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NIAH NEKUAA

1)BeneHue
2)MOFs ana copbuun n pasgenexHus
3)MOFs Kkak ceHcopbl

4)MOFs ansa sHaHTUOCENEKTUBHOIO pasaeneHuns
5)MaTepuanbl C BbICOKOU MPOTOHHOW
NPOBOANMOCTbIO

6) 3aknto4yeHne



KoopanHauMoHHbIe nonnmMmepbl

CoeanHeHusi ¢ KOopAMHAUMNOHHbIMU CBA3AMU METallN-nnraHg, B KOTOPbIX aTOMbI
MeTaJlJ1oB CBA3aHbl MOCTUKOBbLIMU JMNraHdaMu C O6pa3OBaHI/IeM perJ'IFIpHOI7I

CTPYKTYpbI.

AgCN
. »>Ag—C=N— Ag—-C=N —-Ag—-C=N —

Pd(CN),

lNumep saH dep Bepgah, NozpebeHue Xpucma (1709)



[MpumMepbl NOPUCTLIX MaTepuanos

Nanocarbons
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UcTtopua MOF

Hoskins B.F., Robson R., S. Noro, S. Kitagawa, et al. O.M. Yaghi et. al.
J. Am. Chem. Soc. 1989 Angew. Chem. Int. Ed. 2000 Science, 2003

[Zn,O(bdc),] (MOF-5)

[Cu'(SiFg)(bpy)] Soc{ oo

bpy bdc?




Porous coordination polymers (PCPs)

Metal-organic frameworks (MOFs)
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Metal-organic frameworks

O S —

Inorganic BU Organic BU
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Building units

Inorganic BU Organic BU

/ Linear _"__,

7”""
A Triangular |

M,(COO);,

® Tetrahedral ;
[ ser %

C00),
@ Octahedral

M,
M,(COO),L, 8

M,0(CO0),




} " Npumepsl ansaitHa 3D NOpPUCTbLIX CTPYKTYP

[Zn,O(00C-R)]

BCbH
\\ /
O.M. Yaghi et al., Science, 2002, 295, 469; Nature, 2003, 423, 705




Natura abhorret vacuum
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PekopAabl B HayKe

co0"
D COO™ 4 C —> MOF-210
>

COO~

biphenyl-4,4 -dicarboxylate
(BPDC)

Zn40(COz)g

Void volume = 89%; Crystal density = 0.25 g/cm?;
S(BET) = 6240 m?/g; S(Lang) = 10400 m?/g

H. Furukawa et al., Science 2010, 329, 424

11



OcHoBHbIle ocobeHHocTn MOFs

B Framework
» magnetic
b electric
» optical
» dynamic (breathing) behavior

B Pores and channels
P storage
P separation
P ion exchange
» mediation of unique chemical reactions

W Surface
P catalysis
P adsorption
P selective recognition
P post-synthetic modifications

12



MOFs for sorption and separation

I
+
+
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[Zn,(dmf)(ndc),(ur),]-SDMF-H,O

Zn(NO,),-6H,0 + H,ndc + ur oMF + [Zn,(dmf)(ndc),(ur),]-5DMF-H,0
100°C, 12h Yield: 42%
Zn 4 7n

, 7\.;‘1, — ‘/ 7 \; \ i [
" COOH
a channels: 9x11 A . I/( \| o
. Ax _ 2 ]
B channels: 6x9 A (]



[Zn,(dmf)(ndc),(ur),]: guest-free a channels

[Zn,(dmf)(ndc),(ur),]-5SDMF-H,0O
Monoclinic, Cc

L. CH,Cl;, 3 days Channels 9x11 A
2. 50°C, vacuum 7
1 day
A 4 \V /
é)ll ‘\\\ y \
v : \7}} }\ 9
‘ 9%\ //" N \)) i
[Zn(dmf)(ndc),(ur),] \ :
\\g v S \ w
W i
\é\{\/ \\\g /{/) ).\)\
Q,\Q\Q . \ X 2 %\ ;/ )
X e~ e —% < —
! a \\:\? \\Vrﬂ \\% ( \'I\/I/}

