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[2]. &SRBV 815 20 W R R R AR AL, (H
3P 3 S P L PR A T B AL AT FLN ST BB U A 2 [
HF SB35 I R B AR BB R . BRALIR R KNk
SE T HSEBRN . BRRFLE KT 0.1 pm (EE RS T
> 5000 kDa) FIHEH 3 FH T 43 BRI . K R4 B
MAH R AIEERE . B JE N AR PR FLARE 2~100 nm 2 [7] (B
BB T8 95~5000 kDa), WHEEE. F 8 A A B
W 2 ARG 5y B R . LA 1~2 nm (1) JE @ H 4% 8
RANPERE, EEFT G Rk BERIR TS kDal)
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¥e xiBE (RO KA /N T 1 nm, B
Jit R AN 2B ML/ (< 100 Da) [3]. T E AL (L
#£<0.7 nm) W EZMFE0E . BEIRNEIRE
#[4,5].

MANEH G IX — 52, RUBAPRH & WL 2 5 7%
WRZRAEPER, HhRZEsaE. Wik, &
T A OT R R R & PR A T SR R R TT R
R, FURPTRNE T & OBERBE I BIF 7T CAH 48 37 30
Bo fERREEM B ERTOR— Rk H R UK
JEEE R RS B ALIE R (B BRI F 2 RR
SRy R, AR B AR HEIKIRAL IR/ 43
o ASCHE 1T et A R T TR T2

R1 ICVD Il BRI R )

3 T B BB

2. 5| 2N F SRR A T RAVRE R IEMN
hilE

51 R AV GCVD) A% 9 KT
MT 2R/ @l R BR AT R CGRIAME2)
[6-26]. A H SCHEER CA] LB ICVD ) % I F A M
T EY R A E AR R AL R 88 (bioMEMS),
il B ke B ) 46 (8] AR, iC VD B HISRAZ M i
FOSZHERRDRE, DT RE % Stk ST A1 AR B 1) 2 T AL AS A B 1
Jie HTiCVDRTMITE, B LLAAEAE R 3 IK

Sacrificial layer/base

iCVD layer composition and structure Key properties Envisioned utility Ref.
membrane

Free-standing nanoporous and microporous iCVD membranes

Poly(N-isopropylacrylamide), ~450 nm Tonic liquid® Smart/responsive Temperature-responsive hydrophilicity for ~ [6]

thick, nanoporous

Poly(ethylene glycol diacrylate®), ~95 pm Silicone oil’
thick, microporous

Poly(n-butyl acrylate), ~1 to 5 um thick, Spun-cast poly(acrylic acid)’

nanoporous

Poly(hydroxyethylmethacrylate-co-ethylene ~ Spun-cast poly(acrylic acid)’
glycol dimethacrylate”), ~1 um thick,
nanoporous

Ultrathin and porous

Ultrathin and porous

Smart/responsive

permselective layer

biomedical applications

Tissue engineering, electrolyte membranes  [7]

Biocompatible membrane for gas exchange, [8]
integrated into a microfluidic lung-assist

device

Swellable iCVD hydrogel layers with mesh  [9]
sizes ~0.57—-0.65 nm for size and polarity

base separation of small molecules including

dyes

Thin-film composite membranes with pinhole-free iCVD-selective blanket layers

Poly(4-vinylpyridine-co-divinylbenzene®), =~ Commercial RO membrane®
surface functionalized with
1,3-propanesultone, ~30 nm thick, grafted

Poly(maleic anhydride-co- Anodized aluminum oxide*
dimethylacrylamide-co-diethylene glycol
divinyl ether”), ~ 150 nm thick,
grafted

Conformal iCVD surface modification of cylindrical pores

Poly(1H,1H,2H,2 H-perfluorodecyl
acrylate)/poly(divinyl benzene®) bilayers

Track-etched polycarbonate
membranes’, ~50 nm pore size

Poly(methacrylic acid-co-ethylene glycol Anodized aluminum oxide°,
dimethyacrlate®), ~6 nm thick at pH 3,

swelling to ~17 nm at pH 9

~118 nm pore size

Poly(N,N-dimethylaminoethyl methacrylate- Track-etched polycarbonate
co-ethylene glycol diacrylate®), ~35 to membranes’, ~50 nm pore size

