Tap chi Khoa hoc Trirong Pai hoc Can Tho

Tép 56, Sé 5A (2020): 65-71

Tap chi Khoa hoc Trudng Dai hoc Can Tho
Phan A: Khoa hoc Tu nhién, Cong nghé va Méi truégng

*

website: sj.ctu.edu.vn

DOI:10.22144/ctu.jvn.2020.113

VAT LIEU KHUNG CO KIM DUA TREN KHUNG SUON PON VA KHUNG

SUON DAN XEN

Nguyén Thi Tuyét Nhung”, Nguyén Minh Toan, Nguyén Anh Thu va Nguyén Duy Khanh
B6 mén Sw pham Héa hoc, Khoa Sw pham, Truwong Pai hoc Can Tho
*Nowoi chiu trach nhiém vé bai viét: Nguyén Thi Tuyét Nhung (email: tuyetnhung@ctu.edu.vn)

Théong tin chung:

Ngay nhdn bai: 01/05/2020
Ngay nhdn bai sira: 21/05/2020
Ngay duyét dang: 28/10/2020

Title:

Metal organic frameworks
based on single and
interpenetrated frames

Tur khoa:

D¢ bén nhiét, d¢ két tinh, do
x6p, khung swon dan xen,
khung swon don, vt liéu
khung co kim

Keywords:

Crystallinity, inter-
penetrated framework,
metal-organic frameworks,
porosity, single framework,
thermal stability

ABSTRACT

Single (MT-1) and inter-penetrated (int-MT-1) metal organic frameworks
were synthesized via solvothermal method from the reaction of zinc nitrate
hexahydrate and 1,4-benzenedicarboxylic acid in N,N’-dimethylformamide
(DMF). The morphologies of resulting materials were observed under
NHV-CAM microscope. The structures of the single and inter-penetrated
frameworks respectively resulted in MT-1 and int-MT-1 were analyzed by
powder X-ray diffraction analysis (PXRD) and their thermal stability was
also determined by thermal gravimetric analysis (TGA). The porosity of
these two materials was proved by Brunauer-Emmett-Teller (BET) method
through N; isotherms at 77 K. The results showed that two materials with
single and inter-penetrated frameworks were successfully synthesized as
expected. Both materials are highly crystalline with high thermal stability
and porosity.

TOM TAT

Vit liéu kKhung co kim khung swon don (MT-1) va khung swon dan xen (int-
MT-1) dwge tong hop bang phwong phdp nhiét dung méi tir mudi kém nitrate
va 1,4-benzenedicarboxylic acid trong dung méi N,N ~dimethylformamide
(DMF). Hinh dang cua vat liéu tao thanh duoc xac dinh bdng kinh hién vi
ky thudt s6 NHV-CAM. Cdu triic khung swon don va khung swon dan xen
cua vdt liéu tao thanh dwoc xdc dinh bdng phwong phap nhiéu xa tia X dang
bot (PXRD) va sy khac nhau vé do bén nhiét cia chung dvwoc chirng minh
bang phirong phdp phan tich nhiét trong leong (TGA). P xop ciia vit liéu
dige xdc dinh bang phwong phdp Brunauer-Emmett-Teller (BET) qua
dwong hap phu diang nhiét No ¢ 77 K. Két qua cho thdy vit liéu khung co
kim khung swon don va khung swon dan xen diege tong hop thanh cong nhie
mong doi. Cd hai vit liéu deu cé dg két tinh tot, do bén nhiét cao va dién
tich bé mdt riéng lon.

Trich dan: Nguyén Thi Tuyét Nhung, Nguyén Minh Toan, Nguyén Anh Thu va Nguyén Duy Khéanh, 2020.
Vit liéu khung co kim dya trén khung suon don va khung suon dan xen. Tap chi Khoa hoc Truong
bai hoc Can Tho. 56(5A): 65-71.