S.A. Sapchenko et al., Dalton Trans., 2011, 40, 2196 : | 15



[Zn,(dmf)(ndc),(ur),]:

N, and H, adsorption

0,7 1
: e 11 0.9nm — 2 g1
250 LoCQoDooWEEEEEaEaas 0,6 - . S (B ET) = 820 m g
1 l 1 P
2004 1 0.5 |
S a Q
e 150 i s %41 b
S I 3 -
8 2 = sorption =~ 0,34
2 100 E o desorption |
= | E 0,24 ¢
s0- * 118
1= 0,1- \;%1.5 nm
o T Y T Y T L T L) T s T ’ T ) T Y T X T ) T b ,O —_—Qm— -
00 01 02 03 04 05 06 07 08 09 1.0 0,04 o OO%OOO.O \O%;QOOJI!;_O—O—O OTO—0—o—(__ o,
PIP, . . . . . .
1 1 1 1 1 1
0,0 25 50 7,5 10,0 12,5 15,0
: : : m  Sorption at 77 K
Nitrogen sorption isotherm at 77 K 1004| o Desorption at 77 K . "
® Sorption at 87 K a ! a)
o Desorption at 87 K " m o
80 - al
[m]
!
= .
Lul .O.
_.U." 60— ﬁ o C
© D- 0 \r’ ~
5 s s ®
> o a-
77K, 0.92 % H, wl & 0
[ 2 o)
P
20 - Im) COCL/'
— 0 o
AH_, = 4.7 = 5.2 kJ/mol i
O
0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

P, bar

Hydrogen sorption isotherms at 77 and 87 K 16



[Zn (dmf)(ndc),(ur),]: C,H,, CO, and CO adsorption

60
® CH,, adsorption i n C2H2
04 © C,H,, desorption . Cm
i L CO
® CO,, adsorption O . 2
O
404 © CO,, desorption % n e o
273 K A CO, adsorption o m ® *
A CO, desorption o ® oe
= o ® Ge
= 30 A = ®»
E : ®
- 0 ®
> Om e
20 " P °
0
e . el
i o
10 3 e o CO
| 0¥ s
o® A ANA ANA
A ANA AN
044 A M & LA AAIA : | . | . |
350 20 40 60 80 100
= C,H, adsorption olp
]
s O C,H,desorption 0 . . C2H2
| @ CO,adsorption n”
|
251 © CO,desorption s’
: cm
| A CO adsorption -~ o
204 4 CO desorption - . o C02
2 | o 0®
298 K g ; .
- 15— g - ®
> | - »
O o
10 o" 5O
J .ﬂ. o o)
w0
5 4
0
@)
L1%0° jacAshnk Ack ara ard 4 CO
0LEON pAA A A AN
. , , : : : . . . .
0 20 40 60 80 100 17

S.A. Sapchenko et al., Chem. Commun., 2015p,/p51, 13918



DFT calculations

E,ic=-18.776 k- mol™' E,4=-18.342 kJ-mol”'  E.4 =-9.639 kJ-mol™

View of charge density isosurfaces for the interactions of (a) C,H,, (b) CO, and (c)
CO with the urotropine linker for the most favorable intermolecular interactions. Red

represents the accumulation of electron density and blue the depletion of electron
density.

S.A. Sapchenko et al.,, Chem. Commun., 2015, 51, 13918 18



ZNU: inclusion of S;N,

[Zn,(dmf)(ur),(ndc),] + S,N, + XMe,C=0 — [Zn,(S,N,)(ur),(ndc),]-xMe,C=0 +DMF

Zn---N: 2.885 A

[Zn,(S,N,)(ur),(ndc),] ]~ xMe,C=0 + Me,C=0—[Zn,(Me,C=0)(ur),(ndc),]-xMe,C=0 + S,N,

[Zn,(Me,C=0)(ur),(ndc),]-xMe,C=0 — [Zn,(ur),(ndc),] + (x+1)Me,C=0 (in vacuum)
19



Step-by-step activation of biporous ZNU

s Rle
4 -
.......
L e
--------
250 - '
= - ®  [Zn,(dmf)(ur),(ndc) ]
= 200- ] = [2n,(ur),(ndc),]
E r
>" 150 -
100 -
0
a channels: 9x11 A 0,0 0,2 0.4 0,6 0,8 1,0
B channels: 6x9 A plp,

