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Dimethyl sulfoxide (DMSO) plays an im-

portant role in chemistry, biology and in-

dustry.  The  S=O  stretching  vibration

serves  as  a  sensitive  probe  of  its  struc-

ture  under  different  chemical  environ-

ments. However,  spectral assignment  for

the  S=O  stretching  vibration  of  liquid

DMSO remains unclear due to the  inter-

ference  of  CH3  antisymmetric  rocking

and  different  aggregates,  leading  to  the

confusion in explaining the microstructures of liquid DMSO. Here, the S=O stretching spec-

tra in pure DMSO and in extremely diluted CCl4 solution were investigated with temperature-

dependent Raman spectroscopy. It is shown that CH3 antisymmetric rocking does not signifi-

cantly  interfere with  the  S=O  band  profile  due  to  its  low Raman  intensity. Three  decom-

posed peaks at 1027, 1042 and 1055 cm−1 in liquid DMSO show obviously different intensity

variety upon the temperature  increasing. Combined with quantum chemistry calculation on

(DMSO)n (n=1–4) clusters, Raman spectra  in the S=O stretching region were assigned and

the simultaneous presence of the monomer, dimer and trimmer in liquid DMSO were conclud-

ed. These  results contribute  to a more detailed molecular understanding of  the  structure of

DMSO in the liquid state.
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I.  INTRODUCTION

Dimethyl sulfoxide (DMSO), as one of poly-function-

al polar organic molecules, is widely used in many fields.
In chemistry, it has excellent solvent properties and can

dissolve a variety of organic  substances  such as carbo-

hydrates, polymers, and peptides. In biology, DMSO  is
often used as a  cryoprotectant agent  to prevent  living

biological tissues from being damaged by freezing at low

temperature  preservation.  In  pharmaceutical  and

medicinal sciences, DMSO provides a new way of drug

delivery due to  its ability to penetrate cell membranes,

causing drugs to dissolve in it to enter our body through

the skin  instead of  injection. In addition to wide appli-

cations, DMSO has some unique properties. For exam-

ple,  it  has  a  wide  temperature  range  to  keep  liquid

phase stable at ambient pressure since  it transforms to
the  solid phase  at  18.55 °C while  it  transforms  to  the
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gas phase at 189.0 °C. DMSO is described by an unusu-

ally  high  molar  entropy  of  vaporization  with

124 J·K−1
·mol−1, which is higher than 107 J·K−1

·mol−1

of water. These macroscopic peculiarities are closely re-
lated to the structure of DMSO at the molecular level.

DMSO (CH3SOCH3) molecule contains a polar S=O

group and  two nonpolar CH3 groups with a very high

dipole moment of 3.96 D. Various experimental and the-

oretical methods have been devoted to the characteriza-

tion of DMSO structure [1–7]. It is commonly accepted

that molecular behavior of pure DMSO  is governed by

strong self-association via dipole-dipole and intermolec-

ular  interactions. Assessments  of  interactions  between

molecules  in  the  condensed  phase  is  a  challenge.  A

proven efficient  tool  is vibrational  spectroscopy due  to
high  sensitivity  of  vibrational  frequencies  of  specific

functional  group,  allowing  for  analyzing  molecular

structures and  intermolecular  interactions  through  fre-
quency shift and spectral intensity.

The  S=O  stretching  vibration  serves  as  a  sensitive

probe  of  DMSO  under  different  environments.  Al-

though many vibrational spectroscopy studies on liquid

DMSO have been reported, there is yet no consensus on

the  spectral  assignment  of  the  S=O  stretch  region,

which  brings  confusion  to  understanding  the  mi-

crostructure  of DMSO  [8,  9]. According  to  the  litera-

ture, the spectra of liquid DMSO in the S=O stretching

region are complex, and three peaks at 1027, 1042 and

1055 cm−1 can be resolved, respectively. For the peak at

1027  cm−1,  some  literature  assigned  it  to  S=O  vibra-

tion of  linear dimers and polymers  in  liquid DMSO  [1,

8], some literature assigned it to the rocking vibration of

the methyl groups [6, 9–12], and the others attribute it
to  the  out-of-phase  S=O  stretching  vibration  of  the