90 nm thick

Fouling resistant

Smart/responsive

Hydrophobic

Smart/responsive

Smart/responsive

Zwitterionic anti-biofouling protection [10]
for water desalination, resistant to attack

by chlorine, and maintains high water

permeation

Asymmetric membrane for size-selective [11]
separation of small molecules and proteins

with a pH-responsive iCVD hydrogel-

selective layer (pore size 3.2 nm at pH 7)

Fabrication of hydrophobic, cylindrical [12]
nanopores with diameters as low as 5 nm

for hydrophobicity-based separation of

molecules of similar size

Smart membrane with pH-controllable [13]
diameter of cylindrical pores for switchable
permeation control

Smart membrane with thermo-responsive [14]
nanovalves for switchable on-off control of
protein permeation using 15-fold swelling

ratio of the iCVD hydrogel
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Sacrificial layer/base

iCVD layer composition and structure Key properties Envisioned utility Ref.
membrane
Other conformal iCVD surface modification
Poly(1H,1H,2H,2H-perfluorodecyl acrylate), Poly(caprolactone) electrospun Hydrophobic Membranes that are super-hydrophobic, [15]
~70 nm thick fiber mats‘, beaded and bead- with stable static contact angles with water
free fibers, with diameters of up to 175° and having high oleophobicity
ranging from 600 to 2200 nm (grade 8 oil repellency)
Poly(divinyl benzene), ~10 nm thick Commercial nylon phase Hydrophobic Hydrophobic membranes that are free [16]
inversion membranes®, of fluorine for use in the membrane
~200 nm pore size desalination of water
Poly(N-vinyl pyrrolidone-co-ethylene glycol Poly(vinylidene fluoride) Fouling resistant Durable membranes with tunable [17]
diacrylate®), grafted microporous membrane®, ~3 to hydrophilicity and anti-biofouling properties
S um pore size
Poly(hydroxyethyl methacrylate-co- Poly(vinylidene fluoride) Cyano functionalization ~Durable, high-flux, oil-water separation [18]
isocyanatoethyl methacrylate), ~70 nm microporous membrane® for adhesion of hydrogel membranes
thick, grafted coating to the substrate
Poly[(2-dimethylamino)ethyl methacrylate- ~ Stainless-steel mesh®, 38 um Crosslinked ionic, Crosslinked ionic polymers via a Menshutkin [19]
co-4-vinyl benzyl chloride] openings permselective layers nucleophilic substitution reaction; durable,
high-flux, oil-water separation membranes
Poly(1H,1H,2H,2 H-perfluorodecyl Commercial microporous Proton conductivity Proton-exchange membrane for a [20]
methacrylate-co-methylacrylic acid), polyethylene membrane®, miniaturized fuel cell
~1 pum thick ~0.5 pm pore diameter
Poly(2-methylaminomethyl styrene) Stainless-steel mesh filter”, Amino functionalization Direct nucleic acid extraction for gene [21]
~38 pm openings for selective binding expression analysis
Poly(1H,1H,2H,2 H-perfluorodecyl Stainless-steel mesh filter®, Hydrophobic Separation of microalgal lipids from [22]
methacrylate) ~38 pm openings biomass for biofuel production
Poly(1H,1H,2H,2 H-perfluorodecyl Commercial macroporous One side hydrophobic,  Hydrogel-functionalized Janus membrane [23]
methacrylate) polyester membrane® the other side fouling for skin regeneration and wound healing

resistant

*Signifies a crosslinking monomeric unit for added durability.
" Sacrificial layer.

“Base membrane.

RN, ARSI FEMIES . Ak, iICVD AT DLk IR
TEIX R MK T8N, B M 2 FLa5 ) b, ]
DA AR B3 511 M FLIIR T2 .

FEICVD [27]H, SAH B 5 AR F 3 2 5] k)
EEYHETSIHE (40.1 TorrE 21 Torr, 1 Torr =
133.3224 Pa) N5l NJRPMAR. Bt drn i 22 () B 7
250~300 °C 2 [H], IX— i By Bl e s A 2800 il 51 R e
AN AR, BEJE, RSP RFF25 ChEA R
FEM RN R AT AR A AR A K S Re 8 20k
Go o] JfE 55 44 G0 2R 22 A LIS () 45245

iICVD =& B AR EEG R T-6 B2 Fh 2 FE 35 B4
MILEY) (R, EFHEFFEMICVDE S LIt
V9 AR O R R TR 5 o A AR P R
SrESOCEE. iICVDEAYIRIANLE B B RE Q485 475 1
P, W (-OH). %I (-COOH) FIfi kit

