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First-principles molecular dynamics analysis of
chemical reactions induced by friction of silicon based ceramics

oYusuke Ootani', Momoji Kubo'
! Institute for Materials Research, Tohoku University, Japan

[Abstract] Frictional properties of silicon-based ceramics are important in various fields,
such as water lubrication. It is known that chemical reactions of water at sliding interfaces affect
the frictional properties. However, the detailed chemical reaction process is still in debate. In
this work, we investigated the chemical reaction process at sliding interfaces of silicon-based
ceramics. We found that the Si-O-Si bridge bonds connecting the two surfaces were formed at
the sliding interface. The formation processes were classified into two patterns, bond alternation
and proton transfer, independent of the presence of water. When water was present at the sliding
interface, water mediated the proton transfer. At the same time, water reduced the number of
Si-O-Si bridge bond because it reduced the contact area of the surfaces. Moreover, water led
the hydrolysis reaction of the surfaces. The hydrolysis reaction was triggered by Si-O-Si bridge
bonds, which increased a tension on the surfaces. We suggested that humidity dependence of
the wear, which was observed in experiments, can be explained on the basis of these processes.
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Figure 1. Schematic description of the
experimental setup.

Wavelength /nm

150 160 170

0.20

0.15

ATR Abs.

ol0f |

0.05

0.00

8.0
Photon energy /eV

7.5

Figure 2. FUV spectra of the thin water layer
betweernr-alumina prism and plate (R-plane).
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A theoretical study on redox reactions at an electrode-electrolyte interface
oYusuke Matsumi®, Hiroshi Nakano %, Hirofumi Sato™?
! Department of Molecular Engineering, Kyoto University, Japan
2 ESICB, Kyoto University, Japan

[Abstract]

The solvent structure close to an electrode is significantly different from that in bulk solution
due to the interactions between the electrode and electrolytes. A theoretical method was
developed to study the solvent structure and the electronic structure of a redox species at the
interface by combining the mean-field QM/MM method was combined with a polarizable
metal electrode model. We investigated the electronic structure of a Fe(CN)s® in the system
composed of two Pt electrodes immersed in 1 M KsFe(CN)g solution. The SOMO energy
profile has the maximum at 7.5 A from the electrode and decreases as the ion approaches
the electrode more closely.
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Collective dynamics of surfactant molecular assemblies
oNoriyuki Yoshii'?, Susumu Okazaki*'
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[Abstract] Surfactant molecules in solution form a various molecular assembly such as
micelles, hexagonal, and membranes depending on the concentration and temperature. In
these structures the surface structure formed by the hydrophilic head groups reflects the
microscopic state of the molecular assembly. However, since these surface structures have
different curvatures, it is not easy to compare them on the same basis. In this study, in order to
analyze the surface density correlation and its fluctuation regardless of the surface curvature
difference, we introduce new statistical functions using orthogonal functions relating the
shape of the molecular assembly. The surface density correlation function and its time
correlation function were obtained from the molecular dynamics calculations. From the
dynamic structure factor of membranes, it is found that there is a very slow acoustic mode
propagating through the membrane surface.
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Table 1. A series of density correlation functions for two-dimensional fluids on the spherical surface
and three-dimensional fluids.
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Effect of Third-Order Susceptibility in Sum Frequency Generation
Spectroscopy: Molecular Dynamics Study in Liquid Water
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! Graduate School of Science, Tohoku University, Japan
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3 ESICB, Kyoto University, Japan

[Abstract] When sum frequency generation (SFG) spectroscopy is applied to charged
solid/liquid interfaces, the observed SFG signals include both the second-order and
third-order polarizations. The latter is called the 5 effect, which mainly includes induced
molecular orientation by electric fields at charged interfaces. We theoretically evaluate
the y® effect on the SFG spectroscopy of liquid water using molecular dynamics (MD)
simulations. The MD simulations enable us to definitely calculate the ' susceptibility as a
bulk property, and thereby separating it from the usual »*® effect shown in the SFG spectra.
The calculated results of ¥ for liquid water are fairly consistent with the experimental
estimates. The present finding is utilized to analyze the spectral change of SFG at the
air/water interface under electric fields and at the charged silica/water interface. The present
analysis of the spectral changes allows for distinguishing the intrinsic change of the interface
structure and the »*® effect from bulk liquid.
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dynamics simulations
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[Introduction]

In the measurement of vibrational spectroscopy, the C-H stretching band of alkyl
moieties (2800~3000 cm™) is one of the most widely observed bands to date. It is regarded as
a fingerprint to investigate polymers, membranes, proteins, ionic liquids and so on. In order to
investigate the details of molecular structure and dynamical processes from vibrational
spectroscopies, correct assignment of the spectra is of indispensable importance. However,
the C-H band is often troublesome to be interpreted as the overlapping peaks are congested in
this region. It is too challenging to fully disentangle the complicated bands solely by
experimental means. Reliable theoretical investigation can help extracting the rich spectral
information.