dimer [13]. For the bands at 1042 and 1055 cm−1, there

is a general agreement that the antiparallel closed-ring

dimer  gives  rise  to  these  two  components, which have

been  assigned  to  in-phase  and  out-of-phase  S=O

stretching vibrations [8, 11, 12]. Differently, some litera-

ture assigned  the bands at 1042 and 1055  cm−1  to  the

S=O  stretching of  the dimer and  free monomer  [9, 13,

14], respectively. Therefore, it is important to establish

a correct assignment for the spectra in the S=O stretch-

ing region at first.
For this end, we  investigated the structure of  liquid

DMSO based on spectral assignment of S=O stretching

spectra in extremely diluted solution and in pure liquid

using  temperature-dependent  Raman  spectroscopy

combined with quantum chemistry calculations on DM-

SO  clusters. Theoretical  calculations  and  temperature

dependence provide  strong  support  for  the assignment

of experimental spectra. 

II.  EXPERIMENTAL AND THEORETICAL METHODS

DMSO  and  carbon  tetrachloride  (CCl4)  were  pur-

chased  from Guoyao  company  (99.5%). Both  samples

were dried over molecular sieve to remove the water. To

achieve the desired molar fraction, the DMSO–CCl4 so-

lutions were prepared by measuring the volume of DM-

SO and CCl4.
The  instrument  and  setup  parameters  of  Raman

spectroscopy  have  been  described  previously  [15].  In
short, the output of 532 nm from Coherent Verdi-5 laser

(5  W)  was  used  as  excitation  light.  Using  a  pair  of

quartz lenses whose focal length were 2.5 and 10 cm, re-
spectively, Raman signals from the sample were collect-

ed  in  a  180°  back-scattering  configuration  relative  to
the  direction  of  incident  laser.  The  collected  Raman

light  was  imaged  onto  the  entrance  of  a  triple

monochromator (Acton Research, TriplePro) equipped

with a liquid nitrogen cooled CCD array (Princeton In-

struments,  Spec-10:100B).  Using  a  2400  groove/mm

grating,  a  spectral  resolution  of  about  1.0  cm−1  was

achieved. The  precision  of  the measured wavenumber

for Raman  spectra was  calibrated with Hg  lamp  to be

about 0.01 cm−1. The final spectrum was averaged by 15

single  scans  and  a  typical  exposure  time was  2  s. To

measure the variation of Raman spectra with tempera-

ture, the sample in the quartz cell was heated by a heat-

ing bath (THD-2006, Ningbo) whose temperature preci-

sion was estimated as 0.1 °C.
Gaussian  16  suite  of  program was  employed  for  all

calculations  [16],  including  optimized  geometry  and

harmonic vibrational  frequency, and  the  energy of  the

(DMSO)n  (n=1–4)  clusters.  The  clusters  are  initially

generated  by  semi-empirical  PM7  method  based  on

Molclus module of Multiwfn program [17], in which the

obtained  low-energy  conformations  were  subsequently

optimized  under  the  density  functional  theory  of

B3LYP/6-311++G(d,p)  level.  The  B3LYP/6-311

++G(d,p) was chosen because it performed well in pre-

dicting vibrational frequency of organic molecules in the

previous  study  [15]. The binding  energy of  the DMSO

clusters was carried out by single-point energy calculat-

ed at MP2/aug-cc-pVTZ  level with zero-energy correc-
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tion at B3LYP/6-311++G(d,p) level. 

III.  RESULTS AND DISCUSSION

It has been known that liquid DMSO is strongly self-
associated  by  intermolecular  interactions. The DMSO

clusters are crucial  to understand  the aggregation pro-

cess and spectral behavior [4, 5, 18−20]. FIG. 1 presents

the optimized geometries of (DMSO)n (n=1–4) clusters

calculated at B3LYP/6-311++G(d,p) level. For each n,

only  the  clusters  of  the  lowest  energy  are  listed  here

while  those clusters of higher energy are  listed  in Sup-

plementary materials (SM) along with their Boltzmann

factors, as shown in FIG. S1 (SM) and Table S1 (SM) .
It can be seen that the lowest-energy conformer is domi-

nant since their calculated Boltzmann factors are high-

er  than  80%  for  the  (DMSO)n  (n=1–3)  clusters  and

close  to 60%  for  (DMSO)4. As  seen  from FIG. 1, both

monomer  and  dimer  have  Cs  symmetry.  The  dimer

adopts  an  antiparallel  configuration  in  terms  of  S=O

bond  due  to  dipole-dipole  interaction,  and  weak

C–H∙∙∙O hydrogen bonds between  the O atom and  the

hydrogen atoms of CH3 groups also play a role in main-

taining the stability. The calculated distance of H∙∙∙O in
the  dimer  is  2.325 Å.  For  the  trimer,  three  DMSO

molecules  form  a  closed  cyclic  configuration  through

C–H∙∙∙O hydrogen bonds and the distances of H∙∙∙O get

reduced, ranging  from 2.075 Å to 2.244 Å. However,  in
the  larger  tetramer,  this H∙∙∙O distance  gets  elongated

to 2.464 Å, indicating that intermolecular interaction is
weakening with cluster size increasing.