[Zn,(dmf)(ur),(ndc),]: S(BET) =820 m? g-!
[Zn,(ur),(ndc),]: S(BET) = 1113 m? gt

S.A. Sapchenko et al., Inorg. Chem., 2013, 52, 9702 20



ZNU: selective separation

S.A. Sapchenko et al., Inorg. Chem., 2013, 52, 9702

21



Porous zinc(ll) thiophenedicarboxylate

Zn?* + H,tdc + dabco A > [Zn,(tdc),dabco]*solv

HOOC\@S//COOH E(i)

H,tdc dabco

«'n’
s NN . : o ) s
o = o @ Ve o
o'’
) CE W L X )
.'
> L .

. ' Py
< o
-

Channels (7.5 x 7.5 A) S-decorated windows (3x4 A)

Very similar to the structure of [Zn,(bdc),dabco] (D.N. Dybtsev et al.,

ACIE, 2004, 43, 5033)
V.A. Bolotov et al., 2017, MS in preparation
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[Zn,(tdc),dabco]: Guest-dependent
framework dynamics

vacuum
solvent,

: Fully reversible
TDC ligands are bent V = -3% TDC ligands are linear

AGAIN: Very similar to [Zn,(bdc),dabco] (D.N. Dybtsev et al., ACIE, 2004, 43, 5033)
23



[Zn,(tdc),dabco]: nitrogen adsorption

500 J 06 |
450 - Itll:ll:lllll:lllltlllltll:l ] 07
il [ Q
7 [ Q
400 ’ @0,5 : : S
€ £0,65 2
350 - PR : E
» 3 0.4 : : §
300 - . 06
250 1 5 ! 5
o ] 5 o
200 1 = 0,21 £0.55 2
2 ] : 5
150 1 S ] =
0,17 -05 g
100 A 1 : Lg)

%0 1 Adsorption ® 0 0,45

Desorption O 0 05 1 L5 2 25 3 35 4
° ' ' Pore width, nm
0O 01 02 03 04 05 06 07 08 09 1

Relative pressure, P/Pg

N, adsorption isotherm at 77K

Porous properties:

BET surface area = 1800 m?/g

Langmuir = 2000 m?/g
Pore volume = 0.7 ml/g

Pore-size distribution plot

AGAIN: Very similar to the properties

of [Zn,(bdc),dabco]
24



[Zn,(tdc),dabco]: CO, adsorption at 273 K

160 A

140 A

120 A

100 A

80 1

60 1

40 A

20

Adsorption B
Desorption O

0

0 0.1 0.2 0.3

COg sorption summary:

-- Highly unsaturated adsorption curve
-- At 1 bar (273 K) = 162 ml/g = 32
mass%

-- formula: [Zn,(tdc)dabco]-4CO,

Twice as higher than for [Zn,(bdc),dabco] !

0.4

0.5 0.6 0.7 0.8 0.9 1

Relative pressure, P/Po

<

(- This number is higher than for any
other porous MOF at this conditions,
except for SNU-5 (38.5 mass%).

Suh, M. P. et al., ACIE 2008, 47, 7741.
See also J. Long,. et al., Chem. Rev.

\2012, 112, 724.
25



Evolution carbon dioxide storage in [Zn,(tdc),dabco] («Sevas
Complex») detected by single-crystal X-ray diffraction data
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[Zn,(tdc),dabco]@CO, [Zn,(tdc),dabco]@2CO, [Zn,(tdc),dabco]@3CO,

V.A. Bolotov et al., 2017, MS in preparation



GCMC and DFT calculations

(@ o1 ) T )

19 1 ILL QL

NP OO O

Ir 1] ) 1]

| A b /i‘ aX ',ID y (©
0 r L Xr

gusiecavar et luny

),

9

Snapshot from GCMC simulation at low pressure, in which the majority of CO,
molecules were found to be located near to the thiophene ring (a). The DFT-optimised
lowest-energy binding site for CO, viewed from above (b) and alongside the TDC
fragment (c).