1 GIOI THIEU

Vit liéu khung co kim (MOFs) la vat liéu ran két
tinh dugc hinh thanh bang lién két phoi tri gitta ion

kim loai Zn?*, Fe**, Cu?* véi cac cu néi 1a céc acid
hiru co da chirc nhu 1,4-benzenedicarboxylic acid
(H.BDC) (Kaye et el., 2007; Zhao et al., 2011;
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Schweighauser et al., 2017); 1,3,5-
benzenetricarboxylic acid (HsBTC), ngoai ra con cé
cac nhom chic amine, sulfate, phosphate (Yaghi et
al., 1996; Rowsell and Yaghi, 2004). Khi thay doi
ddc diém cua cluster kim loai hay acid hiru co da
chuc hoic ca hai thanh phén trén s& tao ra mot loai
MOFs mai (Kalmutzki et al., 2018). Dac diém noi
bat cua vat lieu MOFs 1a do bén nhiét cao (Rowsell
and Yaghi, 2004), do xop 6n (Eddaoidi et al., 2000;
Furukawa et al., 2010; Thornton et al., 2016), ¢6 ciu
trac linh hoat (Schoedel and Yaghi, 2016) va c6 thé
du doan cau tric khi tao thanh (Rowsell and Yaghi,
2004; O'Keeffe and Yaghi, 2012). Vi vay, da cé
nhiéu nhom nghién ctru tién hanh tong hop va tng
dung MOFs vao céac linh vuc hap phy khi (Rowsell
and Yaghi, 2005; Kaye et al., 2007; Aghajanloo et
al., 2014), phan tach khi (Karra et al., 2013), xuc tac
(Hwang et al., 2008; Shen et al., 2016; Huang et al.,
2017), dan truyén thudc (Soma et al., 2000; Taylor-
Pashow et al., 2009).

Vit ligu MOFs da dugc nghién cuau & Viét Nam
tir cudi nam 2008, dac biét 1a vat liéu MOFs duoc
tong hop tr mudi kém nitrate va linker 1,4-
benzenedicarboxylic acid. Piém chung cua cac
nghién ctru 1a déu tdng hop thanh cong vat lidu
nhung véi 6 xdp va do bén nhiét cua vat lidu khac
nhau. Nguyén nhan cua sy khac biét khong dugc cac
cong bd lam rd. Ngoai diéu kién tong dé dat dugc
chat luong tinh thé tdt, ddc diém vé ciu tric khung
suon don (single framework) va khung suon dan
xen (inter-penetrated framework) (Chen et al., 2010;
Feng et al., 2013) 1a mét trong nhitng nguyén nhan
chinh tao ra su khac biét vé do bén nhiét va kich
thuéc 16 x6p cua vat liéu khung co kim (Furukawa
et al., 2010; Kim et al., 2011; Liu et al., 2012). Su
khac biét vé ciu tric khung sudn don va khung suon
dan xen da dwa dén nhiéu wng dung quan trong khac
cho vat liéu trong viéc diéu khién kich thuéc 16 xp
dugc (g dung vao hap phu chon loc khi, phan tach
hoéa hoc, ting d bén nhiét cho vat liéu trong nhiéu
ung dung quan trong khac nhu xtic tac (Kleist et al.,
2010; i Xamenaetal., 2012). Vit liéu khung co kim
dugc téng hop trén cing mudi vé co Zn(NOs), va
linker hitu co H,BDC s& thu dwoc hai dang céu trac
khung suwdn d6 14 ciu tric khung suon don va cau
trac khung sudn dan xen. Cac nghién cuu trude doé
vé vat lieu MOF-5 déu xuat phat tir cing mudi
Zn(NO3), va linker H,BDC tuy nhién dé biét khi nao
s& tong hop dugc khung suon don va khung suon
den xen thi cac nghién ctru chua dugce lam 6. Muyc
tiéu ciia nghién ciru nay tim ra diéu kién tong hop tir
d6 khéng ché diéu kién tong hop dé thu dugc vat
liéu ¢ céu tric khung suon nhu mong mudn. Vat
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liéu sau khi tao thanh dwoc tién hanh phan tich dic
diém céu truc, d6 bén nhiét va do x4p, tir d6 1am sang
t6 mbi quan vé sy sai khac gia tri do bén nhiét va do
x6p (g vai hai céu trac khung suon.