Table  I  summarize  the  calculated  vibrational  fre-
quencies  and Raman  activity  of  (DMSO)n  (n=1–4) in
the S=O stretching region along with experimental ob-

servations. For DMSO monomer, the frequency of CH3

antisymmetric rocking is calculated at 1025 cm−1 while

the S=O  stretching  is at 1052 cm−1. Both of  them are

very close but Raman intensity of the latter is about 10

times stronger than the former according to the calcula-

tion. For the dimer, the S=O stretching vibration splits

into  two  modes,  namely  in-phase  and  out-of-phase

stretching vibration, which are calculated to be at 1028

and 1036 cm−1, respectively. The in-phase stretching vi-

bration is highly symmetric with large Raman activity,

whereas  the out-of-phase  stretching vibration  is highly

antisymmetric whose calculated Raman activity is close

to 0. This is in good agreement with general case that in
Raman  measurement  symmetric  vibrational  mode  is

strong  whereas  antisymmetric mode  is  weak.  For  the

trimer,  the  calculated  S=O  stretching  frequency  is  at

1022 cm−1, going on red-shifting compared to dimer and

monomer.  As  for  the  tetramer,  the  calculated  S=O

stretching frequency is at 1025 cm−1 with a small blue-

shift compared to the trimer,  indicating the weakening

of intermolecular interaction from n=4.
To  establish an accurate  link between  the observed

spectra  of  liquid DMSO  and  the  corresponding  vibra-

tional  modes,  we  firstly  examine  Raman  spectrum  of

DMSO  in extremely diluted CCl4 solution with a mole

fraction of 0.001, as shown  in FIG. 2, where the calcu-

lated  spectrum  in  the  gas  phase  is  also  plotted  to  be

contrasted.  It  is known  that CCl4  is  a non-polar  inert

solution.  It  is  expected  that DMSO  does  not  interact

with DMSO molecules but it can dilute DMSO as much

as possible.  In  such an  extremely  low  concentration of

0.001,  the DMSO should exist as a monomer and  then

spectral behavior can be directly compared with the cal-

culated spectra  in  the gas phase. As seen  from FIG. 2,

the  spectra of DMSO  in  the CCl4  solution exhibit  two

Raman bands at 1070 and 1008 cm−1, respectively, and

 

FIG.  1   The  calculated  geometry  for  (DMSO)n (n=1−4)
clusters of the lowest energy.
 

TABLE I   The  calculated  S=O  stretching  frequency
(cm−1)  and Raman activity  of  (DMSO)n (n=1–4) clusters
along with experimental frequency in the diluted CCl4 so-
lution and in pure liquid.

n
Calculation Experiment

Assignmentνcal Activity νin CCl4 νliquid

1 1025 1.13 1008 CH3 antisymmetric rocking

1052 10.31 1070 1055 S=O stretching

2 1028 17.55 1042 in-phase S=O stretching

1036 0.02 out-of-phase S=O stretching

3 1022 19.66 1027 S=O stretching

4 1025 31.43 　 　 S=O stretching
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their intensity ratio is about 30. By contrasting with the

calculated spectra, the strong band at 1070 cm−1 can be

assigned  to  the  S=O  stretching  vibration  while  the

weak band at 1008 cm−1 can be attributed to CH3 anti-

symmetric  rocking.  The  assignment  of  1008  cm−1  to
CH3  antisymmetric  rocking  in  CCl4  solution  has  re-
solved the conflict  in assignments for the S=O stretch-

ing spectra of DMSO found  in the  literatures  [6, 9−12].
It is evident that this band does not significantly inter-

fere with  the S=O band profile because of  its  low Ra-

man  intensity,  as  seen  from FIG.  2.  So,  the  contribu-

tion of CH3 antisymmetric rocking can be ignored in the

analysis of liquid Raman spectra in the following.
FIG. 3(a) presents Raman spectrum of liquid DMSO

