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Heterodyne-detected vibrational sum-frequency generation (HD-VSFQ)
spectroscopy is a powerful tool to study the interfacial boundary between two
materials. Over the last years, we have employed HD-VSFG in a variety of
experiments to investigate the molecular properties at liquid surfaces exposed to
the air by measuring the complex second-order nonlinear susceptibility y® [1].
The imaginary part of the y® spectrum is directly comparable to the linear
absorption spectrum in the bulk. Furthermore, the sign of the imaginary y®
provides information about the up/down orientation of the interfacial molecules.
However, application of HD-VSFG to the buried solid/liquid interface over a wide
frequency range has not been achieved so far.

In a previous study, we measured the y® spectrum of silica/water interface

in the CH stretch region using the CH resonance as a phase reference [2]. A 150
nm thick gold film, evaporated on a part of the fused silica substrate was used as
an intermediate reference. The
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Figure 1: a) Schematic of the fluid cell. b) Schematic of the exchanged with a syringe,
VSFG setup. without opening the cell. To



obtain the correct phase of the complex y®, we used the nonresonant SFG signal
from the “buried” silica/air interface as a reference, i.e. focusing the w; and w,
beams at the lower surface of the silica substrate in the empty cell. To avoid the
effect of OH resonance due to adsorbed water, SFG spectra of silica/air were
measured in D20 saturated air. Therefore the silica/air signal is completely
nonresonant and real.

To confirm the validity of the use of silica/air interface as a reference, we used
perfluorohexane (C¢F14) as a sample. Since CeFi14 shows no absorption near the
OH stretch region, we can reasonably expect ¥ of the silica/C¢F14 interface is
nonresonant. The observed y® spectrum of CgFis was real and constant,
verifying the validity of the measurement.

As a model “buried” interface, we measured the silica/water interface. We
observed a positive imaginary y®, indicating an up-orientation of the water
molecules (figure 2). This is consistent with a partially negatively charged silica

surface.
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Figure 2: Complex )(gg spectrum of the silica/water interface. This spectrum was normalized by )(gg of
the silica/air interface, because it is a positive real constant in the present wavenumber range. The

sum-frequency w; + w,, visible w{, and IR w, lights were S-, S-, and P-polarized, respectively.
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1. Introduction

Ozone (O3) is a universal pollutant in the troposphere and mainly produced via
photochemical reaction of nitrogen oxide (NOx) and violated organic compounds
(VOC) by irradiation of ultraviolent (UV) light.! The concentration of O3 in the
ambient is typically a few tens of ppb.! Elevated levels of O3 may become a reason to
induce some diseases to the living body, such as cancer, atherosclerosis, and
Parkinson’s disease. Because of its high oxidation activity, Oz has been regarded as a
potential danger to the cell which is the basic functional unit of all known living
organisms. Cell membrane, surrounding the living cells, plays crucial roles in the
functionality of the cell. The cell membrane normally contains both saturated and
unsaturated lipids, which show different stability to oxidants such as Os. However,
the influence of Os on the lipid molecules have been mainly investigated in high
concentration range (0.3 ~ 10 ppm), much higher than the level in the environment.23
In the present study, the concentration of Ozis controlled to a level close to that in
normal ambient (~20 ppb). The structure and stability of model cell membranes, lipid
monolayers containing single or binary components of saturated lipid and
unsaturated lipids, were studied by n-A isotherm, atomic force microscope (AFM)
and sum frequency generation (SFG) vibrational spectroscopy.*

2. Results and Discussions

A saturated lipid, dipalmitoylphosphatidylcholine (DPPC), and two unsaturated
lipids, l-palmitoyl-2-oleoyl-sn-glycero-3-phosphochol (POPC) and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), have been studied in the work. The single or
binary mixed monolayers of DPPC, POPC and DOPC were prepared by LB method
on the water surface (22°C) in a chamber under environment control. Figure 1 shows
the changes in the surface area as a function of exposure time to N2 (0 ~ 60 min) and
low-level O3 (60~400 min) at a surface pressure of 30 mN/m. All the monolayers are
stable in the nitrogen environment and show only very small decreases in the initial