In this work, we perform molecular

dynamics (MD) simulations to calculate IR, H N
Raman and sum frequency generation (SFG) A\” /f/‘ v“}
spectra of ethanol. Although various m , :
vibrational spectroscopic studies have been e
carried out for gas and liquid ethanol, there

still remain confusion in assignment of C-H /\/L e
stretching band of ethanol. With the help of 2800 2900 3000 g
MD simulations, it is possible to decouple VaTsTRII )

the overlapping peaks in different ways
(Figure 1) and assign each vibrational mode
in IR, Raman and SFG spectra on a unified

basis. This work will propose a systematic method to decouple overlapping bands and guide
to further study of vibrational spectra of large organic molecules.

C

u;& sg—s
™ Tore e

Fig. 1. Decomposing vibrational spectra into
contribution from various C-H stretching

[Model and Method]

In reliable MD simulations of vibrational spectra, molecular modeling is of key
importance. The model should be both flexible and polarizable. In this work, the flexible
model is described by natural internal coordinates, while polarizable model is described by
the charge response kernel (CRK) theory. We extend our modeling to allow for different
conformers. The molecular parameters are accurately described for each conformer and are
interchangeable by some large amplitude motion(s) in MD simulation.l The parameters are
obtained by quantum mechanical (QM) calculations at the B3LYP/aug-cc-pVTZ level.



[Results and Discussion]

First, MD simulations for bulk ethanol liquid were carried out to validate the
performance of the presented model. The calculated molecular properties, such as density and
heat of vaporization, dipole moment and ratio of different conformer are in good agreement
with experimental results.

IR and Raman spectra were also calculated and compared with experimental data. The
calculated results show good agreement with experimental data in both ethanol (CH3sCH20OH)
and partially deuterated species (CH:CD>OH, CD3CH.OH). The influence of different
conformer was investigated by performing MD simulations with pure trans or pure gauche
ethanol.[?l The results (Figure 2) show that pure trans and gauche spectra provide similar peak
positions and intensities with the original CH3sCD2OH spectra (Panels (a, b)), indicating that
the influence of trans/gauche conformer on the methyl vibrations at Cg position is small. On
the other hand, the spectra of CD3CH>,OH (Panels (c, d)) show clearly different shapes
between trans and gauche conformers. These results indicate that the difference in trans and
gauche conformers has large influence on the methylene vibrations at the C, position.

The surface simulations were carried out to calculated SFG spectra. 2! The calculated
SFG spectra under different polarization combination show good agreement with
experimental data. Through short time correlation analysis, Im[x®] spectra was decomposed
into contribution from trans and gauche conformer (Figure 3). In CH3 spectra of Panels (a, b)
the line shape of trans and gauche are quite analogous. In CH2 spectra of Panels (c, d),
however, trans and gauche exhibit clear different line shapes. The negative band at 2963 cm™
(Panel (c)) is attributed to C-H stretching in gauche conformer. These results are consistent
with IR and Raman assignment.

CH,;CD,OH CD,CH,OH CH,CD,OH CD;CH,OH
% (a) IR (¢) IR Original 0.4 (a) ssp (c) ssp
) pure frans _F
e pure gauche CH;-FR CH,—t-ss & CH,—g—ops
3 0
2 >
Z : ‘ -:%-0_4
= | (b) Raman (d) Raman 3 0.4
= =
) =9
g £ 0
% trans
= ¥ Imed)) —0.4 L gauche
pueee ™ —. L e ==l ’ L IR ! | [
2800 2900 3000 2800 2900 3000 3100 2800 2850 2900 2950 2800 2850 2900 2950

Wavenumber(cm ) Wavenumber(cm_] )

Wavenumber(cm™ ) Wavenumber(cm_l)

Fig. 3. Decomposed spectra of Im[x®] into the
contribution from tran and gauche conformer