at room temperature 20 °C. It can be seen that Raman

profiles  of  liquid DMSO  is broad  and  asymmetric  and

the wavenumber  red-shifts  compared  to CCl4  solution

due  to  polarization  and weakening  of  the  S=O  bond.
Decomposing  this  spectrum with  three Voigt  profiles,

the peaks at 1055, 1042, and 1027  cm−1  can be  found.
These  three  decomposed  peaks  should  correspond  to
different  associated  species  in  liquid  DMSO  such  as

monomer,  dimer  and  trimer  or  larger  clusters.  It  is

known  that  pressure  and  temperature  are  effective

means  of  altering  molecular  structure.  Different  from

the pressure, high temperature destroys  intermolecular

interactions due  to molecular  thermal motion,  causing

larger cluster molecules to decompose into smaller clus-

ters  or  even monomer. Therefore,  the  temperature-de-

pendent Raman spectra can be employed to distinguish

various spectral contributions.
FIG.  3(b)  exhibits  temperature-dependent  Raman

spectra of  liquid DMSO at 5, 20 and 80 °C. The  fitted
individual peaks at 5 and 80 °C are shown in FIG. 3 (c)
and  (d). The  fitted peak position  and  integral  area  as

well as  its percentage  to  total area are  summarized  in
Table  II.  It  is  clear  that  there  is  an  obvious  tempera-

ture effect on the observed spectra. From 5 °C to 20 °C
to 80 °C, the peak intensity at 1055 cm−1 increases from

24.1%  to  25.3%  to  36.0%,  and  that  at  1042 cm−1

changes  from  47.1%  to  50.9%  to  43.7%,  and  that  at

1027 cm−1  decreases  from  28.8%  to  23.8%  to  20.3%.
That is to say, the structure corresponding to 1042 cm−1

is  dominant. However,  as  the  temperature  increasing,

the structure corresponding to 1042 and 1027 cm−1 are

converting to that of 1055 cm−1. In addition, the fitted
peaks at 80 °C slightly blue-shift because of weakening

of intermolecular interactions at high temperature.
Combined with  spectral  behavior  at  different  tem-

perature  and  theoretical  calculations  on  (DMSO)n
(n=1–4) clusters, we assign the fitted peak at 1055 cm−1

to  DMSO  monomer  in  liquid  state,  the  peak  at

1042 cm−1  to  the dimer, and  the peak at 1027 cm−1  to
the  trimer  or  larger  polymers.  Considering  that  with

cluster size increasing the intermolecular interactions in
(DMSO)n (n=1–4) clusters are weakened starting from

n=4 (Table I), we tend to assign the peak at 1027 cm−1

to  the  trimer.  According  to  above  assignment,  liquid

DMSO  consists  of  a mixture  of monomer,  dimer  and

trimer. From FIG.  3  and Table  II,  it  is  clear  that  the

dimer  is  dominant,  suggesting  that DMSO  has  a  ten-

dency to  form an antiparallel configuration  in the pure

liquid state. This result is in good agreement with the X-

ray and neutron diffraction experiments as well as  the

MD simulations that the  local structure of DMSO was

relatively  unordered  with  a  slight  preference  for  an-

tiparallel ordering of the S=O dipoles [21−24].
In  previous  studies,  a  pair  of  peaks  at  1027  and

1042 cm−1  or  a  pair  of  peaks  at  1042  and  1055  cm−1

have  been  assigned  to  in-phase  and  out-of-phase

stretching  vibration  of DMSO  dimer  [8,  11−14].  Such

assignments  obviously  contradict  with  our  observa-

tions because the intensity of each fitted peak does not

uniformly  change  with  the  temperature  increasing.  If
two peaks come from the dimer at the same time, they

should have a  similar  temperature  response. From an-

other perspective, according to the calculation, the out-

of-phase S=O stretching vibrations should be very weak

due to low symmetry, difficult to be observed in Raman

spectra. So three decomposed bands cannot be attribut-

 

FIG.  2   Raman spectra of DMSO in CCl4 solution with a
mole fraction of 0.001 along with the calculated spectra in
the S=O stretching region.
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ed  to  the  out-of-phase  S=O  stretching.  In  summary,

temperature-dependent  investigation  and  theoretical

calculations provide  strong  support  for  the assignment

of experimental spectra.
 

