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Infrared spectroscopic analysis of O-H bond dynamics in one-dimensional 
confined water and bulk water
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200093， China）

Abstract： In sub nanometer carbon nanotubes， water exhibits unique dynamic characteristics， and in the high-fre⁃
quency region of the infrared spectrum， where the stretching vibrations of the internal oxygen-hydrogen （O-H） 
bonds are closely related to the hydrogen bonds （H-bonds） network between water molecules.  Therefore， it is 
crucial to analyze the relationship between these two aspects.  In this paper， the infrared spectrum and motion char⁃
acteristics of the stretching vibrations of the O-H bonds in one-dimensional confined water （1DCW） and bulk wa⁃
ter （BW） in （6， 6） single-walled carbon nanotubes （SWNT） are studied by molecular dynamics simulations.  
The results show that the stretching vibrations of the two O-H bonds in 1DCW exhibit different frequencies in the 
infrared spectrum， while the O-H bonds in BW display two identical main frequency peaks.  Further analysis us⁃
ing the spring oscillator model reveals that the difference in the stretching amplitude of the O-H bonds is the main 
factor causing the change in vibration frequency， where an increase in stretching amplitude leads to a decrease in 
spring stiffness and， consequently， a lower vibration frequency.  A more in-depth study found that the interaction 
of H-bonds between water molecules is the fundamental cause of the increased stretching amplitude and decreased 
vibration frequency of the O-H bonds.  Finally， by analyzing the motion trajectory of the H atoms， the dynamic 
differences between 1DCW and BW are clearly revealed.  These findings provide a new perspective for under⁃
standing the behavior of water molecules at the nanoscale and are of significant importance in advancing the devel⁃
opment of infrared spectroscopy detection technology.
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一维受限水和体相水中O-H键动力学的红外光谱分析

张 磊， 王天棋， 范彦平*
（上海理工大学 光电信息与计算机工程学院，上海 200093）

摘要：在亚纳米碳纳米管中，水表现出独特的动力学特性，在红外光谱的高频区域，水分子内部氧-氢（O-H）键
的伸缩振动与其氢键网络密切相关。因此，深入分析这两者间的关系至关重要。本文通过分子动力学模拟，
研究了（6， 6） 单壁碳纳米管（SWNT）中一维受限水（One-Dimensional Confined Water，1DCW）与体相水（Bulk 
water，BW）的O-H键伸缩振动的红外光谱及其运动特性，结果表明，1DCW中两个O-H键的伸缩振动在红外光

谱中展现出不同的吸收峰频率，而BW的O-H键都呈现两个相同的主频率峰。进一步使用弹簧谐振子模型分

析揭示，O-H键伸缩幅度的差异是导致其振动频率变化的主要因素，伸缩幅度增加导致弹簧刚性降低，进而振

动频率降低。更深入的研究发现，水分子间的氢键相互作用是 O-H键伸缩幅度增加和振动频率降低的根本

原因。最后，通过分析H原子的运动轨迹，清楚地揭示了 1DCW和BW之间的动态差异。这些发现为理解纳

米尺度下水分子行为提供了新视角，并对推动红外光谱探测技术的发展具有重要意义。
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Introduction
Water is an indispensable substance in life， carry⁃ing out essential functions necessary for sustaining life ac⁃tivities ［1-5］.  It actively participates in many biological ac⁃tivities， such as metabolism， maintaining internal envi⁃ronmental stability， and protein structure maintenance 