Calculated binding energies ranging from —15.7 to —18.3 kJ-mol-, ca. 3-10 kJ-mol-
stronger than reported binding energies for CO, with benzene-based moieties

00 O f E K
+©+§or|:z£-= L § E o
o o ¥ P

V.A. Bolotov et al., 2017, MS in preparation




MOFs for sensor materials

{Lii1(H,0)s(RCOO0)1s}  (H30)|Lini(H20)s(Html)q|

28



Cryptand-like MOF
(H30),[Zn,(ur)(Hfdc),(fdc),]-G

S.A. Sapchenko et al., Chem. Eur. J., 2017, 23, 2286



Cations exchange

K---O(fdc) = 2.86 A, K---O(COO0) = 3.02 A
Cs:--O(fdc) = 3.10 A, Cs--O(COO) = 3.14 A



Extraction and detection of alkali metal cations

a)
molar % “ Na@1
. —1
s l [ - — e
T L K@1 c:@177

T YEE——— Rb@1 _ Cs@1
b) _ —K@1
. S5 — Rb@1
35 m i
molar % Egll— L l ' :
350 400 450 500 550 600

a) Molar fraction of alkali metal cation in the A, M

supramolecular adducts of compound 1 after

immersion in 0.01 M MNQO3 solution (M=Li, Na,K,

Rb, Cs) in NMP.

b) Molar fraction of alkali metal cation in a 0.001 M Solid-state photoluminescence spectra

solution of alkali metals nitrates (blue) versus the of Compound 1 and its adducts with alkali

molar fraction obtained within the supramolecular )

adduct of 1 (red). metal cations.

S.A. Sapchenko et al., Chem. Eur. J., 2017, 23, 2286



Chiral MOFs for
enainioselective separation

0 10 20 30 40

32



Synthesis of chiral porous MOFs

O + - -

Metal or cluster Chiral rigid bridging
cation ligand (spacer)

Chiral porous MOF




HoBbIN nogxon K CUHTe3y XuparibHbIX
nopuctbix MOKI

AOBA NIUTAHOA NYYWE OAHOIO!

-\ —

>
KaTnoH XupasnbHbIn . —  XecTtkuu
MeTanna Avran XI/IpaJ'IbeII/I KOMIMJ1eKC MOCTUK
A (BtopuyHbin C.B.) . .
XUpanbHOCTb NOPUCTOCTb  XupanbHbI NOPUCTLIN
MOKT

4 )

® No3BonsieT Ucnonb30BaTh NPOCTLIE AOCTYNHbIE XMPanbHble NUraHabl
NPUPOAHOro NPOUCXOXOAEHUNA

® No3BonsieT KOHTpONMpPOBaTL pa3Mmep Nop 3a cYET U3MEHEHUS OfIHbI
QAOCTMKOBbIX nUraHgos. J

D.N. Dybtsev et al., Angew. Chem. Int. Ed., 2006, 45, 916 3



Zn(ll) Camphorates

@) @)
DMF + P
Zn(NG;), + HOWOH e [Zn,camph,py,]-DMF

(+)-camphoric acid

4 I
p ?

X

KStructure of Zn, paddle-wheel/

k Layered zinc(ll) camphorate /\/

D.N. Dybtsev et al., Inorg. Chem., 2007, 46, 6843 5




From chiral 2D layer to chiral 3D framework

Chiral
layers

Linear pillars

Homochiral
porous
framework
36 /

\




Isoreticular chiral porous MOFs

[Zn,camph,dabco] [Zn,camph,bipy] [Zn,camph,bpe]
Vfree =31% Vfree =51% Vfree = 56%
@ channel: @ channel: @ channel:
3x35A 5x7A 5x 10 A
L S.rea = 520 m?/g IS S.rea = 1040 m?/g )
\

D.N. Dybtsev et al., Inorg. Chem., 2007, 46, 6843
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Porous Zn(ll) lactate-terephtalate