2 PHUONG PHAP NGHIEN CUU
2.1 Thiét bi va héa chat

Thiét bj dwoc sir dung bao gém cén phan tich
Mettler Toledo, tia siy UM-400, bé rung siéu 4m
Power Sonic 410, kinh hién vi dién tir ky thuat sé
NHV-CAM, thiét bi nhiéu xa tia X D8-Advance
(Bruker) dugc sir dung véi nguon phat xa CuK, (A =
1,5406 A) hoat dong véi cong suat 1000 W (40 kV,
25 mA) & nhiét d6 phong, goc quét 20 tir 5° dén 50°,
tbc do6 quét 0,02°/0,2 gidy, thiét bi hoat héa
Masterprep, thiét bi phéan tich nhiét trong luong
TGA Q500 miu duoc dit 1én can aluminium, tc do
gia nhiét 5°C/phut va dugc gia nhiét tie nhiét do
phong dén 600°C, dién tich bé mat riéng dugc xac
dinh dya vao duong hip phu dang nhiét N, ¢ 77 K
trén thiét bj do dién tich bé mat NOVA 3200e.

Hoa chit duoc sir dung bao gom kém nitrate
(Zn(NO3)2.6H.0), N,N’-dimethylformamide
(DMF), ethanol xuit xa Trung Qudc; 1,4-
benzenedicarboxylic acid (H,BDC) dugc mua tu
hang Merck, dichloromethane (CH,Cly) xuat xu
Viét Nam.

2.2 Quy trinh téng hep vat ligu MT-1 va
int-MT-1

Vit liéu MT-1 duoc téng hop bang cach hoa tan
Zn(NOs),.6H,0 (27.10° gam, 0,093 mmol) va
H,BDC (4,5.10° gam, 0,027 mmol) trong 12 mL
dung mo6i DMF. Hon hop phan tmg duoc chia trong
lo thity tinh 20 mL chiu nhiét c6 nap day kin va cho
vao ti sy ¢ nhiét do 85°C. Sau 20 gio, cac tinh thé
lap phuong dugc tac ra khoi dung dich phan ung.

Vit liéu int-MT-1 dwoc tong hop bang cach hoa
tan Zn(NO3)2.6H20 (0,35 gam, 1,2 mmol) va
H,BDC (0,065 gam, 0,39 mmol) trong 12 mL dung
mo6i DMF va 240 pL ethanol. Hon hop phan ting
duogc chaa trong lo thuy tinh 20 mL chiu nhiét ¢o
nip day kin va cho vao ta sdy & nhiét d6 120°C. Sau
24 gio, cac tinh thé 1ap phuwong két chudi duogc tac
ra khoi dung dich phan ang.

Vit ligu MT-1 va int-MT-1 sau khi dugc tach ra
khoi dung dich phan tng duoc rira nhiéu lan voi
dung moi DMF (3 x 5 mL) lién tyc trong 3 ngay dé
loai bo tap chit, trao dbi vi CH,Cl, (3 x 5 mL) lién
tuc trong 3 ngay dé thay dung moéi méi va sau do
tién hanh hoat hoa chan khong & 80°C trong vong 24
gio (1 mTorr).
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3 KET QUA VA THAO LUAN
3.1 Phan tich cu tric cia vat ligu MT-1 va
int-MT-1

Vit ligu MT-1 la san pham thu dwoc tir phan tng
gitra Zn(NO3),.6H,0 vai linker H,BDC & nong d6
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gidng nhau cua linker va mudi kém 13 0,01 M, ty I&
mol phan tng gitra H,BDC:Zn?* bang 1:3,5 trong
dung m6i DMF ¢ nhiét d¢ 85°C véi thoi gian phan
g 14 20 gio. San pham thu duoc 1a cac tinh thé
hinh 1ap phuong sang mau, kich thudc tinh thé kha
dong déu va khong 1an tap chat (Hinh 1).