［6-10］.  Therefore， a deep understanding of the physical properties of water molecules is crucial.In nature， most water exists in the form of free state bulk water （BW）.  However， in biochemical reactions and macromolecular biological functions， water often ex⁃ists in the form of confined water within inorganic pores and certain protein structures， playing a key role.  For ex⁃ample， the water channel protein Aquaporin-1 in biologi⁃cal organisms has been proven to efficiently transport wa⁃ter molecules across membranes while preventing ions from passing through ［11］.  In water protein channels， wa⁃ter molecules are arranged in a one-dimensional manner to form one-dimensional confined water （1DCW） ［12］.  Studies by Hummer et al.  observed similar 1DCW struc⁃tures and characteristics in （6， 6） single-walled carbon nanotubes （SWNT） ［13］.  Due to being confined to specif⁃ic one-dimensional nanochannels， water molecules are connected through H-bonds in a front-to-back manner， achieving overall coordinated and orderly movement.  This structure endows 1DCW with unique dynamic prop⁃erties ［14-16］.  These studies further suggest that SWNT ma⁃terials are simple to manufacture， structurally stable， and uniform， also possessing transport properties similar to biological channels.  Therefore， simple nanochannels mimic complex biological channels， making artificial SWNT an ideal choice for studying biomimetic nano-con⁃finement ［17-19］.In recent years， with the capabilities of high-perfor⁃mance computing and large-scale data processing， scien⁃tists have conducted more precise and complex simula⁃tions and calculations of the water structure inside SWNT， discovering novel behaviors not observed on a macroscopic scale.  These findings have propelled SWNT into new application prospects， such as precise water molecule control ［20］， seawater desalination ［21］， etc.  Al⁃though understanding of 1DCW has increased ［13，15-17］， current experimental technology limitations mean that a complete understanding of its dynamic properties is still to be deepened.  Infrared spectroscopy （IR） technology plays an important role in analyzing the structure and properties of materials ［22-27］.  In terms of analyzing the mi⁃crostructure of water， IR technology provides important information on the internal structure and configuration of water molecules.  By analyzing the vibrational and rota⁃tional modes of water molecules， the formation， break⁃ing， and dynamic characteristics of H-bonds in water molecules can be inferred.  Furthermore， IR technology can also be used to study the dynamic properties of water molecules， such as the rates of vibration and rotation， and interaction strength.  Recent studies indicate that confined water exhibits significantly different absorption characteristics compared to bulk water in the infrared and far-infrared ranges ［28-32］.  Studies also show that the 

infrared spectrum of water molecules presents three sig⁃nificant absorption peaks in these infrared and far-infra⁃red ranges.  The different frequency ranges of these peaks reflect the different motion modes of water molecules.  The high-frequency absorption peaks primarily originate from the stretching vibrations of the oxygen-hydrogen （O-H） bonds within water molecules ［33］.  Since the stretch⁃ing vibrations of O-H bonds are extremely sensitive to changes in the local environment， they are often used as effective probes for detecting and analyzing the state of water molecules ［34］.  Additionally， the H-bond network structure between water molecules also significantly im⁃pacts the motion characteristics of water ［35］.  Therefore， using molecular dynamics （MD） simulation methods to further study the H-bond network and motion characteris⁃tics of 1DCW and BW， especially focusing on the high-frequency stretching vibrations of O-H bonds， is crucial for a deep understanding of the dynamic properties of wa⁃ter molecules in different environments.This paper utilizes the SPC/E water model based on the MD simulation method to study the infrared spectros⁃copy and motion characteristics of 1DCW in （6， 6） SWNT.  The results indicate significant differences in the O-H bond stretching vibration infrared spectra between 1DCW and BW.  Subsequent analysis of the O-H bond length stretching changes， H-bonds， and motion trajecto⁃ry diagrams reveals the fundamental reasons for the spec⁃tral differences.
1 Methods 
1. 1　Simulation methods　First， we establish a cubic simulation box with di⁃mensions of 3. 00 nm × 5. 11 nm × 7. 00 nm， as shown in Fig 1.  The system contains a capless （6， 6） SWNT of 2. 33 nm in length and 0. 81 nm in diameter， horizontally positioned between two parallel open graphite sheets.  Both the SWNT and graphite sheets are maintained in a rigid state， with the ends of the graphite forming a water-filled reservoir.  We employed the flexible SPC/E water molecule model ［36］ and filled the system with 2 524 water molecules under standard temperature and pressure con⁃ditions.  The interactions between water molecules are represented by a potential energy function：
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The first term represents long-range electrostatic in⁃teractions， while the second term involves short-range Lennard-Jones （L-J） interactions.  Here， k = 1/ (4πε0 ) represents the dielectric constant in vacuum； rij is the dis⁃tance between atoms i and j； qi is the charge on atom i； 
and the parameters εij and σij represent the values for L-J interactions.  The force field parameters for our flexible SPC/E water model are detailed in Table 1.  We conduct⁃ed simulations using GROMACS 5. 1. 4 simulation soft⁃ware and treated interatomic interactions with the OPLS/AA force field， calculating the L-J parameters between different atoms using the geometric averaging method.  The leapfrog integration algorithm was used to solve the 
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equations of motion for the particles， and periodic bound⁃ary conditions were employed to eliminate boundary ef⁃fects.  The simulation system operated under constant temperature and pressure conditions， with the system temperature maintained at 300 K using a Nose-Hoover thermostat and a temperature relaxation time set at 0. 2 ps.  The particle mesh Ewald method was used to handle electrostatic interactions， and the cutoff radius for electrostatic and van der Waals interactions was set at 1 nm.  An initial pre-equilibration of 10 ns was conduct⁃ed， followed by a 5 ns simulation.  Data was collected at intervals of 1 fs， with the last 1 ns of trajectory data used for analyzing vibrational spectra and dynamic characteris⁃tics.

