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Several pore architectures are possible in CNF 
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Enclosed Pores 
Cavity ID = 1 – 4.5 nm 

Uses: D-A energy transfer, triplet 
scavenging, quenching studies 

Cylindrical pores 
Cavity ID = 1 – 3.5 nm 

Uses: hetrojunction formation 

“Closed” 

3.4 Å 

“Open” 

Solvent 
removal 

= 87° = 34° 

Flexible structures 
Variable cavity ID 

Uses: Energy transfer studies 

PPF-18 and PPF-21 with DPNI and DPT pillars, respectively.
As can be seen in Figure 2, the pillars, DPNI (PPF-18) or DPT
(PPF-21), are sandwiched by two porphyrin sheets resulting in
a bilayer topology. Such bilayer structures are assembled by
connecting the central Zn metal in TCPP and one of the axial
sites of the Zn paddlewheel SBU by the pillar molecules. The

other remaining axial position of the Zn paddlewheel site is
occupied by water. Individual layers stack in an AB fashion.
The variation in the lengths of the pillars is responsible for
changes in crystallographic c parameters: 30.8966(6) Å for PPF-
18 and 26.869(9) Å for PPF-21.

Interestingly, bilayer topology has not been observed in BPY-
pillared paddlewheel PPFs.12c,13 Instead, the BPY-pillared PPFs
form an ABBA stacking pattern under similar synthetic condi-
tions, as found in the PPF-4 case.13 The bilayer topology is
frequently found in nature. Examples include bilayer lipids,22

which are fundamental building blocks in biological systems,
and organic or metal-organic frameworks.23-25 Ward and co-
workers have reported numerous hydrogen-bonded bilayer
phases based on guanidinium sulfonate moieties.23 PPF-18 and
PPF-21 structures are the first reported cases of bilayer formation
among over 30 pillared paddlewheel frameworks reported to
date.7-10

X-ray single crystal analysis reveals that PPF-19 has a distinct
topology (Figure 3a), despite the fact that PPF-18 and PPF-19
both have the same stoichiometry. PPF-19 is a 3D pillared
framework assembled from DPNI pillars connecting two axial
positions of Zn paddlewheel SBUs in the porphyrin 2D sheets.
The remaining Zn metal centers in the porphyrin core are capped
by water molecules. The topology of PPF-19 can be best

Figure 1. 2D porphyrin sheet commonly found in PPF series.

Figure 2. 2D bilayer structural motif found in (a) PPF-18 [Zn2(ZnTCPP)(DPNI)] and (b) PPF-21 [Zn2(ZnTCPP)(DPT)]. Perspective view of (c)
PPF-18 and (d) PPF-21 along the [010] direction.

Synthesis of Porphyrin Paddlewheel Frameworks Crystal Growth & Design, Vol. 9, No. 7, 2009 3329

!%$/&b%/9&);&LLX3OH&
7:2#5&!"#$%@&&'()"$%#*'+,"-#.#/!)0123#4+%5#63#7+5#83#9::6&&

c"-6%#5&.:/&K1)$2*"-M&
<)14)0%()#&);&>WX0&"**)90&;)-&

.-/1/#$)20&U/V%,%*%.6&);&
0.-2<.2-/&"#$&;2#<()#@&



>XK!@II/.F#B(&C!0I#&!@!2.53!6#&*3!(A!K.3/5C!

d&

!/#0%#5&YeJW&0/#0%#5Z&`"0&!)-4()#&YfJ&<"4.2-/Z&

B*/<.-)#%<0_W4.)/*/<.-)#%<0&

g&

;$<$3#!"#$%5#=>&;8&STUU8&?@@&YTJZ8&44&OJTGHhOJFEO&

7"."*60%0&Y>2="%6"1"&"*$)*&06#.:/0%0Z&

>#3iNN&

j),%#0)#&!"#$%@&>2$%5#&-!A5&`V&YJEOJZ8&aEFT&&

-85C 
-75C 

-65C 
-50C 

-35C 

-20C 

-5C 

10C 

0 500 1000 1500 2000 2500 -0.59 

-0.585 

-0.58 

-0.575 

-0.57 

-0.565 

-0.56 

-0.555 

-0.55 

-0.545 

12,300 ppmv 

280 ppb 

72TiN7J&Yek?!N3OZ&

e)-%=/3#!"#$%5#=>&;3#STT`8&?@:&YOHZ8&44&IHIFhIHII&



_)./5.&*!H+(9(#FB43!>XKC!

a&

7)#0%$/-&L%**"-/$&L)-4:6-%#&X-"1/9)-=0&YLLX0Z&&
f#&LLX&>WX08&.-"#0%()#&1/."*&<"()#0&<))-$%#"./&.:/&"00/1,*6&);&4:).)"<(b/&
1/."**)4)-4:6-%#0&%#.)&0://.08&0."<=/$&".)4&1)*/<2*"-&4%**"-0@&&&



&$2#,!#2BC%!$"!#$2D#1'+,#"-!)!#
EB2CF+2$%#A$"!'0$%)#+2#

"!C-2+%+10C$%%(G'!%!<$2"#)B'E$C!)#
H!5153#A!"$%)3#+I0D!)3#!"C5JK#

73F+&.F#/!L+#//3&*3!