Hinh 1: Hinh 4nh ciia v4t lidu MT-1 qua kinh hién vi NHV-CAM

Trong khi d6, vat liéu int-MT-1 1a san pham thu
duogc tir phan ung gitta Zn(NO3),.6H20 véi linker
H,BDC & ndng do gidng nhau cua linker va mudi
kém 1a 0,13 M, ty & mol phan ng gitra

H,BDC:Zn? bang 1:3 trong dung mdi DMF/ethanol
& nhiét d6 120°C véi thoi gian phan tng 1a 24 gio.
San pham thu dugc 1a cac tinh thé int-MT-1 ¢6 kich
thudc ddng déu nhung bé mat khong sang mugt nhur
tinh thé MT-1 (Hinh 2).

Hinh 2: Hinh 4nh cia vat liéu int-MT-1 qua kinh hién vi NHV-CAM
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Tinh thé MT-1 va int-MT-1 duoc tach ra khoi
dung dich phan ung duoc rira nhidu lan véi dung
méi DMF (3 x 5 mL) lién tuc trong 3 ngay dé loai
bo chit phan tng con du. Do két tinh cua tinh thé
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dugc kiém tra bang phwong phap nhidu xa tia X
dang bot (PXRD) va dwoc so sanh véi gian dd
PXRD mo phong khung suon don (MOF-5) va
khung suon dan xen (int-MOF-5) cia MOF-5
(Hinh 3).
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Hinh 3: Gian d6 PXRD cia vat liéu MT-1 (thuc nghiém) so véi MOF-5 (mé phéng), int-MT-1 (thuc
nghiém) so véi int-MOF-5 (md phéng)

Két qua phan tich PXRD cua vt liégu MT-1 va
vat liéu int-MT-1 thu dugc cac mili nhidu xa co
cudng do cao, sic nhon ching to ca hai vat lieu MT-
1 va int-MT-1 c6 d6 két tinh cao. Xét v& vi tri cac
mili nhidu xa, ta thay gian d6 XRD ciia MT-1 va int-
MT-1 hoan toan gidng nhau va gidng véi gian dd
chuan caa MOF-5. Vi tri mili déc trung cua vat liu
thu dugc & cac goc 20 ~ 6,8% 9,7°% 13,8% 15,5°
ching to ching két tinh theo cing mot kiéu mang
tinh thé Fm-3m voi kich thuéc 6 mang co sé a =
25,8849 A, V = 17343,6 A3. Khi so sanh cuong do
tuong ddi ciia cac mili, & gian d6 XRD caa MT-1 va
MOF-5 cho thdy su dong nhét vé& cuong do tuong
dbi cua cac mii nhidu xa. Ca hai gian dd cho thay
cuong do mii tai vi tri 20 ~ 6,8° chiém wu thé va cao
hon hin cac mii con lai (Hinh 3). Tuong tu, cudong
d6 mili twong ddi & gian d6 XRD cua int-MT-1 hoan
toan phu hop vé6i gian dd XRD cua vat liéu khung
suwon dan xen int-MOF-5 (Hinh 3). O hai gian d6 nay
cuong d6 miii tai 20 ~ 6,8° khong chiém vu thé ma
¢6 su trong duong vé cuong d6 mili tai cac vi tri 20
~ 6,8°va 9,7°. Vi vay c6 thé két luan ring MT-1 va
int-MT-1 két tinh theo cung mot kiéu mang tinh thé,
trong d6 MT-1 ¢6 cdu triic khung suon don va int-
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MT-1 ¢6 céu trac khung sudn dan xen (Chen et al.,
2010).