1. 2　Analytical method　
1. 2. 1　Calculation of infrared spectra　In studying the infrared spectra of the O-H bond stretching vibrations in water molecules within SWNT， the required infrared spectra are calculated by perform⁃ing a Fourier transform on the time autocorrelation func⁃

tion of the O-H bond lengths in water molecules.  The mathematical expression for this calculation is as follows：
I ( f ) = ∫ rO - H( )t ∙rO - H( )0

rO - H( )0 ∙rO - H( )0 cos ( ft)dt . （2）
In the above expression， I represents the vibrational intensity， f is the frequency， t is the time variable， and 

rO - H is the length of the O-H bond in the water mole⁃cules.
1. 2. 2　Weak interaction analysis methods　Weak interaction analysis can reveal the non-cova⁃lent interactions among water molecules， such as electro⁃static forces， H-bonds， and van der Waals forces.  In this study， based on the initial configurations output from the MD simulations of infrared spectroscopy analysis， one water molecule is fixed while allowing other water molecules to move freely.  A 1 ns MD simulation is con⁃ducted under the same conditions， yielding 1000 trajec⁃tory data frames.  Utilizing these coordinate data， the av⁃erage reduced density gradient （aRDG） among the water molecules is analyzed using the quantum chemical wave function analysis program Multiwfn ［37］.  The aRDG is cal⁃
culated based on the average density gradient （- -- ----- --∇ρ ( )r ） 
and the average density （- -------

ρ ( )r ） from the trajectory data， 
with the specific formula shown as follows：

aRDG ( r ) = 1
2 ( )3π2 1 3

|| - -- ----- --∇ρ ( )r
- -------
ρ ( )r

4 3 . （3）

2 Results and discussion 
Firstly， we calculated the time autocorrelation func⁃tions of the O-H bond lengths in 1DCW and BW using MD simulations， and then processed these autocorrela⁃tion functions with Fourier transform to obtain the infra⁃red spectra of the stretching vibrations.  As shown in Fig.  2， the gray and red curves represent the variations in the spectral intensity of the stretching vibrations of water mol⁃ecule's H1 and H2 atoms with the O atom across different vibration frequencies， with absorption peaks primarily distributed in the 90-100 THz range.  Compared to the ex⁃perimentally measured overall vibration infrared spectra of the O-H bonds in BW within the 90-110 THz range， our theoretical calculations are consistent with the actual values ［38］.  Figure 2（a） displays the stretching vibration spectra of the O-H1 and O-H2 bonds in 1DCW， where sig⁃nificant differences in the vibration frequency peaks of the two are evident.  The main absorption peak of the O-H1 bond is located at 95. 0 THz， while that of the O-H2 bond is around 98. 2 THz， indicating that these two O-H bonds in 1DCW exhibit different stretching vibration modes.  In contrast， in BW water （as shown in Fig 2（b））， both O-H1 and O-H2 bonds exhibit two major absorption peaks， with peak frequencies and intensities that largely coincide， indicating they are in the same stretching vibra⁃tion mode.  By comparing the infrared spectra of water in these two different environments， we find that in 1DCW， both O-H bonds have their specific vibration frequen⁃cies， whereas in BW， the vibration frequencies of the two O-H bonds vary between two peaks.

Fig.  1　Schematic of the simulation system for one-dimensional 
confined water （1DCW） through a single-walled carbon nano‐
tube （SWNT） water channel
图 1　一维受限水（1DCW）通过单壁碳纳米管（SWNT）水通道
的模拟系统示意图

Table 1　Force field parameters of the flexible SPC/E 
water model. The εij and σij represent the L-J 
interaction parameters; qO and qH denote the 
charges of the oxygen and hydrogen atoms, re⁃
spectively; θH - O - H represents the bond angle of 
H-O-H; rO - H denotes the length of the O-H 
bond