Fig. 2. Calculated IR and Raman spectra of deuterated
ethanol with pure trans or gauche conformer.
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A molecular dynamics study on the affinity of PVDF and solvent :
calculation of contact angle between PVDF surface and solvent using
all-atom molecular dynamics simulation
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[ Abstract] In order to investigate porous formation mechanism of Poly (vinylidene fluoride)
(PVDF) by non-solvent induced phase separation (NIPS) and in order to understand the
wettability of the PVDF membrane surface at a molecular level, contact angle calculations
were conducted based on molecular dynamics (MD) simulation. Contact angles of the
PVDF surface with water (non-solvent), NMP (solvent), and their mixture solution were
obtained, and interfacial free energy between the PVDF surface and (non-)solvent were
calculated. PVDF a (020) surface and water droplet (TIP4P/2005) shown that the contact
angle ¢. is 96 degree and the solid-liquid interfacial free energy »« is 41 mJ/m?. Other
droplets and the PVDF amorphous surface will be discussed in our presentation.

[FF] Poly(vinylidene fluoride) (PVDF)iZ. A7 #tiom s oL FRIZe e, i B
TR ERE R IR R FF O Z LB EERRICAE AWV BN TW D Y RED &S 1T
H5D, PVDF OEE/LHIBRD—> L LT, KUUECEAY, T AGBRZHWWSO NS 2
LB BN D [1], Z OB EEEORFEWN G HiEo—> & LT, JF
AR AR BENIPSEEN I SN TV D, NIPS 13 U ~ — IRk % FEIA I B <,
A== PIBZEALTZFERE TR ~— 2S5 2 LI L) ZAUERHE
ZEDFHETH S, NIPS [ I0EEEEOREEIC AL b TWnd oo, FEERIITH S
B E 2 BT D ERHEL W LG JlfL A 7 = X A OFEMITR M ST
720, E£72 NIPS 2 & 2 2B SRR O XN+ D—> & LT, @0+ - Wi - I
RIEE OBFMERE 2 5T b

% ZCARIFETIL, NIPS 2 1 = XA% REICER T B - O SRR L LT,
BAMEZ RITWEEDO — D> Thdmn F- RO T X VX —% 078 )%
(MD)¥ R 2 b—ra VTR VHALNITHZ & & Le, BRI, RER7Z2 NIPS
FTod 5 PVDFINMP(IAEE) K GEEEL) A 2 M8E L, PVDF & & K E 721X NMP £7-
ILZN D DIRETER & Ol 2 MD LV K&, %R Young’s equation L D ZiL 5
DODRHHBEZT XL —ZRODHZ L L LT,

%72 MD |2 X %5 PVDF i & O#AFHREIL, NIPS A 1 =X A OfiFEH O ST
V) BRI T <. PVDF EOTENAEICEE T 2128 & WO M2 B b ERE,
AALBRE R 2B W TIE 7 7 7 U > 7P B2 EO 7= DIiziFE itk om B2 5



o, WIZHEAREE 72 & D membrane contactor & CldME B EM: D 1f LD 7= diEn D
IR SN TV D[], it 2/ m T B & 138 TH D | ARBFSEIL PVDF 3
HOEINMEZ S TR 5 —Bh & b 72 5,

[J515] PVDF (35 mMETH Y . MD THE FIRER R & S TiTfifd K OERFKE
ZEIRHCH S Z IR CH S, £ 2 TETHER T v A
N E—RANZRFIEIC KL VS B 72 PVDF 7 1 L AT o wal
BWTRLND ., REMRFERIETH D o (020)i#[2] £ ooy
(W A2 Bl S8 D MD R 2 b—y 3 U EFER LTz,
BARWIZIE Fig.l 12 L7252 D X 912, PVDF « (020)
[ EAE D=4, 5.5, 7, 10, 13nm DiEi# (K. NMP, NMP
KR 2 BEfih S BT R 2B LTz, 2B DRIZHOW
T (b MD # . NVT(T=298K) T 20ns > MD % /i L .
Ingebrigstsen- Toxvarerd ® JFVE[3]\Z &V &k O Hefih 4 %
e Lz, &6l & Young’s equation & FHV >,
PVDF # i & ki M O St H =1L F— ya KD 7,
Fig.1 An initial structure of D=4nm water
droplet on the PVDF crystal surface
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SRl &0, AT EOREE Fig. 2R L7z, Fig. 2 13 V-5 o0 i o4 ik
DA rgr OWEIIKRTT DHEflA 0 2R L TRV, KENKRE 02 LA KX
KRBT ENDLND, DF 01T A RHEFTHZ bbb, MD TH A5
nm A — —OMUNRRR D Z D X O BRIRBANI L MBI TR Y | U INKE OB fil
0 &~ 7 a i O 0 . ORIZIZR O generalized Young’s equation 23k ¥ 37D,