Tir d6 cho thiy cac yéu quan trong anh huong
dén sy dan xen trong ciu triic khung suon cua vat
liéu 1a ndng do chit phan ung, hé dung méi va nhiét
d6 phan ng. Khi ndng do chat phan tng thap, nhiét
d6 phan tng nhé, vat liéu thu dugc MT-1 ¢6 cu tric
khung suwon don. Nguoc lai, vat liéu int-MT-1 dugc
hinh thanh vé6i céu trac khung suon dan xen khi
nong d6 chit phan tng 1on, hé dung méi phan cyc
va nhiét d6 phan tng cao.

3.2 Phin tich dd bén nhiét cia MT-1 va int-
MT-1

Sau khi hai vat licu MT-1 va int-MT-1 duogc xéc
dinh c4u tric, d6 bén nhiét 1a mét trong nhimg tinh
chat quan trong khac biét gitra hai loai vat liéu nay.
Tru6e khi duge phan tich d6 bén nhiét, ca hai vat
ligu dugc tién hanh hoat héa. Theo d6, hai vat li¢u
duoc rira voi dung moi DMF va trao d6i dung moi
¢6 nhiét do so6i thap hon 1a CH,Cly. Qua trinh nay
dugc thuc hién lién tuc trong 3 ngay va mdi ngay
dung moéi dugc thay mai 3 1an mdi lan 5 mL. Sau d6
vt liu dugc hoat hoa bang hé thong hut chan khong
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Masterprep ¢ nhiét d6 80°C trong vong 24 gio (1

mTorr).
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Vit ligu MT-1 va int-MT-1 sau khi tht héa
duogc phan tich nhiét trong lugng (TGA). Két qua
phén tich TGA thu dugc nhu Hinh 4.

Khéi lugng/ %

0 100 200 300
Nhiét o/ °C

400 500 600 700

Hinh 4: Gian d6 TGA cia vt ligu MT-1 va vat ligu int-MT-1 sau khi hoat hoéa

Tir Hinh 4, gian dd TGA cua vat lieu MT-1
khong co sy giam khéi lugng dang ké & nhiét do
khoang 380°C, chung to do bén nhiét cua vat liéu
MT-1 khoang 380°C. Lap luan tuong ty cho thiy
khéong c6 sy giam khdi lugng cua vat liéu trong
khoang nhiét do tir 30°C dén 450°C ching té khung
suwon cua vat ligu int-MT-1 bén dén nhiét do 450°C.
Két qua phan tich TGA cho thay co su gia ting dang
ké vé do bén nhiét caa vat liéu khung suon dan xen
int-MT-1 so v&i khung suon don MT-1.

3.3 Phan tich d9 x6p cha vat ligu MT-1 va
int-MT-1

Dién tich bé mat 1a mot trong nhiing tinh chit
quan trong cua vat liéu ran cho nhiéu tng dung thuc
té (Furukawa et al., 2010). Vi vay, vat liéu MT-1 va
int-MT-1 sau khi dwoc hoat hoa ciing duoc tién hanh
xéc dinh dién tich bé mat bang phuong phap BET
qua phan tich hap phy ding nhiét N, & 77 K. Két qua
thu dugc nhu Hinh 5.

300 -
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Hinh 5: Pwong hip phu ding nhiét N2 cia vt ligu MT-1 va vat ligu int-MT-1 & 77 K sau khi hoat héa
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Hai vat liéu MT-1 va int-MT-1 ¢ dudng hap
phu va giai hap phu ding nhiét N, ¢ 77 K thudc loai
I theo IUPAC, ching to vat liéu MT-1 va int-MT-1
¢6 kich thudc 16 x6p ¢& micro. Dién tich bé mat cua
vat liéu MT-1 va int-MT-1 dugc xac dinh theo md
hinh BET lan lugt 1a 1019 m%g va 985 m¥g. Ca hai
déu 1a vat liéu c6 do xdp cao phu hop cho cac ung
dung trong hap phu va phén tich khi.