(-NH,), XHAEERRIEN, WPTEE T

TE RS FH A, S 58 R S A AN B A B R
CIFFER AT B BpAK . AH FHICVD /7%, 7E B4R 38 & A v
JBETE R R v R AR AR R RN, AN TR BEAT AT AR S B K
RS (UV) [E D IRSITEAZ I . ZZ I IC VD i
A e ik B AR A R R R B . FHIC VD AR UTRR Y,
AT DA — SRS TR WA R AR S 530 filhn,
BRI AR 28R 5 AT T KB R () AR 28 SR A, AT A
HATICVDIERAL SR, JE A AT LAHEHL A 1 0335 Y 1 W o
PR TH [28] R FH T AR} BB I 5T 1~ A eI [20]

I HICVD 25 & Rl SR S5 G mT LA — &
B (KD, CERIENICVDIREENERZEHE
1Ca) JEAR TR IZ [ 1) 1] DU F s A 1 S K
M S BB 75 1 R

PUEYSYICVDEEUZ K2 (b) 1] BAA[E kL
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FI 75 FI RO K IRACIE b, I sk b B B 1S3 Vit 452 AL
RH[25]. iICVDILERY I B AA H O rpris ke, +
EAHAWARRFE: B5%, iICVDILRY AP IS Tk E
FEA SR K MR T/ KA JZ S T8/ B 5 R0 48 B 119 W

Selective layer deposition

Pinhole-free
selective layer

Membrane
substrate

Pore modification

/‘\{l /

Modification
v SR ENEERR
Mo REBEERBERS

(b)

B 1. Tov A AR DU R R S R R 2R A RS 2 7L
HfR EREAZ () MEA ELIER R RIERZE (),

Filaments: 150-350 °C

I" + M —— Polymer

ubstratg
Cooled stage (30 °C)

(b)

F[10,17]: HIk, iICVDIEMILEY BA 559 HHFE R
P B R T, 5 B TS Y AR TH 2 [ 38 25 AR
HIAHEAE 28] fE MM (JEEE< 30 nm), BFii5)=
SR BB E RN, KBiCVDER)E 5B E LA
(AAO) HEREE G TEHUHI S &8, H, iCVDIK
B AR AL T B IE B (9]

FiICVDRZ R HTE B L, AR IEANERZ,
A DA SUR B IR FLEE M R AL 2 T, JF BT RLR
Gi g N FLAR [ (b) 1. SE7E BB R I 3 JE 420 1 %) ik
BIFE T Aok AL, 5 FHARE K PEICVD IR J2 7 75
PR, AT SRR FL BB R T A A 0, R P B
ZM50 nm&E/NE/NT5 nm. FEUINHFLE R T, &
T T KR ZE S, 7T RL2r B O/ AL 43 [12]
FHARLPEIC VD R JZ IR TE Bk 7 A AO AT JE il e I J5 Al
5 R BB R BE R [ 14]. 7EIRKGIRS T, iCVDJE
HJEEEZ) 2830 nm [E2 (o) THALZFF R . SRR
2AFICVD BRI, A 8ot AfLE2 (], &ae
JEE -, Lk il il B A pH IR B FJICVD 2 [13]. B 2(e) 3R B,
L ICVD J vk aT Lol 25 i FL A5 M AT IR AZ 16 [ 18],
FHF K8 .

BN 22 W SCHEAR I RS AT R it i 1t . SR K PR 1

Hydrogel valve

300 nm

B2 (a) BB AR K ICVD R A B R B [24]: (b) 7 ARSI L B0 1095 51 C VD B 2 (A T 5 o T 5 s
(TEM) FEZ[25); (o) BUREZILEE Y B RIZICVDIRIZ[14]: (d) FIRICVD KRR 2B R4 K R P Xom S B [14]: (o) fRIBICVD R m{E
Wiz fl () RIZJm () MR AR I 5 2 2 ALEH 1 7).