cos(@) =cos(8,) -7/ y, by, - 1)
2T AIMIES, yn I REREOKIES R ) AR L T D, 1)KV Fig. 2 OENGF
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2: 75§ (:‘ % N ﬁoo:96o (:\ % - 7L:O gﬂégﬁ,fﬁ € water contact angle
85° LT 5 L ORKRE REIC - 03 - e
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pah & MM DIR AR TH DL DITK | 02 - V= 040801059 s 2
L., it CRHERERHOATHLTD |& D=4nm -
LEZD, FrEAB LA EE [§°° p=5.5nm g
Ty, v ®LEME[4] & Young's | D=13nm , . IR
equation( y,, =7, ¢cos(8,)+74 )& H \ % 0.00 ¥ 030 0.40 060 S
Eoya=dml m? L rotn, RBKED | 01 petonm [ o
#E . NMP <2 NMP /KIETR DL O
Pefih oWk O, FESRRmICBIT | 02 1014
HEERAIZONTOFEMITY BT 9, 1 rdr

Fig. 2 Size dependence of the contact angle for
water droplet on PVDF a (020) surface
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Study of ion hydration status during the transport through
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[Abstract] In order to understand the effect of hydration on the ion transport process,
we first calculated the distribution of hydrated ion clusters in the bulk oil corresponding
to different water concentration states. We then calculated the free energy surface in
relation to hydration number of the ion and the distance between transported ion and the
interface to gain further knowledge on the hydrated ion cluster stability under different
situations. Combining the results from these two researches, we managed to explain the
mechanism of the catalytic effect of trace water on ion transport process.

[ Introduction] lon transport process through liquid-liquid interfaces plays versatile
roles in a number of physical chemical phenomena, but the elementary kinetics and
mechanism of it remain largely unknown due to insufficient spatial and temporal
resolution from experimental approaches. Molecular dynamics simulation is adopted in
this research to unravel the microscopic details of ion transport process. The widely
accepted ion transport mechanism includes the formation and break of the water finger, a
finger like structure formed by water molecules surrounding transported ion. The
hydration number of ion clusters throughout the ion transport process is of particular
importance to its free energy nature.

[Method] The distribution of cluster with hydration number N can be calculated from
grand canonical distribution as
e—B(G"(N)-Nuw)

P(N) o T (1)

Here, Ay is the thermal de Broglie wavelength of the cluster, u, is the chemical



potential of water in the bulk oil that can be calculated from the concentration of water
pw- The free energy surface in relation to hydration number of the ion and the distance
between transported ion and the interface is calculated using Hamiltonian replica
exchange method for cluster hydration number (N,,) of 0 and 1.

[Result & Discussion] The calculated distribution of hydrated ion clusters
under different water concentration value is shown in Figure 1. Previous
study shows that the average hydration number of the clusters near the
interface is much higher! than the equilibrated distribution in the bulk oil.
Figure 2 shows the 1D free energy curve of the system with clusters’ hydration
number N,, is restricted to 0 (red) / 1 (pink), or with intact water finger
structure (brown). The line representing the intact water finger structure
keeps rising due to the increase of surface tension introduced by prolonged
finger structure, while the lines representing clusters with restricted
hydration number flattens out from a certain z position. This offers some
explanation for previous experimental observation of facilitated ion transfer

process by staining oil with water2.

50
V II | I )
_I ._ [ I- |
(a)

pw = 130mAM (b) pyw = 13mM

w
=)
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10
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Figure 1. Distribution of hydrated ion clusters Figure 2. Free energy curve for Nw=0(red) and
for different p,, in the bulk organic phase 1(pink) and connected water finger (brown)
[References]

1. Kikkawa, N., Wang, L. & Morita, A. Microscopic Barrier Mechanism of lon Transport
through Liquid-Liquid Interface. J. Am. Chem. Soc. 137, 8022-8025 (2015).

2. Sun, P., Laforge, F. O. & Mirkin, M. V. Role of Trace Amounts of Water in Transfers

of Hydrophilic and Hydrophobic lons to Low-Polarity Organic Solvents. J. Am. Chem.

Soc. 129, 12410-12411 (2007).



	1E03_m
	1E04_w
	1E05_w
	1E06_w
	1E07_w
	1E08_w
	1E09_w
	1E10_w