IV.  CONCLUSION

In  this  study,  temperature-dependent Raman  spec-

troscopy  combined  with  quantum  chemistry  calcula-

tions was employed to achieve a molecular level descrip-

tion of structural properties of pure DMSO. Firstly, we

examined the S=O stretching Raman spectra of DMSO

in extremely diluted CCl4 solution with a mole fraction

of 0.001, which clarify the confusion in previous assign-

ment  for CH3 antisymmetric  rocking vibration.  It was

shown that the CH3 antisymmetric rocking did not sig-

nificantly  interfere with Raman  spectra  of DMSO  be-

cause  of  its  low  Raman  intensity.  Secondly,  we  mea-

sured Raman spectra of  liquid DMSO at different tem-

perature,  showing  that  three  resolved  peaks  at  1027,

1042 and 1055 cm−1 exhibit obviously different variety

upon the temperature increasing. Based on the analysis

of  temperature-dependent  S=O  stretching  band  and

calculated DMSO clusters, the S=O stretching Raman

spectra  of  DMSO  were  assigned  and  the  presence  of

monomer,  dimer  and  trimer  in  liquid  DMSO  was  re-
vealed. These results provide useful  information on un-

derstanding molecular structure and  intermolecular  in-

teraction in liquid DMSO.

Supplementary materials: FIG.  S1  presents  the  calcu-

lated  structures  of  (DMSO)n  (n=2–4)  clusters  for  the

lowest-energy  conformer  and  other  conformers  at

B3LYP/6-311++G(d,p)  level  and Table  S1  lists  their

binding energies and Boltzmann factors.
 

 

FIG.  3   Temperature-dependent  Raman  spectra  of  liquid  DMSO in  the  S=O stretching  region  and  decomposed  spectra
with three Voigt profiles at 20 °C (a), 5 °C (c) and 80 °C (d). (b) Temperature-dependent Raman spectra of liquid DMSO
at 5 °C, 20 °C and 80 °C.

 

TABLE II   The fitted peak position and area as well as its percentage to total area at different temperature.

Peak
T=5 °C T =20 °C T =80 °C

ν/cm−1 Area Percentage/% ν/cm−1 Area Percentage/% ν/cm−1 Area Percentage/%

1 1027 2136 28.8 1027 1867 23.8 1028 1635 20.3
2 1042 3507 47.1 1042 3986 50.9 1043 3545 43.7
3 1055 1791 24.1 1055 1984 25.3 1056 2919 36.0

Chin. J. Chem. Phys., Vol. 37, No. 6 Structural Features of Liquid DMSO 767

DOI: 10.1063/1674-0068/cjcp2408113 © 2024 Chinese Physical Society

https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113


V.  ACKNOWLEDGMENTS

This work was  supported  by  the National Natural

Science Foundation of China (Nos. 21873002, 22073088,

12374001).

 
 T. Shikata  and  N. Sugimoto, J. Phys. Chem. A 116,

990 (2012).
[1]

 T. Shikata  and  N. Sugimoto, Phys. Chem. Chem.
Phys. 13, 16542 (2011).

[2]

 S. A. Kirillov, M. I. Gorobets, M. M. Gafurov, M. B.
Ataev, and K. S. Rabadanov, J. Phys. Chem. B 117,

9439 (2013).

[3]

 L. N. Olive, E. Van Dornshuld, and C. E. Webster, J.
Chem. Phys. 155, 114304 (2021).

[4]

 N. S. Venkataramanan, A. Suvitha, and Y. Kawazoe,

J. Mol. Liq. 249, 454 (2018).
[5]

 S. Chakrabarty,  A. Barman,  and  A. Ghosh, J. Mol.
Liq. 382, 122005 (2023).

[6]

 K. Osawa, J. J. Lee, and D. Kim, Vib. Spectrosc. 126,

103523 (2023).
[7]

 W. N. Martens,  R. L. Frost,  J. Kristof,  and  J. Theo

Kloprogge, J. Raman Spectrosc. 33, 84 (2002).
[8]

 V. M. Wallace, N. R. Dhumal, F. M. Zehentbauer, H.
J. Kim,  and  J. Kiefer, J. Phys. Chem. B 119, 14780

(2015).

[9]

 S. Chakrabarty,  A. Barman,  and  A. Ghosh, J. Phys.
Chem. B 126, 5490 (2022).

[10]

 P. P. Kannan, N. K. Karthick, A. Mahendraprabu, R.
Shanmugam,  A. Elangovan,  and  G. Arivazhagan, J.
Mol. Struct. 1139, 196 (2017).