B TiICVDIRJZE ORIt A S WOR S P4, o vr /K P i
I PR EE R BT 1, BHES I e I [29] 0 A 3 ) SR
WEABKEICVDIRERIMFLATEEER MR (fE A
PIREL MK IEFLA B IS [22]. iICVDIRZ
22 A, LR RO A T A% R 2 B (211

of 3 ik AR AT K IR AL AR, W e ik
sk AL, AT ER KR AE TR — M [ K3 (a) [16]].
S B S5 A 45 1 SR S 1R FLAR o A LU T B 1 15 A B
Je IR SR T B A FLAR 0 A, (HEASEAKYE. A
MM, AT LLE R iC VD B K T o M e i 2 A
B K PE[16]. oA 24 Y 1y S S 4 i ik iC VD 3R T e v 1
FH IR HIT 5 LA S AE B 28 188 7 T8 1) 785 76 B B, L 8 e ik 1
[30,31]. FEHEER—MME G AKZE, 725 —MEH
BRIFEKZ, AH% HIanus[23,32], 7 Tk 4>
B, faEmEs L R AN, B3 (b B THTE
1 5 5E 1132 5y 1R 0 82 VE Tanus B [33]. ZEMS I mml, P/
P LI035, pHIE N MEICVD IR = LAER IR TE
(7 AT IR, TERBFLIERIFL. MpHIEL )R,
XL 2R ] —AEFT TR SC I, DA a5 )i

VRIS A A S R BR[0T R TR AR T AR B
RIS, wTHBE LR, ERMEICVDMEZ
FLA T B TR I SR BE[34]. O4H 5 LK BE 197 J7 B IE
b, SHLER R b i 61 7 FR B T iR
TR LA ) LB

XEF0 > 1R, 5 5ARZ ST BRI LA 2
AHEE, iICVDERGH BB M. Kk, iICVDERZAEMN
FRMIER. BAZEREGE LG4 RRHEE &
JERNERZE . A4h, NEBNE AR EBIER,

Z ¢ ScH
\\l bDVB
=cH, P

Conformal

e

pH9

oo‘

pH9 pH3 pH 3

5

B2 A2 B . JE AR BE T 1 nm (1) R R
K, FTLAECEEH LI EICVDE. Mt T,
FTH K 77 RS AT 15 R AH RS 7 1 AR M 3R A5 T Bk B 1
HIRE

XF0 < VTHEGL, FEARRREAE RN 2 i T I A
FLBIK BET7 a1 985, DN A8 i A PN B R T 40 38 50 78 =
[ F: L A O PR FE DR AT SE B0 AL B AR H 3 S0 4 - 7EAR
AT, iICVD E Sl 1K AR ELik 4000 1 [ 43 FL A
RIEIRZ. 1 AL LRI AR b mT DUER IR Hh ik 47
iICVDE 5. M, JEE AR 7 15 S AR T 7 5 1
e 7118 5 2 2R K W52, 1246 > 18y, 7EFL I
AETE R ITICVD [0 EEFL A0S, AT T O EIUIR 9 FL

HTiCVDZIERR R B F iy b AR, FbrE
FHGTTRIIC VDR Z B AT 3T 5 S i S k. Hir
SR AR R EE e B 5iC VD 1 H R A AT
P2 o B RE BRI TH UM 2 RITE T e, 4502
R B8 1 o IS 5 5 IS PR it AV o (R 3% T 50 R A T
RN J2 7 1 2 38O

3. 3l A AFBEF AR ILFTRIR
B8 - BHNWNERE

& O

MR SR 5 A R L 225 R VR IR FLAR A3 AT A L AE S
PR B 3 B AL R T7 TR S T, BAREAH K&
NI I 4 JE A HLHEZL A4 R (MOF) FLAN G HLAHE 52 44
Bl (COF) #i#fiE, (HH& KB JouRRE I KT A
AT SR AR Bk 5k . Boscher£%[35,36] 1 Wang 2% [37]3@ i
ToVE A )5 B TR 3 e 5| R Sk SAHUTRR. GPECVD)

o | Il | e o o
®s 0 ° e
~ 2® °o e e’ e00ee,
...0 ® o o \ ® o o° oo
\ \l 'o e
\ \
° o
pH9 pH3 pH9 pH9

Partially conformal and responsive

E3. SKAHICVD#I & HIHT AR 73 B A . (a) TEIMBUK IR 2 ik
HEATUREL, TERBILIERISL, B R RERE P O A pHE H A2 A0 7 A2 4 A € [ 38 4 [33]

(b)

/K /K 258 FL[16]; (b) pHIF RN APEICVD )2 LIS /3 58 1 7 2K
pDVB: K MK,
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T2IR T —Z5@EH# (20~100 nm) [FINMIKIE 48 -4
HLIEN R 2% (MOCN), XFHPECVD T2 CL#ilE 52 /&
AT K IR TR N 5 v, AT DATE K ) R R R T
(175 cm®) —BE R H HEER A RN LE . thoh, 7E
iIPECVD T. &R I FG A (RF) 25 & 1R tHiE A
BONMEIS LM RE, WTMOCN i AT 2 FL R &
T

