) 3B Z 3R Acta Phys. Sin. Vol. 73, No.9 (2024) 094702

MK IRFIKFRR R EEE

FHEE A

i AL %

(IVTITE R 2, BER S YRS, 48 321004)

(2024 4E 1 A 17 BUE]; 2024 4F 2 A 24 AU EEHHR)

Xt T ORI 0, AR HEI G 1 A% 1AL 5y e AR R FE B G S vl H R AU IR St A7 g . X T oL
AABYRENATR], BIAETEK RUBE AR 1K AE v ATy 98 T LD 75 . A SOR 2353 3 2 BAUIEE 1 e HE T ik
ARG 5 A0 B0 Y TR BB T R AR T, e K s e — 5 2R PF T 2 i R R 3R 2 . 5 TI0RE ) R AAR AR [
(23R Bl 5 5 TIE WS KR, R, B A SR AR 4 KK % 0 T T8 7% 11 A e A 38 96 . 3l aed 7 A 38 9 DX 14 8 T2
OMA A BEAR A KT IS RHIE, 87 TSR 3 SR R AR P iR Sl 5 v AR 805 | A K A 2 R R A R B

FEE: KRR, KIIEE, IRsh, SEEML%
PACS: 47.61.-k, 61.46.Np, 61.20.Ja, 83.10.Tv

1 5 =

Te BT R —Fh /NI | Rk EE RN T 45 A S
AR, AR b B E B R BRI
SN U EA ]I ) N T ST A2 B ek
Y 0L AR, KRR RGN K AR BV
JEEASWRRR It 28 a4 1Y RO HE ) 9K 5 2. 2001 4F,
Hummer % 6 RS NBE EHE T /K0 TREAS IR
HOE BN LF BN — 7K 7311 (6, 6) IR .
Ghosh % M 7E 2003 4F N SE FUEB T 7K AT LAZEGN
KRE T A sl MBLTFa 1 XHRgh Kk
2 BRK A 5T Ko FL R Y. RAIIFIE R, 2[R
TEGKAFLIE B0 AR S B0 1 2 R 6] T 22 RS
TR 12 Holt 4619 &3, il HAR N 1—2 nm
PR B 20 KA HR ) I e B T 2 AR ) A A
FIE R 3 DNEEH DL, JE— DT kI s
HE/NT @G, 8 NK IR 23 2k 19
FIFH K AEBR AR L JCEE S i sh i ek, 4%

* AR A AREREIE S (S 11875237) WX BhAY IS
T EEEH. E-mail: zxylu@zinu.cn
1 BIE1EE. E-mail: zjlhjun@zjnu.cn

© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20240115

Tl T BRI KA 19 0 R 0 K ) T 1 21,
IKPAE AN AT PR B 5 A BB G 2228, AR
7, FEGRRUEETS , ZZ WAL AR g 2 LA A P
S FIPRAR, ROERON AT+ W, e oK A
ae P R TR T O SO R LB AT 5 2 — 2 IR
ABFFE.

HEI A0 18 B BV E oy JO R B E 2L, T
ARSFRAILAR, e B IR ATy e 3 2 e 2
FOPEHT 1 i HL, AR FRAHEE 8 1B 7 AR ) R 5L
L AR DL 3234, 32 A T A AR i i B B Y
Yy s i T AR YA A A A Ay i R
2, GO R BIRTFIRAE . BFIEAEGIR
JE R AN Bt FLIE Hh K B4 Az e SO B 5 5
iz A K AR TR B AR SRR AT A L

TEHERC B AAL 1T, by 0K 5 FLBE 22 [A] Fr)
UL BRI TR Z B AR AR, TE—E S T 2
IS ZEHET], ORI o (AR L V01 sl
55) kAR IE B SN U IR Shad R R R
By — T 15 12 BT K-S KL BUANR], B

http://wulixb.iphy.ac.cn

094702-1


http://doi.org/10.7498/aps.73.20240115
mailto:zxylu@zjnu.cn
mailto:zxylu@zjnu.cn
mailto:zjlhjun@zjnu.cn
mailto:zjlhjun@zjnu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B Z 3R Acta Phys. Sin. Vol. 73, No.9 (2024) 094702

T 52 6 WF 5 2% B K 437 1T LR 38 385 49 oK 2%
T 1938, HF X T H AN 0.81 nm 1 (6, 6) Bk
KA, KA T RE P IE 6. A SCRI 8 )
AL R IRLAE TC I 99 K (0 HE T e 4 K A v 3
TRE KT FIHEING. (AR ENE, YRR
BT SR FH R T 11 AT R AR K A5 S5 8 X ELAR
1.2 nm, KT (6, 6) BRPIKE W EHAE, Hig KT —
KA TH B (29 0.28 nm). 7EIEH BT, K
53 AT LASRSHE b 3R 1 9K LI . RS
SYRTRI, FEAMES AR S IR SN T, AKAER IR
FAL R AT Jo 204 e i e . LR B R e TR
Bl R R IR B KR S T HETE R A oK A8 48 1 IX
RN K G5 S-S A i, AR el 32 FRAE 1% DX 4k
(7K S F TR T SN e 1) U I 4%

