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Fig. 1. Schematic diagram of the simulation system. A
10 nm uncovered (6, 6) SWNT is sandwiched between two
graphene sheets. A water chain consisting of 37 water mo-
lecules is inside the SWNT, and reservoirs are located on
both sides of the graphene wall. The brown, red and white
spheres represent C, O and H atoms respectively. The in-
sert shows a partial magnified view of water molecules with
the H-bond (green) inside the SWNT.
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gigj, 0ij = (00 +05)/2. KT EPLIHFIK
7 100 THz 24 A0 H—O $R 36, iha)E
KB 0.1 fs, BB A EBAIEEER 1 fs I07K—IK,
AR 7/ 22, B FR G0 S (MO A S PR
1T 6 ps BT

Eij =

F 1 T TIPP KBRS vy, TR
H—O MM 0,0, 2R M H—O—H 171
M an, qo WERT AR F IR k kol
e R R E eIl ET N e 54

Table 1. Force field parameters of flexible TIP3P
water model. The roy represents the equilibrium
distance of O—H bond; 6, is the equilibrium angle
of angle H-O—H; gy, qo are the charge amount of
hydrogen and oxygen atoms; k, kg are the elastic

coefficients of stretching and bending vibrations.

Parameter Value
o0o/ A 3.1506
€00/ (keal-mol 1) 0.1521
ron/ A 0.9572
qu/eo 0.4170
qo/eo ~0.8340
Oron/(°) 104.52
kg/ (kcal-mol '-rad 2) 55
k/(kcal-mol 1-A 2) 450
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Fig. 2. Schematic diagram of various vibration modes of wa-
ter molecules. The red and grey balls represent O and H
atoms respectively, and the arrows indicate the direction of
vibration or rotation. The (a)-(h) subgraphs represent the
H-bond pend, H-bond stretch, rock, twist, wag, bend, sym-
metric stretch and asymmetric stretch vibration modes of
water molecules, respectively. The black dots in (c), (d) and
(e) represent the center of mass of water molecules, and the
black dotted lines represent the axis of rotation.
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Fig. 3. (a) Total infrared spectra of BW and SW, IBY and
IE):ZI represents the spectral intensity of BW and SW re-
spectively, and the dotted line represents the cental posi-
tion frequency of the peak; (b) magnification of SW spec-
trum in 0-35 THz range.
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Fig. 4. Intensity components of IR of BW (upper) and SW
(lower) in the three directions of z (blue), y (green), and

z (red). The ISW (grey) is the total spectral intensity.
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rh5E K (H,0), HK (Dy0) e e MR 11 IR A K4
A6 SR . 4 O K RN E K 1 R 101 A RRIR A B
IR, Hdar [ e e/ h ekt E o, H D BT
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Fig. 5. IH20’ IDZO and IH20/D20:1

ter, heavy water and mixed water with H,O/D,0 = 1 in-
side the (6, 6) SWNT, respectively. The insert shows the
diagram of the mixed water at a 1 to 1 intervals, where the
red, white and blue balls stand for O, H and D atoms, re-
spectively.

3.3 BIRFERHEEKS FHIRNAE

ROk, FEE— 2R SW AN T BW 7E
5 1A AR ARA R L AHK Y IR 55 14>
F U FE TR A K FREREAR S (WK 2) MFRG,
IKGFFAREAR B R IK o T AE el ie i ia 2 i) ad 7
I — 2 B 1 T AR AR R B, XA R
S EEOR A TKSF IR S BAE . Hik, 7T
TR AR B b Al 55— T 7K o1 IR L IR Sl A
R KT EA B IRNEFETERE (vock), HHE
(twist) FIFEEE (wag), 43 AR 2(b)—(d), R4
WIRTTRE By = J(2nf)?/2, Horp JRK I FHEAH]
WS, By N A K32 B R S el
fig, 5 F 3 S E S (6, 6) SWNT 1 B, ~
16 kcal/mol™17, PR g5 4R 3l . HHAR IR 3 | FE 4%
IREIFRIATR f 4300 14, 17 Fl 24 THz 2245 57,
A TAEBRFITE (6, 6) SWNT HA K /T2 9 M
MNEHE A, B SRR A T A K2
K, FEFE T R, X BGOSR o))
T2 vl e RS e AR, TESREEZEI T
IK Gy F AR IR 2 RN AT IR o)) 1 oA =X 48 R AH X
W, WRh g Kb R IR IR sl & A iR 7]

represent the light wa-
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Kl 3 SW GRS 1A R IEAHXTF BW A B
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3.4  JKHIKHKZE B IHRA
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(a) Terahertz electromagnetic field
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Fig. 6. Schematic diagram of water terahertz effect simula-
tion. The water inside the SWNT are applied with the tera-
hertz electric field. The E, B, k form a right-hand spiral re-
lationship. (b) The average H-bond number ( Nyp) and
kinetic energy ( Ey) of water and inside the SWNT with
time ¢. The blue, green, red and black curves represent the
cases of Ey, Ey, E, and zero-field (Eyg = 0).
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Abstract

Compared with bulk water (BW), the water in nanochannels usually shows unique structural and dynamic
properties, which is still unable to be effectively detected and characterized by existing experimental techniques.
The spectrum is an effective technical means for studying and identifying the material composition and
characteristics. In this study, the infrared absorption spectra of one-dimensional ordered single-file water (SW)
confined in (6, 6) single-walled carbon nanotubes are calculated by molecular dynamics simulation. It is found
that the ordered arrangement of SW results in an obvious blue shift and enhancement of the spectral peak in
the 0-35 THz range relative to the bulk water. The analysis shows that this phenomenon is caused by the
change of coupling weight of libration vibrations (including rock, twist and wag modes) of SW. The twist
vibration mode and wag vibration mode with higher frequency are relatively easy to occur because the binding
energy decreases under the single chain structure of water, which results in the blue shift and enhancement of
the spectral peak. Meanwhile, the present study shows that the spectral component characteristics of SW can
well predict and explain the structural and dynamic properties of SW. Further, terahertz simulation
experiments show that the infrared absorption capacity of SW basically conforms with the spectral distribution

characteristics.
Keywords: single-file water, infrared absorption spectrum, molecular dynamics, terahertz electric field
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