MM PPECVDIE [ B4 ()], RD)Z A
A MArSE 8 IR RT S (TBPO) i
O-O%WT - /= 4= [ Fi k. & R bk B 44 W in #4343
(275°C) WA, TERCT S A HEM 5] RAEH TE
FEIRRM AR AR S b, BN = 232K (DVB)
WAl NE A, JE S &bk, i
MOCN 45 ¥4 (B R A R A7 A1 B R 18 1

HHE 4T s, 7EIPECVDI 2, Zn(1D) PU 2K nk
Wk (ZnTPP) #Ab NZn(11) PYZEIE A0ty (ZnTPC),

Temperature-controlled

RF plasma generator substrate holder (20 °C)

& matching unit

FWE 3RS R exo- ML WAL [4 (b) 1. Ik
Ah, et gk R BHIPECVD i % FIMOCN H Bk &5 49 ()
- SRR E. K4 (o) A (D) Frx, @ik
FE3Z B FRE (DFT) AL I [ZnTPCs 1 B Ak 4 1 45 4
SR T ALEFTUATAR . AW R Zn—Zn {°F- R
EZ1°80.56 nm, 1] %5 R BRI BT AL B AR B OR
Zn—Zn [ F IR B 254 0.87 nm [37]. 170 FHAS O A 751
iPECVD MOCN i S frfLARK 0.4 nm, &b 5 F 0
Sy HRARE .

KEFAFMOCN B E R (1- = FSEREIE-1- P9 H0
(PTMSP) H:Ji EUTHHIR[ K4 (e) 1[35]. MOCN Ay
B 53 ¥ Ui 43 TE A 3h 71 28 BAR R K WS4k (RICH, I
Ny BERIFRIE, CRUE T B/NSR 71 m a4
(D ]o B SEBFMREKH, TSR 2 R
fil, ARIREFIPTMSP A #AZEHE 43 11 ZnTPP L1 73 25
EPEEEFEAAES LA R o FAZRHE I Zn T PP S 11 35 358 A1

AL . QO

—_—

Ar plasma 8

Optional crosslinker

= N )
HV
electrode
»
Ar flow (10 sccm) Metalloporphyrin
& TBPO crucible (275 °C)

(@)

Pressure gauges &
pumps (4 mTorr)

100}

Permeance (GPU)
3

102

H

COo.

(@)

2 2

104 —=

M

Uncoated PTMSP

[ 8= ZnTPP _»
\\\i ». o
F . MOCN-T
= —
1 OCN-2

'\\_"\\._!
™

600 5

Gas selectivity
S U
o o
o o

N W
o o
o o
T

~———z

o
o

028 030 032

Kinetic diameters of gases (nm)

®

2,
P

034 036 038

MOCN-1  MOCN-2

(9)

E4. (a) HTIHEFE BMOCNJEIPECVD 2 M 2% R & K [36]. (b) iPECVD [t R 5B &l £ 28 [Zn(1D) PU L — S by (ZnTPC) ] MOCN ] )2
MIRFEL. (o). (d) ZJFZ AL (DFT) AL [ZnTPCl LR (HA N KEFR, WERRNE, SEFRRE) [3537]. 78 (o) 1,
HWIRIAATDFT IR, 1 (d) /R T [ZnTPCls TR 588458 CREW E5Ehiir)E T E R0 . (o) A IPECVD MOCNILREME: F7

PN

iPECVD-MOCN [ PTMSP JIE [ S AR 45 B PERE

Bl GPU: SAABIEH G,

PERE (1- = SRR -1-TAF) (PTMSP) JERIIR . (D). (g) RIBFEPTMSP IR A 78 K FI Zn(1D) PUAFEIRR (ZnTPP) AN
MOCN-1 [l )5 547 nm, MOCN-2 {5467 nm [35]. HV: i scom: brifEsr g JH A4



FERH T ZnTPPJZHAAAEGRIA[35]. X Fh4 @ nh e
IR TR 25 5 4 i, TRl AR B v 22 S T 1) o T A
ST RERME. 2T, HIPECVDET % K TGk
M8 (ZnTPC) JETH,/CH, FIH,/N, S AR %] (1143 B 1%
FEEFTIA130 LA b, [FIBH,BE R R FFE200 GPU LA
Fo IXFHBE X CO,/CH, ACO,/N, A 1R 4 1) 4 B BUR
XSRS B AR RAEH, RIS, BRGEHT CH, 11541 LA AN
TS A SR AR AR S D T AR B Tk .
Boscher %5 [36] 18 ik 76 4 J& nh bk 1) [t 2E R A i 2
HEINZ LIE ISR, B & TiPECVDHil %
MOCNIT. 2. B (DVB-co-ZnTPC) JE*fCO,/CH, 1
Ay B EMEE L 150, Wang 25 [37]8F 58 T MhIKMOCN [
oL JE B AR AR B RE R IME A . B iPECVD