G&

0I(3$?3!<#=!Y#$5!#9!2($?a!



OE&

HHKMb!0:&9+3C.C!

L"**"$%21&YffZ&1/0)3
./.-"=%0YF3<"-,)V64:/#6*Z
4)-4:%#/&&

7)Y'WTZJ!deJW&& F8Fl3,%46-%$%#/&&

L(Sc!

O@  7)1,%#/&-/"5/#.0&%#&aIm&$%/.:6*&;)-1"1%$/&YABXZ8&JIm&/.:"#)*@&
J@  e/".&JF&:)2-0&".&HE)7&

c! c!



HHKMb!7+.&!K./8!'$(\9+Z!

HHKMb!*$(\9+!(&!@<"MB9#&.#!HHKMb!*$(\9+!(&!C./.F(&!



&$2#,!#2BC%!$"!#$2D#1'+,#"-!)!#
EB2CF+2$%#A$"!'0$%)#+2#

"!C-2+%+10C$%%(G'!%!<$2"#)B'E$C!)#
H!5153#A!"$%)3#+I0D!)3#!"C5JK#

73F+&.F#/!L+#//3&*3!

D44"-/#.*6&#).S&



<3"V%0&

@F.5.F!0)$A#F3!K)&FB(&#/.d#B(&!

O@&j/1)b/&#"(b/&!%WJ&9%.:&Im&eX&
J@&X2#<()#"*%[/&9%.:&43
<"-,)V64:/#6*$%"[)#%21&./.-"U2)-),)-"./&&

O@  A/4)0%.&nJE#1&(."#%"&)#&!%39";/-&,6&
".)1%<&*"6/-&$/4)0%()#&YD+AZ&

J@  X2#<()#"*%[/&9%.:&T8F3
$%:6$-)V6,/#[)%<&"<%$&YAeiDZ&



@F.5!K)&FB(&#/.d#B(&!H$(8(93C!"$#8#BF!
R8I$(4383&9!.&!HHKMb!;)F/3#B(&!

_#$3!0./.F(&!

_#$3!7.9#&.#!



HHKMb!L$:C9#/C!'$(\!#C!G;#&(C9#F?CJ!

2 µm 
 



&$2#,!#2BC%!$"!#$2D#1'+,#"-!)!#
EB2CF+2$%#A$"!'0$%)#+2#

"!C-2+%+10C$%%(G'!%!<$2"#)B'E$C!)#
H!5153#A!"$%)3#+I0D!)3#!"C5JK#

73F+&.F#/!L+#//3&*3!

o/08&%;&02,0.-"./0&"-/&"<%$3;2#<()#"*%[/$S&



HHKMb!L$:C9#//(*$#I+:!

<3"V%0&

J! (degrees)"

YEEOZ&

YOEEZ&

YOOOZ&YEEJZ& YEETZ&
YEEFZ&

YJJJZ&

YOEOZ& YJOEZ&

YOOEZ&

AeiD3(."#%"&

7L3!%&
7"*<2*"./$&L"Q/-#&

LM/#'!<!$%)#C+2)0D!'$N%!#C'()"$%%+1'$O-0C#+'0!2"$F+2#+E#$C0DG2BC%!$"!D#PPQGR5#



<.&?.&*!HHKMb!".e$#FB(&!#&5!>($I+(/(*:!

>'!#"-!)!#$OO$'!2"%(#SBAN%!D#C'()"$%#)"$CT)#'!$%%(#'$2D+A%(#+'0!2"!DK##



<.&?.&*!HHKMb!".e$#FB(&!#&5!>($I+(/(*:!

2 µm 
 

 

fUUUg!

2 µm 
 

 

fTTUg!

1 µm 
 

 

fUUTg,fUUUg!

!"#$%&'

(! (degrees)"

)**+,'

)+**,'

)+++,')**(,' )**-,'
)**.,'

)(((,'

)+*+,' )(+*,'

)++*,'

/012"34#5%#'

67"8%'
6#9!:9#4;<'7#=;>5'

H$3A3$$35!'$(\9+!
".$3FB(&CP!!
&
pEEOq&
pOOOq&
pOOEq&



0.8I/.A:.&*!HHKMb!



J! (degrees)"

YEEOZ&

YOEEZ&

YOOOZ&YEEJZ& YEETZ&
YEEFZ&

YJJJZ&

YOEOZ& YJOEZ&

YOOEZ&

H$3A3$$35!'$(\9+!
".$3FB(&CP!!
&
pEEOq&
pOOOq&
pOOEq&
&

@=C3&9!$3h3FB(&CP!
&
YOEEZ&
YOEOZ&
YJEOZ&

HHKMb!L$:C9#//(*$#I+.F!X$.3&9#B(&!