表 1　柔性 SPC/E水模型的力场参数 . εij 和σij 分别表示L-J
作用参数；qO和 qH分别表示氧原子和氢原子的电荷量；θH - O - H
表示H-O-H的键角；rO - H表示O-H键的长度

Parameter
σO - O /nm

εO - O / (kJ∙mol-1）
qO /e
qH/e

θH - O - H / (°)
rO - H /nm

Value
0. 316 6
0. 650

-0. 848
0. 424

109. 470
0. 100 0
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Typically， the vibrational frequency of water mole⁃cules is closely related to the internal constraints， which we liken to a spring in simple harmonic motion for the O-H bond stretching， where the force applied determines the stiffness coefficient k ［39］.  In simple terms， the strength of donor-acceptor interactions in the O-H bond is the main determinant of k， the interatomic distance 
（RO - H）.  Based on the expression for spring harmonic vi⁃
bration frequency， f = k m， when the interaction ener⁃
gy of the O-H bond is high， the spring is more rigid， meaning the stiffness coefficient k is larger， and conse⁃quently， the vibration frequency also increases.  There⁃fore， we have conducted a detailed analysis of the O-H bond lengths and their distribution.  Figure 3（a） and 3
（b） show the noticeable fluctuations in the O-H1 and O-H2 bond lengths observed in real-time in 1DCW and BW.  In 1DCW， the fluctuations in O-H1 and O-H2 bond lengths are distinctly different， with H1 showing greater stretching lengths.  In contrast， the fluctuations of the two O-H bonds in BW are more consistent， displaying a mix of longer and shorter bonds.  As shown in Fig.  3（c） and 3（d）， our statistical analysis further reveals that in 1DCW， the O-H2 bond is shorter than the O-H1 bond， with peak distribution lengths of 0. 1005 nm and 0. 1035 nm， re⁃spectively.  Using the flexible SPC/E water model， the O-H bond length is 0. 1000 nm （see Table 1）， indicating that the O-H2 bond in 1DCW is not affected by external forces， maintaining its vibrational characteristics， while the O-H1 bond length has increased by 0. 003 nm.  Conse⁃quently， its interaction strength is reduced， the spring's rigidity is weakened， leading to a relative decrease in peak frequency.  On the other hand， the distribution of the two O-H bond lengths in BW is almost identical， with peaks at about 0. 1024 nm， but their distribution range is broader than in 1DCW.  This indicates that the stretching amplitude of BW’s O-H bonds fluctuates between longer and shorter bonds.  This result further confirms that the 

differences in the infrared spectra of O-H bond stretching vibrations between 1DCW and BW are due to their differ⁃ent stretching amplitudes.In infrared spectroscopy analysis， the high-frequen⁃cy stretching vibration frequencies of the O-H bonds with⁃in water molecules exhibit a strong correlation with the H-bond network structure.  To deeply understand the influ⁃ence of the differences in O-H bond stretching ampli⁃tudes in 1DCW and BW on vibration frequencies， we an⁃alyzed the forces exerted by the H-bonds.  Figure 4 displays a visual representation of H-bond interactions in these two different systems.  Figure 4（a） shows that in SWNT， water molecules form a one-dimensional chain structure and are orderly connected to adjacent water molecules through H-bonds （indicated by blue discs）.  In 1DCW， the O-H1 bond forms an H-bond with the oxygen atom of a neighboring water molecule， while the O-H2 bond does not participate in H-bond formation， exhibiting free vi⁃brations.  This phenomenon is reflected in the significant⁃ly lower main peak frequency of O-H1 in the infrared spectrum.  The fundamental reason for this difference is that the O-H1 bond， acting as an H-bond donor and being attracted by the H-bond， experiences increased stretch⁃ing amplitude， reduced interaction force， weaker spring stiffness， and consequently， a lower peak frequency.  On the other hand， as shown in Fig.  4（b）， BW molecules form a tetrahedral H-bond network structure in the bulk phase， where both O-H bonds can form significant H-bonds with adjacent water molecules， distinctly different from the situation inside SWNT.  These two unique H-bond network structures create different constraint envi⁃ronments， not only affecting the extent of O-H bond stretching but also leading to significant differences in vi⁃bration frequency patterns.  This phenomenon profoundly reveals the key impact of H-bond network structures on molecular vibrational characteristics.  In 1DCW， the O-H1 bond involved in H-bond formation shows a lower in⁃