2 MW I E
2.1 MAKRFRIEBEE S5 S

BAURGAE 1 s, TR R 224 A
TS Ttk A A A R e ) ) 2R AR S AR B b ] Y A AR
B, BT 2/ (5 nm x 5 nm) 24 8N
A2 AR RS P T 2H 5, 2 07 1) B >R P S 48
PERFARAT. b IR A S [, T TS A
A SBIEAERIRENAR, B T ih Zx— Pl i [ A H:
AR RIS E . A2 31 e - T8 v (B AT 1A%
1.5 nm WAL, S WHIE AR EHE.
M RBT T A ELAR R 3.5 nm AYFL, 540
IHETE BN KA AR . A A 30 T A PR R Ak oK
ERCT AT, Zedmtg D EAR N 3.2 nm, £33 1 E
A 1.2 nm, BN 3.2 nm. 1EGH KT Y A i 18

b 2 AR AT T A 0l 3 4 A A A Y K
W T YR E DR, BT SR IO A4 i sl gL
HARA AR R T e . B MAR K+
R 9935 A, AL T HARTER A1 280 (FRBNEE) vl
M FRICHK 55 (I B /haK) S IR 3R 5, HIR 42
BRI ), JRBNETHE o Tz sh, Hazsshrih
y = yo + Acos(wt + @) , Het yo 72 RSN Bk JET- 1) 9]
WGOE, ARIRIE, w MM, o RWIRANAL M
B fRw/(2n). FI, MR35 IR
HTTE By A S50 E A AR -l T A o
HIAE 2 U Rl AR . 8 T 5 /IR Gt 7 2B 5%
Wi, AR ) 2 A8 7 A B HE RS SO0, AR S s BUR
i A A4 0.18 nmM. B EAFRIC AT MR LA
HEIE KR4S 78 L v 2 B R 0.4 nm 1Y IXKHR, 43510
4 LP (left pore) #1 RP (right pore).

T Rk &R, AT 80 A Grom-
acs4.0. 7% TE TR R EET #EATRU. B4 &7/
A 5.1nm x 5.0nm x 18.2 nm. K V-rescale
AT R GRS A 300 K, IRERIG BB =
0.1 pstl. RGEHIYK 7372k ] TIPAP 8L, A3
o SRR L, A SR T T SRR AL A ik
() A YA T E T AH B A A s A B, AT LA
FHULT #Re s BOR R

b 3 (%) (%2)']

VDW
3 i =)+ S Ske(0— 00)?
2 b 0 2 0 0
bonds angles

+ ) %ké(f —&)*,

dihedrals

LP Vibrating atom RP

P BLRGEIE, o Ze A PSSR 0k A DK e () 2 R 2L 1% T IR A0 DK 3, 35 A Bl T T O (/N BR ) S R 2 A KR, A
ANERAN A /N ER 7 B 2R K 4T B SRR T AU A /N BRI IR S T 22 A HETR B KRB 2 1 3 T 9 (AR I, 2 BiliE

4 LP (left pore) fil RP (right pore)

Fig. 1. Simulation system. A valve-less nanopump consists of carbon nanocones on both sides, a fluid cavity in the center, connec-

ted by carbon planes (gray spheres) to two reservoirs. Red and white spheres represent oxygen and hydrogen atoms in water mo-

lecules, respectively. The orange sphere represents the vibrating atom. The narrow ends of the carbon nanocones are marked in

yellow and labeled as LP (left pore) and RP (right pore), respectively.
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Fig. 2. Average water flux as a function of the vibration fre-

quency.
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Fig. 3. Probability density distributions of water molecules in LP for different vibrational frequency: (a) f = 384 GHz; (b) f =

625 GHz; (c¢) f= 833 GHz; (d) f= 1250 GHz.
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Fig. 4. Average number of water molecules in each water layer in LP and RP. L; and R, represent the right-side (minimum diamet-

er) water molecule layers in the two regions, while L, and R, represent the left-side water molecule layers.
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Fig. 5. (a) Lifetime of hydrogen bonds as a function of the vibration frequency. Two typical snapshots are shown in insets. The cy-
an spheres represent carbon atoms, with red and white spheres representing oxygen and hydrogen atoms in water molecules. One is
for the low frequency (f = 250 GHz) and the other is for the high frequency (f = 1250 GHz). (b) Probability distribution of the azi-
muthal angle of water molecules in the first layer in the LP region on the cross-section for f= 250 GHz and f= 1250 GHz.
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Abnormal blockage of water flow in valveless nanopumps’
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Abstract

In the narrow orifice of a cone-shaped channel, blockage can occur for granular matter. However, water
molecules can enter into and even permeate through carbon nanotubes of diameters down to 0.8 nm at ultrafast
rates. Here we demonstrate by molecular dynamics simulations that clogging can also emerge unexpectedly in
the water flowing through a nanoscale valve-less pump. The designed pump features two truncated carbon
nanocones, with the narrowest region having a diameter of 1.2 nm (larger than that of (6, 6) carbon nanotube),
linked to a fluid cavity volume, and is powered by the vibration of a graphene sheet. In the low frequency
range, water molecules can be driven through the nanocones effectively by the vibration of the graphene sheet.
The maximum flux reaches 83 ns!, which is approximately 20 times the measured value of (3.9 + 0.6) ns ! for
aquaporin-1. However, at higher frequencies, water molecules suffer blockage at the narrow exits. Much unlike
granular matter, high-frequency vibration cannot restore water flow. The key to this phenomenon is that in the
narrow exits of two nanocones acting as diffuser /nozzle, the number density of water molecules rapidly increases
with frequency increasing, the tight hydrogen-bonding network is formed, and the mean lifetime of hydrogen
bonds increases dramatically under high-frequency vibrations. High frequency fluctuations in the middle
chamber make H-bond network between water molecules in the narrow exits more stable. The probability
density distribution of water exhibits a non-equilibrium transition from a disordered state to ordered state. This
work reveals a new mechanism of water flowing/blocking in a nanoscale valve-less pump based on two
asymmetrical nanocones, offers valuable insights into understanding nonequilibrium jamming transition in

nanoscale fluid.
Keywords: valveless nanopump, clogging, vibration, hydrogen bond network
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