EARTE (VUZREE A0 ) . F[Mn(I) PYZEFE 4
My S AL ] AN [Co(1D) DY 2 2 — A nhwy 1, Jf 55

(ZnTPC) JEiH4Th#:, DFTIFE R, T.O4EE T
M2 T MOCN [ HEFR 45 4. [RlE, DY FFMOCN fil
BB S SR oy B 1 R

4. BEI RRR AT R ARRAURETZE

IR, # ) Z W 78 10 5 Ik 0 % (ﬁﬂMatrlmldO)
W TR B [38]. Ty AG i R 9 SR 5K
(LLNL) FF & o 5 A TR IR AL B A (SLIP) T
RS AE LR b Y SR 0 i A [39,40].  7ESLIPIE
R, [ ZR DY R EF (PMDA)D F15,5'-[2,2,2-
=H-1- (ZHEF ) W] -1,3-F K FF e R

Deposition chamber

Dianhydride Diamine

Deposited layer

Substrate
(a)

BE5. (a) FT R SLIP T2 )R A28 77 %8 (b) H

7

(6FDA) [ & [ W% — 2Kk (ODA) 143 mliRAbIE [
AN B BAIES ()], LR ABINE R, KR
JHe B P CRRAE BRI R TH . B, 38 S 67 T TV e A e
I H R W e I e A D P T 25 L SRR iz [ IE15 (b)) e
PMDA-ODA fll6FDA-ODA [{J4: K- % 43 5411 nm s~
2.5 nm s ' [40]. WIS AT LUBCOKSLIP T2 A, XA~
PURRIE 5 Ay B S sl o)1

{55 F A 40 1 SR A 0 B M 52 B b R i) 7 SLIP H A
T AAEE R AL )OS IR E . Spadaccini ZF 4055 BV %
A S5 LR iR E 300 °C FEAIREI 180 °C, DAMER X Fh L2
NMHAAELRSERESY (&5 %W K E. B
SAPMDA-ODA T4 LI | 56 AWt ek, {H 2 6FDA-
ODA e i (b FE A B, 83X B SLIP &) A 1 H
TS 5. @EIESLIPH] 4 [IPMDA-ODA i %F CO,/
N, (4 Bkt N 24.5, R AMCO, (K55 RIAF]79
GPU (IR 2% SCHR[3917H 5D N T R EFHELF
I3 25 1 BE BT B SRR L S, SLIP L 208 A ik —
ARA .

5. MOF RNRF /| B FRRAR

JRFE VIR (ALD) & —F) 3z B 2 5 A4 il
EW AP T 20 T B3R A Ak 252 W B 1) 1 R o 42k
ALD A DATEME K B B il E, I B mis
LIk s A R R TEE[41]. BE4h, ALD T
2T AT &R A, B mAay Ll & vr
2 AL S 4% [42]. ALD FXESA 25 51/ 7 A

(e} O

03;@:(( + HNQOQNH

OH
LMQQJF
Approx 50/50

mixture of
isomers along
the backbone

NQoOE
r 5 OH
AI—HZO

+3;©;“@~@+

(b)
ST (PMDA-ODA) [ 8 7% £ [40]

! Polyamic acid

Polyimide (PMDA-ODA)
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X R B FL A #4) LA 143 BS 1T 2 W 0 SR [43-47 .
K6 (a) ik 7 — MBI FALDIEHR AR, Hp s
KA 5 R 1 S I TR R 90 BR O AR (48], LA
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H5RM-OHK R, A pl—AUU-CH ke R . £
ALDPER I EE AP e Bk, K280l Be A i 5
PA—CH, Jy oA uify P 32 THT A 26 S B2, DTG 488 5 THI P 20 738 ol
—OHZEH]. PN OB (RIS P AR IR 20 SR mT i £
584 22 R SN R BT SR AA AN B P2 CH, . 3 I R AT i ik

&* &\‘/' * ” CH, surface:
Purge
TRepeat TMA ‘ HO o
%

OH surface: %\/'
Mibedh o Pﬂ[!ﬁﬁﬁq
h
(a)

(c) (d)

Pt

y-alumina

. ,
E | St S
RS0 S

Ll N AN

®

% CH,

PEIAREFE, PR ALO KRR UTARE R .

