic barrier towards Ag The MOFs impart a large kinetic barrier towards Ag 
agglomeration leading to molecular sized Ag clustersagglomeration leading to molecular sized Ag clusters

 TEM analysis reveals the delicacy of MOFs and gives TEM analysis reveals the delicacy of MOFs and gives 
insight into previous imaging artifactsinsight into previous imaging artifacts

 The infiltrated materials show enhanced Raman The infiltrated materials show enhanced Raman 
activity with greater enhancement with increasing pore activity with greater enhancement with increasing pore 
sizesize

 Preliminary results show that Ag@MOFPreliminary results show that Ag@MOF--508 provides a 508 provides a 
rapid and strong indicator for the presence of Hrapid and strong indicator for the presence of H22OO22
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Ag@MOFAg@MOF--508508 Ag@CuAg@Cu(BTC)(BTC)