[11]

 C. Czeslik and J. Jonas, J. Phys. Chem. A 103, 3222

(1999).
[12]

 B. Yang, X. W. Cao, C. Wang, S. H. Wang, and C. L.
Sun, Spectrochim. Acta  A:  Mol  Biomol  Spectrosc.
228, 117704 (2020).

[13]

 C. Wang,  B. Kuang,  S. H. Wang,  and  C. L. Sun, J.
Mol. Liq. 396, 124041 (2024).

[14]

 T. Li, W. Fan, J. Sun, Y. Q. Yu, X. G. Zhou, C. M.[15]

Xie,  and  S. L. Liu, J. Raman  Spectrosc. 53, 1551

(2022).
 Gaussian  16,  Revision  C.01,  M. J. Frisch,  G. W.
Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J.
R. Cheeseman, G. Scalmani, V. Barone, G. A. Peters-

son, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,

J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci,

H. P. Hratchian,  J. V. Ortiz,  A. F. Izmaylov,  J. L.
Sonnenberg, D. Williams-Young, F. Ding, F. Lippari-

ni, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Hen-

derson,  D. Ranasinghe,  V. G. Zakrzewski,  J. Gao,  N.
Rega,  G. Zheng,  W. Liang,  M. Hada,  M. Ehara,  K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Naka-

jima,  Y. Honda,  O. Kitao,  H. Nakai,  T. Vreven,  K.
Throssell,  J. A. Montgomery,  Jr.,  J. E. Peralta,  F.
Ogliaro,  M. J. Bearpark,  J. J. Heyd,  E. N. Brothers,

K. N. Kudin,  V. N. Staroverov,  T. A. Keith,  R.
Kobayashi, J. Normand, K. Raghavachari, A. P. Ren-

dell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,

J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W.
Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J.
B. Foresman,  and D. J. Fox, Wallingford  CT:  Gaus-

sian, Inc., (2016).

[16]

 T. Lu, Molclus, http://www.keinsci.com/research/mol-

clus.html (2016).
[17]

 A. Malloum and J. Conradie, J. Mol. Graphics Modell.
126, 108661 (2024).

[18]

 A. Malloum and J. Conradie, Data  Brief. 42, 108024

(2022).
[19]

 N. S. Venkataramanan  and  A. Suvitha, J. Mol.
Graphics Modell. 81, 50 (2018).

[20]

 U. Onthong, T. Megyes, I. Bakó, T. Radnai, T. Grósz,
K. Hermansson,  and  M. Probst, Phys. Chem. Chem.
Phys. 6, 2136 (2004).

[21]

 J. M. Marques  Cordeiro, Phys. Chem. Liq. 45, 31

(2007).
[22]

 S. E. McLain,  A. K. Soper,  and  A. Luzar, J. Chem.
Phys. 124, 074502 (2006).

[23]

 S. Chakrabarty,  S. H. Deshmukh,  A. Barman,  S.
Bagchi,  and  A. Ghosh, J. Phys. Chem. B 126, 4501

(2022).

[24]

768 Chin. J. Chem. Phys., Vol. 37, No. 6 Hongyuan Shen et al.

DOI: 10.1063/1674-0068/cjcp2408113 © 2024 Chinese Physical Society

https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1021/jp210122y
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1039/c1cp21479a
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1021/jp403858c
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1063/5.0057327
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2017.11.062
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.molliq.2023.122005
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1016/j.vibspec.2023.103523
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1002/jrs.827
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.5b09196
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1021/acs.jpcb.2c01374
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1016/j.molstruc.2017.03.036
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1021/jp984660q
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.saa.2019.117704
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1016/j.molliq.2024.124041
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
https://doi.org/10.1002/jrs.6413
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.jmgm.2023.108661
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.dib.2022.108024
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1016/j.jmgm.2018.02.010
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1039/B311027C
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1080/00319100600941748
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1063/1.2170077
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1021/acs.jpcb.1c10558
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113
https://doi.org/10.1063/1674-0068/cjcp2408113

	I INTRODUCTION
	II EXPERIMENTAL AND THEORETICAL METHODS
	III RESULTS AND DISCUSSION
	IV CONCLUSION
	V ACKNOWLEDGMENTS
	REFERENCES