7 TRV (MLD) FIALDEL, [FAIFEZ2HE T 5
HOEHAH) B AR N[E6 (b) [49]]. X Ff JC % 71
HAPR AT T Hl & ARG, WS Be . JEm
WERE R AG - FE IR AR R K. BLst,
FIHAENE BT ORAM 2 /. . BN E R
HIBCiA, MLDIERTAYIAR “ g J@mdE” AHL- TRt
FH49]. SALDZRAL, MLD 7 5 B E5 4 1) FLA= AT Y
FR T BE DT T BAT IR KR H[51,52].

PRt va
T .

R
o s F R

Intensity (a.u.)

Calculated

(e)

This work: % Single gas, 4 atm * Mixed gas, 7 atm
1000 :
* Best performance, 7 atm mixed gas

L i
100\____ G e

ﬁoij},}',e
’ ' Memprar-- -
10F TOrRNG, 0.7 i

C,H//C,H, selectivity/separation factor

1 1 1 1
10+ 10° 1072

C_H; flux (mol-(m?s)™)

(9)

El6. #7 ALD T FE[48] (a) AIMLD T FE[49] (b) (I R E K. (¢) illiZ ALD-CVD L 2T E TiO, A% )i _F (1 ZIF-8 ¥ Jist (1) $ 3 Hi T B A% (SEMD
ARG TEM & [61]. T AN 1] AR b i Ee gl N 260 3R 2 woms J6 B R BIDR 648320 nme () S8 MM ALD A R HI Ui0-66 # JE ) SEM
El1563]. BN 44832 nm. (o) iBiT ALD/MLD T. ZUTFKILi,[p-CoH,O,] T 1) S2 36 A i+ B X SR AT5 (XRD) Bl B SR 1 Lis[p-
CoH,0,][68] I B AR LS . (D) TEa-E ALK _LIE TS A ZIF ) y- E AR IR A T IR T RS 2 /B 5 T 2 3EE (ADF-STEM) J{Z A1 RE &8 (X
SHEERE (EDX) XFAL () FlzZn (LD MTHIFSHT[70]. KB ZKARE2 um; ANEEIR 26483K400 nm. (g) {#H ZIF 3 78 A LR R

i CH/C,H 73 B P RE[70]. 1K< E=101 325 Pa.
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FL GRS LG A4 20 25 1 B I MOF #4 kL LA 5 e 1 FL &5
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FIMOF I B A 5 ks B ik ae, L@l xs T1%
GURE AL K2 X IfIRobeson R [52]. X F4& Gt (1) 7 751 #4
G RGE, R EE A E N EEMOFEE 2 —1ME X
IRk, T ASAEDTRE AN AT LA 2% HEMOF i, 1
HiE A HANER, Tof Hd T UG s 72

T MOF # I\ ALD/MLD T. & 1K & 3 EAa 45
ANTJTIH . — 7 TH 2 T 4 i A AL AT IR AR B MOF 4
g i fa] B 4. SERTHOWT FE I, ALD< & A L]
PIAE g FH1H 2 AT MOF H R [53-55], BRI TE X
)@ EE (HDS) Hra&iL4b 7 MOF [56-58], 5L
RS ENUEAER A EMOF fE[59-61]. #ltn, ALD
ZnO W] LAIYEALD-CVD i 2 i 5 2- 1 K e 75 5 2 B
TE G A WK SE ZIF-8 I [ 6 (e) 1[61]. 35— 71
R HZKHAALD/MLD L2 4 MOF 454, 24 A1k,
AJ LU ik ALD/MLD B £ 51 T MOF {8 i £, 35 MOF - 5
[62]. UiO-66[E6 (d)][63]. UiO-66-NH, [64]. Cu-
BDC [65]. Ca-BDC [66]. Fe-BDC [67]HILi,[p-CH,0,]
[El6 (e)][68]. HuT, ELEFATHIIE Ed— LR
= ALD/MLD b 22 [ 37 DL g 3 2 B T il 2 MOF {8 i 1)
TZ.
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(7018 38 T — A {8 FHALD ZnO M1 B8 J5 1 iC 44 78
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B) 1508 4 1A RT YU N [69]. FEa- Ak fn IS
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3.81X10° mol'-m*-s"-Pa' ({114 GPU) [70]. XFilk
S HRAR S B PR E H T AT IRE ) ZIF-8 M1 ZIF-67 1)
A2 —, IF H#id 7 CH/C H ) Robeson | [
[E6 (g)][70], XIEH T ALD T.EALEH % it iEMOF
53 B 7 THI () B R R FH A 5%