4 KET LUAN

Hai vt liéu MT-1 va int-MT-1 v&i céu tric 1an
luot 1a khung sudn don va khung sudn dan xen dugc
tong hop thanh cong tir mudi Zn(NOs),.6H;0 va
linker H,BDC trong dung méi DMF bang phuong
phap nhiét dung méi. Trong nghién ciru ndy, cac yéu
td néng do, nhiét d6 va hé dung moi déu anh huong
dén cAu tric khung suon cua vat liéu thu dugc. Két
Qué ciia céc nghién ciru trudc dy ciing cho thay khi
thay ddi nhiét do, hé dung moéi hay pH déu co thé
thu duoc hai dang cdu khung sudn. Hay néi cach
khac cac yéu t6 nhiét d9, hé dung méi, pH khong doi
hoi qua khit khe. Nhung dé thu dugc cau trac khung
suon don ndng do tac chét sir dung 1a nho (0,01 M)
va khung suon dan xen thi ndng do tac chat sir dung
1a 16n (0,13 M). Tir d6 cho thay yéu t ndng do 1a
yéu t6t mau chét. Ca hai vat liéu déu co d6 két tinh
tt va do xdp cao. Didu dang chu y 1a vat liéu khung
sudn dan xen int-MT-1 c¢6 do bén nhiét duoc cai
thién dang ké so vai vat liéu khung swon don MT-1.

TAI LIEU THAM KHAO

Aghajanloo, M., Rashidi, A. M., and Moosavian, M.
A., 2014. Synthesis of zinc-organic frameworks
nano adsorbent and their application for methane
adsorption. Journal of Chemical Engineering &
Process Technology. 5(5): 1-6.

Chen, B., Wang, X., Zhang, Q., et al., 2010.
Synthesis and characterization of the
interpenetrated MOF-5. Journal of Materials
Chemistry. 20(18): 3758-3767.

Eddaoudi, M., Li, H., and Yaghi, O. M., 2000.
Highly porous and stable metal— organic
frameworks: structure design and sorption
properties. Journal of the American Chemical
Society. 122(7): 1391-1397.

Feng, Y., Jiang, H., Chen, M., and Wang, Y., 2013.
Construction of an interpenetrated MOF-5 with
high mesoporosity for hydrogen storage at low
pressure. Powder Technology. 249: 38-42.

Furukawa, H., Ko, N., Go, Y. B., et al., 2010.
Ultrahigh porosity in metal-organic frameworks.
Science. 329(5990): 424-428.

Huang, Y.-B., Liang, J., Wang, X.-S., and Cao, R.,
2017. Multifunctional metal-organic framework
catalysts: synergistic catalysis and tandem

70

Tép 56, Sé 5A (2020): 65-71

reactions. Chemical Society Reviews. 46(1):
126-157.

Hwang, Y. K., Hong, D. Y., Chang, J. S., et al.,
2008. Amine grafting on coordinatively
unsaturated metal centers of MOFs:
consequences for catalysis and metal
encapsulation. Angewandte Chemie International
Edition. 47(22): 4144-4148.

i Xamena, F. L., Cirujano, F., and Corma, A., 2012.
An unexpected bifunctional acid base catalysis in
IRMOF-3 for Knoevenagel condensation
reactions. Microporous and Mesoporous
Materials. 157: 112-117.

Kalmutzki, M. J., Hanikel, N., and Yaghi, O. M.,
2018. Secondary building units as the turning
point in the development of the reticular
chemistry of MOFs. Science Advances. 4(10),
€aat9180.