 
Fig.  2　Infrared spectra of O-H bond stretching vibrations in 1DCW and BW： （a），（b） represent the spectra of O-H bond stretching vi‐
brations in 1DCW and BW； in both spectra， the infrared absorption peaks of the stretching vibrations appear in the frequency （f） range 
of 90-110 THz； the gray curve represents the stretching vibration spectrum between the H1 atom and the O atom in water molecules （O-
H1）， while the red curve represents the stretching vibration spectrum between the H2 atom and the O atom （O-H2）
图 2　1DCW和BW中O-H键伸缩振动的红外光谱：（a），（b） 为 1DCW和BW中O-H键拉伸振动谱； 在两个光谱中，拉伸振动的红
外吸收峰出现在频率（f）为 90~110 THz的范围内；灰色曲线为水分子中H1原子与O原子之间的拉伸振动谱（O-H1），红色曲线为H2

原子与O原子之间的拉伸振动谱（O-H2）
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frared spectroscopy frequency of stretching vibrations than the O-H2 bond， which does not form H-bonds.  Meanwhile， in BW， the O-H bonds participate in both the formation and breaking of H-bonds， but due to the rapid formation and breaking， their stretching vibration frequencies fluctuate between higher and lower frequen⁃cies. Finally， we compared the motion trajectories of wa⁃ter molecules in different environments.  Figure 5 visually illustrates the motion characteristics of H atoms and the differences induced by their environments through two-di⁃mensional plane projections of H atom trajectories ob⁃tained from 8 ps of MD simulations.  Figure 5（a） and 5
（b） reveal the differences in the motion patterns of H1 and H2 atoms inside SWNT in 1DCW.  Due to H1 atom's participation in H-bonds， influenced by H-bond interac⁃tions and the spatial constraints of SWNT， its trajectory across all three planes is more concentrated， indicating its relatively slow and limited range of motion.  In con⁃trast， the H2 atom， not involved in H-bonds， exhibits a more dispersed trajectory， especially showing a signifi⁃cant circular path on the XY plane， clearly indicating the free motion around the tube axis （Z-axis being the direc⁃tion of the SWNT） for H atoms not involved in H-bonds inside SWNT.  This phenomenon further illustrates how H-bond affects the vibrational characteristics of the O-H bonds， thereby causing differences in the spectra.  Turn⁃

ing to Fig.  5（c） and 5（d）， we observed no significant 
differences in the amplitude of motion between the two H 
atoms in BW.  Further analysis reveals that the motion 
trajectories of H atoms in BW seem to be a composite of 
those of H1 and H2 atoms in 1DCW， with the amplitude 

 
Fig.  3　Changes and distributions of O-H bond lengths over time in 1DCW and BW： （a），（b） represent the stretching changes of O-H1 
and O-H2 bond lengths over time in 1DCW and BW， respectively.  Insets： the left and right sides respectively represent the stretched 
states of the two O-H bonds in 1DCW and BW； （c），（d） respectively represent the statistical distribution graphs of O-H1 and O-H2 bond 
lengths in 1DCW and BW， respectively.  Herein， where the gray curve represents the distribution of the O-H1 bond lengths in water mole‐
cules， and the red curve represents the distribution of O-H2 bond lengths
图 3　1DCW和BW的O-H键长伸缩幅度随时间的变化和分布：（a），（b） 分别表示了 1DCW和BW中O-H1和O-H2键长度随时间的
拉伸变化，并附有插图：左、右分别表示 1DCW和BW中两个O-H键的拉伸状态；（c），（d）分别为 1DCW和BW中O-H1键长和O-H2