YEEOZ&W-%/#."()#&

>#?.&*!03&C3!(A!HHKMb!L$:C9#//(*$#I+:!

2 µm 
 
 



>#?.&*!03&C3!(A!HHKMb!L$:C9#//(*$#I+:!

YOOOZ&W-%/#."()#&

2 µm 
 
 



>#?.&*!03&C3!(A!HHKMb!L$:C9#//(*$#I+:!

YOOEZ&W-%/#."()#&

1 µm 
 

 



@=C3&9!63h3FB(&C!

YOEEZ&%0&#).&),0/-b/$P&

').&*%=/*6P& r%**&#).&4-)1)./&YOEEZ&5-)9.:P&



2$#II.&*!EIa!

•  L)-4:6-%#3,"0/$&>WX0&1"6&,/&b%/9/$&"0&K1)$2*"-M&024-"1)*/<2*"-&
0.-2<.2-/0^&&4)4)%$0g&

•  '2<*/"()#&);&.:/0/&1"./-%"*0&)#&K./<:#)*)5%<"*M&02-;"</0&9)2*$&
/#",*/&/#:"#</$&2(*%.6@&

•  D<%$&;2#<()#"*%["()#&);&0%*%<)#&"#$&(."#%"&02-;"</0&4-)1)./0&
0/*/<(b/&#2<*/"()#&"#$&5-)9.:&);&LLX3I&#"#)0."<=0@&

•  N:/&1)$2*"-&#".2-/&);&.:/&*%#=/-08&<"()#&#)$/08&"#$&4)-4:6-%#&
4"$$*/9://*0&*/"$0&.)&4-/;/-/#("*&<-60."**)5-"4:%<&)-%/#."()#@&&&

•  !%1%*"-&02-;"</3;2#<()#"*%["()#&4-)</00/0&1"6&,/&20/$&.)&<)#.-)*&
.:/&5-)9.:&"#$&)-%/#."()#&);&).:/-&024-"1)*/<2*"-&1"./-%"*0&)#&
./<:#)*)5%<"*&02-;"</0@&



N:"#=0S&

!"#$%"&'"()#"*&+",)-".)-%/0&%0&"&12*(34-)5-"1&*",)-".)-6&1"#"5/$&"#$&)4/-"./$&,6&!"#$%"&7)-4)-"()#8&"&9:)**6&)9#/$&
02,0%$%"-6&);&+)<=://$&>"-(#&7)-4)-"()#8&;)-&.:/&?@!@&A/4"-.1/#.&);&B#/-56C0&'"()#"*&'2<*/"-&!/<2-%.6&D$1%#%0.-"()#&

2#$/-&<)#.-"<.&AB3D7EF3GFD+HIEEE&

Funding 
"   U.S. DOE Energy Efficiency and 
Renewable Energy (Sunshot) 
"   Sandia Laboratory Directed 
Research and Development Program 



i"<=24&!*%$/0&



JG&

]&

L$:C9#//.&3!]9+3$3A($3!($53$35^,!&#&(I($()C!C9$)F9)$3!

>/."*&
K')$/M&

W-5"#%<&
K*%#=/-M&

\#]JY'WTZJ& ]&

3&

E/9$#+.*+!C)$A#F3!#$3#C!
]$3F($5!i!jTTT!8Sk*^!

What are Metal-Organic-Frameworks (MOFs)? 
@!C)=C39!(A!GL(($5.&#B(&!H(/:83$CJ!



TE&

O

O
OH

O

&&

D<%$&X2#<()#"*%[/$& ?#1)$%s/$&

A@c@&`)25:8&/.&"*@&>&;#>OO%5#U$"!'5#V2"!'E$C!)&YJEOTZ&f#&-/b%/9&



R&MC.9)!839+(5C!
t  +"6/-3,63*"6/-&YX%0<:/-8&r)/**Z&
t `/*3*"6/-&Yi/%#&/.&"*@&>21!,5#
&-!A5#JEOEZ&

t B*/<.-)<:/1%<"*_-/$)V&YA/c))0&
&-!A5U$"5&JEEGZ&

0335.&*!839+(5C&
t '"#)<-60."*0&
t +"#512%-3i*)$5/Q&&&&&&&&&&
Y>"=%2-"&/.&"*@&7$"5U$"5JEOEZ&

OlMC.9)!839+(5C!
t 7)**)%$"*&06#.:/0%0&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
YD@&A/1/00/#</&/.&"*@&
&-!A5&+AA5#JEEGZ&

@!&3\!C9#$B&*!I(.&9!A($!534.F3!#II/.F#B(&CP!9+.&!
N/8C!

!<:/1"(<&-/4-/0/#."()#&);&"2.)1"./$&
>WX&s*1&5-)9.:_u7>&<"4",%*%.6&



0.0 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

18.0 

0 60 120 180 240 300 

093IM=:MC93I!C:&9+3C.C!(A!HHKMb!

N%1/8&1%#&

>
"0
0&Y
D?

Z&