Karra, J. R., Grabicka, B. E., Huang, Y.-G., and
Walton, K. S., 2013. Adsorption study of COz,
CHa4, N2, and H20 on an interwoven copper
carboxylate metal-organic framework (MOF-
14). Journal of Colloid and Interface Science.
392: 331-336.

Kaye, S. S., Dailly, A., Yaghi, O. M., and Long, J. R.,
2007. Impact of preparation and handling on the
hydrogen storage properties of Zn4O (1,4-
benzenedicarboxylate)s (MOF-5). Journal of the

American Chemical Society. 129(40): 14176-14177.

Kim, H., Das, S., Kim, M. G., Dybtsev, D. N., Kim, Y.,
and Kim, K., 2011. Synthesis of phase-pure
interpenetrated MOF-5 and its gas sorption
properties. Inorganic Chemistry. 50(8): 3691-3696.

Kleist, W., Maciejewski, M., and Baiker, A., 2010.
MOF-5 based mixed-linker metal—-organic
frameworks: Synthesis, thermal stability and
catalytic application. Thermochimica Acta.
499(1-2): 71-78.

Liu, D., Purewal, J., Yang, J., et al., 2012. MOF-5
composites exhibiting improved thermal
conductivity. International Journal of Hydrogen
Energy. 37(7): 6109-6117.

O’Keeffe, M., and Yaghi, O. M., 2012.
Deconstructing the crystal structures of metal—
organic frameworks and related materials into
their underlying nets. Chemical Reviews. 112(2):
675-702.

Rowsell, J. L., and Yaghi, O. M., 2004. Metal—
organic frameworks: a new class of porous
materials. Microporous and Mesoporous
Materials. 73(1-2): 3-14.

Rowsell, J. L., and Yaghi, O. M. 2005. Strategies for
hydrogen storage in metal—organic frameworks.
Angewandte Chemie International Edition.
44(30): 4670-4679.



Tap chi Khoa hoc Trirong Pai hoc Can Tho Tép 56, Sé 5A (2020): 65-71

Schoedel, A., and Yaghi, O. M., 2016. Reticular Taylor-Pashow, K. M., Della Rocca, J., Xie, Z.,
chemistry of metal-organic frameworks composed Tran, S., and Lin, W., 2009. Postsynthetic
of copper and zinc metal oxide secondary building modifications of iron-carboxylate nanoscale
units as nodes. The Chemistry of Metal-Organic metal— organic frameworks for imaging and drug
Frameworks: Synthesis, Characterization, and delivery. Journal of the American Chemical
Applications. 1: 41-72. Society. 131(40): 14261-14263.

Schweighauser, L., Harano, K., and Nakamura, E., Thornton, A., Jelfs, K., Konstas, K., et al., 2016.
2017. Experimental study on interconversion Porosity in metal-organic framework glasses.
between cubic MOF-5 and square MOF-2 arrays. Chemical Communications. 52(19): 3750-3753.
Inorganic Chemistry Communications. 84: 1-4. Yaghi, O. M, Li, H., and Groy, T., 1996. Construction

Shen, K., Chen, X., Chen, J., and Li, Y., 2016. of porous solids from hydrogen-bonded metal
Development of MOF-derived carbon-based complexes of 1, 3, 5-benzenetricarboxylic acid.
nanomaterials for efficient catalysis. ACS Journal of the American Chemical Society.
Catalysis. 6(9): 5887-5903. 118(38): 9096-9101.

Soma, C. E., Dubernet, C., Barratt, G., Benita, S., Zhao, Z., Ma, X., Li, Z., and Lin, Y., 2011.
and Couvreur, P., 2000. Investigation of the role Synthesis, characterization and gas transport
of macrophages on the cytotoxicity of properties of MOF-5 membranes. Journal of
doxorubicin and doxorubicin-loaded Membrane Science. 382(1-2): 82-90.

nanoparticles on M5076 cells in vitro. Journal of
Controlled Release. 68(2): 283-289.

71