键长统计分布图，其中灰色曲线为O-H1键长在水分子中的分布，红色曲线为O-H2键长分布

Fig.  4　The average reduced density gradient （aRDG） calcula‐
tions of weak interactions in water molecules under different con‐
ditions： （a） depicts the chain-like H-bond network structure in 
1DCW， where only one H atom in 1DCW is involved in H-bond 
formation； the light blue curve represents the semi-sectional 
structure of a carbon nanotube， and the dark blue discs represent 
H-bond interactions； （b） shows the tetrahedral H-bond network 
structure in BW， where two H atoms of a BW molecule can si‐
multaneously form H-bond with adjacent water molecules
图 4　平均约化密度函数（aRDG）计算不同环境下水分子的弱
相互作用：（a）为 1DCW中的链状氢键网络结构，其中 1DCW中
只有一个H原子参与氢键的形成；浅蓝色曲线代表碳纳米管的
半截面结构，深蓝色圆盘代表氢键相互作用；（b）为BW中的四
面体氢键网络结构，其中BW分子的两个氢原子可以同时与相
邻的水分子形成氢键
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between the constrained motion of H1 and the free motion of H2.  However， the motion space for water molecules in the bulk environment far exceeds the narrow constraints of SWNT， thus allowing H atoms in the bulk to have a much larger range of activity.  This finding suggests that in BW， the state of H atom motion continuously transi⁃tions between free and constrained motions， frequently undergoing the process of H-bond formation and break⁃ing.  In summary， we not only elucidate the differences in the stretching vibration infrared spectra of the O-H bonds in 1DCW and BW but also reveal the deeper mech⁃anisms behind these differences.  In 1DCW， a one-di⁃mensional H-bond network structure is formed， while BW displays a tetrahedral H-bond network.  The state of H atom motion shows clear differences due to different spatial constraints.  These constraints and the interac⁃tions of H-bonds not only affect the amplitude of the O-H bond stretching vibrations but also produce unique char⁃acteristics in the infrared spectra.
3 Conclusions 

In summary， this paper based on molecular dynam⁃ics simulations， analyzes the infrared spectroscopic char⁃acteristics of the O-H bonds of water in two different envi⁃ronments： SWNT and bulk phase.  The study reveals that in 1DCW， the stretching vibration frequency of the O-H1 bond involved in H-bond is lower than that of the O-H2 

bond which does not participate in H-bond.  Conversely， in BW， the main peak frequencies of both O-H bonds are nearly identical.  Further analysis showed that the stretch⁃ing amplitude of the O-H1 bond in 1DCW is significantly higher than that of the O-H2 bond， resulting in a lower vi⁃bration frequency for O-H1.  In BW， both O-H bonds have consistent stretching amplitudes， displaying both long and short bonds， hence there are two main frequen⁃cy absorption peaks.  To understand more deeply the rea⁃sons for these differences in stretching amplitudes， we conducted a detailed analysis of the H-bond networks of the water molecules.  In SWNT， water molecules form a one-dimensional chain structure， with only one H atom involved in H-bond， leading to differentiated stretching characteristics of the two O-H bonds.  In contrast， the tet⁃rahedral H-bond network structure in BW results in more uniform stretching amplitudes for both O-H bonds.  Final⁃ly， by comparing the motion trajectories of water mole⁃cules in different environments， it was found that in 1DCW， the H1 atom shows constrained dynamic behavior due to its participation in H-bond， while H2， not in⁃volved in H-bond， exhibits greater freedom of move⁃ment.  This dynamic difference indirectly reflects the vi⁃brational modes of the water molecule's O-H bonds and forms specific characteristics in the infrared spectrum.  However， in the tetrahedral H-bond network of BW， both H atoms are subject to similar constraints， thus their motion trajectories show no significant differences， 

 
Fig.  5　Three-dimensional motion trajectories of H atoms in 1DCW and BW：（a），（b）  respectively show the projections of the motion 
trajectories of H1 and H2 atoms in 1DCW on a two-dimensional plane； （c），（d） respectively represent the projections of the motion trajec‐
tories of H1 and H2 atoms in BW on a two-dimensional plane.  These trajectories are distinguished by red， green， and blue curves， repre‐
senting the motion paths of H atoms on the XY plane， XZ plane， and YZ plane respectively
图 5　1DCW和BW的H原子三维运动轨迹图：（a），（b） 分别为 1DCW中H1、H2原子运动轨迹在二维平面上的投影；（c），（d）分别表
示BW中H1和H2原子的运动轨迹在二维平面上的投影。这些轨迹用红、绿、蓝三色曲线来区分，分别代表氢原子在XY平面、XZ平
面和YZ平面上的运动轨迹
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but the state of motion continuously transitions between free and constrained， further displaying the dynamic equilibrium of H-bonds.  These findings reveal the struc⁃ture and dynamics of the H-bond networks of water mole⁃cules in different microenvironments and clarify how these characteristics influence the infrared spectrum of water molecules.  This research deepens our understand⁃ing of the unique characteristics of molecules in diverse en⁃vironments ［40-41］ and the fluctuation in the confinement［42-43］.  Additionally， this study also provides important theoreti⁃cal support for precision water modulation technologies based on infrared spectral absorption peaks［44-45］， and has important implications for the study of nanofluids ［46-47］.
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