COOH HO o DME
Zn(NOy), =+ vodn + )< )< g [Zny(S-ac)(bde)(dmf)]-DMF
CHs

(S)-H,lac H,bdc

&

Chiral chain| Linear \_ D~4x5A
\_ ) spacer




Chiral porous MOFs

s
L, Helac Oo Hyndc OME
Zn(NOy), + <, " + < on >
\ OO

Chiral chain
(SBU) [Zn,(ndc)(R-man)] [Zn,(bpdc)(R-man)] 39



Isoreticular chiral porous MOFs

[Zn,(bdc)(S-lac)] [Zn,(ndc)(R-man)] [Zn,(bpdc)(R-man)]

& channel ~4 x5 A & channel 5 x 9 A & channel ~ 4 x 14 A

@ window ~ 5 x 5 A @ window ~ 4 x 5 A @ window ~ 6 x 7 A
40



Enantioselective sorption

ZnNOy), + wfon + "L [Zn,(S-lac)(bdc)]
KWWWW Sul?i?te e.e.(%)
AR VA oy e 60 (S)

(R+S) 554
Racemic ©/ 7< 55 (S)
mixture OH

Y w
% ®

' iral orvbent
[Zn,(S-lac)(bdc)]

. Stereoselective sorption )

Enantiomeric excess (e.e.)

e.e.= ([RI-[SD/([RI+[S])

©/LCH3 21 (S)
y{ O 25 (+)
Qs

S\ .
CHs no sorption

Q &®
HO”N" " CH, 20 (S)
Sulforaphane

41

Angew. Chem. Int. Ed. 2006, 45, 916; Chem. Eur. J., 2010, 16, 10348



Enantioselective separation

Y,

J O %
—~ L
- 5 ) o™
3
N
Racemic 2 7 S
mixture 3

. O 10 20 30 40
W on 3] o%
L

Conc. (r.u.)

stationary Separated
phase optical
[Zn,(bdc)(lac)] iIsomers

42
D.N. Dybtsev et al., J. Am. Chem. Soc., 2007, 129, 12958



Chiral guest in chiral host [Zn,(bdc)(S-lac)(dmf)]

R-PhEtOH@MOF S-PhEtOH@MOF

d(0...0)=3.25 A d(0...C) =3.33 A

1) SkcniepumeHm: bonee BbICOKOE CPOACTBO Kapkaca K S-PhEtOH (e.e. = 21%)

2) TG-DSC usmepeHus: pasnoxeHme S-PhEtOH@MOF npoucxogut TpygHee, Yem
R-PhEtOH@MOF (AH = 20 kJ/mol)

43
K. Suh, M.P. Yutkin et al., Chem. Commun., 2012, 48, 513



Materials with high proton-
conductivity

H,S0,or H,PO, Mg o

l“ l‘\ O'\ 0“
' L W 4 L ) ¢ S 0 L
‘--*--‘ ‘--*--‘
0 L ) ‘

L W 4

e 9 A &
"--‘*'--*-- ‘--*--*--’
'IH‘ \> ‘o T_T

- -2 -1
MIL-101 H,SO.@MIL 77 3, S
porous framework H PO ,L@MIL (T=150°C; low RH)

V.G. Ponomareva et al., J. Am. Chem. Soc., 2012, 134, 15640
D.N. Dybtsev et al., ACS Appl. Mater. Interfaces, 2014, 6, 5161
V.G. Ponomareva et al., RCS Anvances, 2017, 7, 403



MIL-101
Cr,OF(H,0), [0,CCH,CO,],"ca25H,0

4 ) Supertetrahedron ) « F/IOH
g » %) (mner) 8 A Ay
)'O)\ ot J(window) 4 A y
Polyhedron: 3¢ F
1.5 nm / ~€" "| /l;\
i, 4 /,/4'
Large cage It
@ (inner) 3.8 nm Y s
Polyhedron: 325126* A ; "
L1nm N A &
?Q
Mesoporous MOF with MTN
mall cage zeolytic topology
Eﬁ,‘;;‘ﬁ;;lj,f;;‘:;u G. Ferey et al, Science 309 (2005)
) 2040
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Imparting high proton conductivity to a MOF material
by controlled acid impregnation

(Proton conductivity) ~ (H* mobility) x (H* concentration)