6. FiL5RE

TEHE T AR TURRIE ARG A A 1B 1 9 K AL LU A
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9
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BT e Bils RISE AR T i thoh, %
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Materials grown in solvent-less

Process Process temperature Conformality Reactor scalability ~Membrane applications reported
vapor-phase process
iCVD Polymers of fluorocarbon, Substrate temperature:  Excellent Industry-scale Oil/water separation, membrane
organosilicon, acrylate, methacrylate, —10-100 °C reactors already distillation, water filtration,
styrene, and other vinyl monomers available antifouling RO membranes, ion-
exchange membranes, separation
of biomolecules, artificial lung, and
other biomedical and bioMEMS
applications
iPECVD Polymers of common iCVD Substrate temperature: ~ Good Scalable Gas separation
monomers, metalloporphyrin 20-100 °C
polymers, and MOCNs
SLIP Polyimides 180-300 °C Not demonstrated ~ Not demonstrated ~ Gas separation
ALD Inorganic materials including pure Vary with materials. Excellent Industry-scale Gas separation, water filtration,
elements, oxides, nitrides, sulfides, Typical temperature: reactors already biosensing, catalysis, microfluidics,
perovskites, and MOFs <350 °C available and osmotic energy
MLD Inorganic—organic hybrid materials Vary with materials. Excellent Scalable Water filtration, separation of

(“metalcones”), polymers
including polyamides, polyimides,
polyurethanes, polyureas,
polyazomethines, poly(3,4-
ethylenedioxythiophene) (PEDOT)

Typical temperature:

room temperature to
200 °C

biomolecules

Process
drum

AI(CH

).
'3)3
Exhaust N, Exhaust H,O,

E7. Ca). (b) HTRMEREIR)Z 107 AR X ALD SR ds 1 1) 25 W ALD [76,77]1; (¢) F T R AR PR AR I 1 9296 5 FIURR 4% [H] MILD S . 45 [ 78]+

(d) REEXI T

2 AN HEA T 2R TS ) KB R X AR IC VD I W 3 [27]. TMC: ¥ = IS mPD: [A12K %,



SENEE ST IISE AN 7, DR M2 S0 (1) BT 98 92 A 6o Ik 2 4
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(IRIE T 7 1), DAE 78 43 R B X e e b [ )i T2, K et
SRR & B ik P A e i, R AL R
JNEEEAR AN 3 B8 Pt 7 A G B e AE (73], il BIR T2
FERLAL N AT UTAR & Fh & FERIRORL, X 8T R i) B A
JE S N B BRI TR LS . B B AL AN, R B
FE G 4E T A RS54 Can N Tl [81F1 AR 4 1% 1K
74D MBEEA A CURE R [20] A1 =<
MWI75D. XERFTM T IR L SFE
FERTEE % 7] Fp B8 A3 T 2R e, A B Th e iAs
B R S5 S50

AL ] 25 o2 T A= 008, SEise, e
T RHEFSATR T2 (WiCVD, ALDFIMLD) 1)
KAV R R a8 AR R TR AR (-7,
i, KE7 Ca) F (b)) [76,771 R T —Fh Tl FURE 4R
XHRINALD e Bids, B BA 23 8] 75 A0 B HT IR N A1 HE
PESAANGEH O YIEMITE IR GRS, nI7ERE
MR THNE L PURR . FRABL 2% 8] & vt 3 4 H T-MLD
ORISR [T (e) 1[78]. FEXARICVD e Rias [ 147
(d) ] [27] EHEHOR BE 0.5 m 58 (1) 95 235 A Ath %
Fb, EREAE IR NI TR R SRR X
L B 3 I N A BT AR, 00 AR Can
TR TN GIH R R G LRI 2
Al )7 o FEXT AR B AR BT, RRAE AL KT AR I
B T RE R B A RE, IR SERNARAL S 2 1) B2 FH s
B YRR A FEFE, R 2% Tolk = AR 5k
JR P RS

L)

R A U K H AR R JE 4 (219081947
21938011) [FHERY, FREUFITL RS “H AR JH3)
LR TAR G [ K i S AR R U (SKL-
ChE-19T04) KIS #F,
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