Strong (mineral) acids = ideal proton conductors

1) Liquids can not be used for membranes 7 7
2) Operating temperature of the fuel cell can must be 110 — 140 °C LD
Inclusion of strong and/or non-volatile acids into |11
mesoporous (and stable!) MIL-101
H,SO,, HsPO,, TFOH, TSOH
Y I IC NN &""%
,£ 9 £ 5 ,£ 9 , %
* ! * e
" ‘ 0 + FAR N 0 ‘»
. Ry ‘. ... = .‘...'. = .’
‘.‘ * t*t t’iﬂ/ > ¢y o s
+ C ‘ ’ A I 4 ‘ ¥ \ 3K 4 ‘ 0’
MIL-101 acid@MIL-101

V.G. Ponomareva et al., J. Am. Chem. Soc., 2012, 134, 15640; D.N. Dybtsev et al., ACS Appl. Mater. Interfaces, 2014, 6, 5161



How to make acid@MIL-101

1) Soaking crystalline MIL-101 in an aqueous acid solution (2 - 4
M) for 30 min at room temperature

2) Filtration

3) drying at 60° C or in vacuo

H,SO,@MIL: MIL-4.5H,S0,-10H,0 The molar concentration of the
acid in acid@MIL-101

H,PO,@MIL: MIL-3.7H,PO,-5H,0 s corresponds to concentration
of the initial agueous solution

7 (3-4M).



H-conductivity of acid-impregnated MIL-101

"‘190 T

-1,5-

-2,0 -

-2,5 -

-3,0 -

log (o, S/cm)

-3,5-

-4,0 -

-435 ] ! ] 1 1 !
2,4 2,6 2.8 3,0 3,2
1000/T, K"

1) Linear o vs T plot as soon as the sample hydration is stabilized
2) Acid@MIL-101 materials are stable: no acid leeching, no framework
deterioration after several measurements

48



® Inclusion of strong acids does not destroy MIL-101 framework.

® Deviations in the values of proton conductivity in the heating and
cooling regimes due to different moisture content in the sample. The
amount of acid is not changed.

® Samples at a constant humidity give reproducible proton
conductivity.

® Maximum proton conductivity: ¢ = 0.06 S/cm for H,SO,@MIL-101 at
80 °C and RH = 10%.

® The proton conductivities of the H,SO,@MIL-101 and H,PO,@MIL-
101 at T = 150 °C and low humidity outperform any other MOF-
based materials and could be compared with the best proton
conductors, such as Nafion.

Nafion: o = 9:-10-3 S/cm at 80 °C and RH = 34%. 49



Applications for porous MOFs

B Storage and delivery:

» volatile gases (H,, CH,, C,H,, CO,)
» drugs

m Selective sorption:
O @
» gas molecules @ —
» enantioseparation =

B Heterogeneous catalysis:

[ X J
» Chiral catalysis L] [ee
Y = [ —

%
(==
)




«BbIBOAbl»

1) Xumumsa nopuctbix MOKIT (MOFs) 4pesBblMaWHO  MHTEHCUBHO
pasBMBaeTCcsa B MnocrieaHue rofbl, HO, NOo-fMpeXxHemMy, oCcTaeTcsa «HOBOW»
obnacTblo MeXancunnIIMHapHbIX NccnegoBaHUm.

2) MHorue wuccrnefoBaTtenbCckMe rpynnbl CO  BCEro Mupa cooblalT o
nony4yeHnn HoBbiXx MOF ¢ ceHCOpHbIMU CBOMCTBaMM, NPOTOHHOM, NOHHOMW,
9NMEKTPOHHOWN NPOBOAUMOCTbLIO, HENMMMHEWHBLIMU ONTUYECKUM CBOMUCTBAMMW,
MarHMTHbIMW CBOMCTBaMU U T.A.

3) OyeBUAHO, MHOIO HOBbIX CTPYKTYP C MHTEPECHbLIMU HOBLIMW CBOMCTBaAMU U
NPUMEHEeHUs MU OyayT OTKPbIThI B Brnivkanllee Bpemst.

4) NMOCMOTPUTE BOJIEE BHUMATEJIbHO HA 3TU COEOUHEHUA.
BO3MOXHO, OHU MOI'YT OKA3ATbCA NOJIE3HbIMU ANA BALWLUX
I/ICCJ'IE,D,OBAHI/II/I ©

51
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