60 min. However, when a small amount of Os (~20 ppb) is introduced into the



chamber, the monolayers of unsaturated lipids, POPC and DOPC, become unstable
in different ways. DOPC monolayer shows fast decays in the surface area and almost
constant after a certain period (ca. 1hr). The decrease of the surface area indicates the
loss of molecules from the water surface and implies that DOPC monolayer is
partially decomposed by Osand left trace amount of residuals on the water surface.*
On the other hand, POPC monolayer shows a fast increase first and then a slow
decay in the surface area. It implies that unlike DOPC, most of POPC oxidation
products still remain on the water surface after the Os exposure. The different
behaviors suggest that the two lipids have different oxidation mechanisms and
stabilities in the low level of O3 environment. It was also found that as DOPC is
mixed with saturated lipid of DPPC in the monolayer, DOPC is selectively oxidized
while its oxidation partially prohibited by the existence of DPPC.4

Morphology and structure of the monolayers were further characterized by AFM
and SFG measurements, respectively. SFG observations demonstrated that most of
the oxidative products from DOPC were dissolved in subphase and only a trace
amount of oxidized lipid (oxPL-DOPC) remained to stay on the water surface.* These
results were consistent with those observed in Figure 1. In the case of POPC, after the
C=C moieties in the unsaturated chain are attacked by Os, the oxidized residues

(oxPL-POPC) still keep to stay on the subphase surface (see Figure 2).

Detailed results and discussion will be given in the presentation.
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[Introduction]
Lithium ion (Li-ion) batteries are widely used as power storage device for many
applications in the past decades due to their high energy density and long cycle life. Many
experimental and theoretical studies have been investigated in order to improve the
performance of the batteries. Among these studies, the electrode-electrolyte interface structure
has attracted more attention in recent years. During the ion transport through the interface,
solvation/desolvation process directly influences the performance of Li-ion batteries.
However, the detailed mechanism of solvation/desolvation and electrode-electrolyte interface
structure are still largely unknown due to a scarcity of surface sensitive technique.
Recently, sum frequency generation (SFG) spectroscopy has been shown to be a powerful tool
to investigate various interface

1 )
structures. It also provided unique 20{ @ Fi o (~1}/ |
opportunities to  understand  the 1 w - -
electrode-electrolyte interface structure - 154 i3 l /35?1
in a molecular level.*? Ye and ¥ ] F o\ 1780 o 1830 e
coworkerst! reported SFG study of % '] % ©

8-
adlayer of propylene carbonate (PC) o LiCo02 Surface I
solvent on the surface of LiCoO: to I J I ir
investigate the electrode-electrolyte e ! o
. . . 00 P e 7 =
interfaces structure in batteries. There = | . c

. . A 1700 1750 1800 1850 1900 " ):/( A )i\f'wm\(
results, as illustrated in Fig 1, Waveanmber (car”)

suggested that two kinds of adsorption
PC species with opposite orientations
are observed according to the C=0
stretching region of SFG spectroscopy.
In order to explain this special feature
of SFG and give a detail understanding of interface structure, theoretical investigation is
desperately needed. By combining both experimental and theoretical investigation, a complete
feature of electrode-electrolyte interface structure will be obtained.

In this work, we take PC, which is one of the typical organic solvent in batteries, as
example and calculate the structure and SFG in PC vapor-liquid interface using molecular
dynamics simulation. The aim of this work is to propose a general model of PC molecule and
validate it by calculating PC vapor-liquid interface structure and SFG. This work will give a

Fig 1. (a) sps- and ssp-SFG spectra (circles) of LiCoO;
surface in contact with PC. (b)Two possible orientation
structures for C=0 group of PC observed at 1780 and 1830
cm. (c) Schematic illustration of PC absorption!



theoretical understanding of organic solvent interfaces and generate reliable model and
method for future application in electrode-electrolyte interfaces.

[Model and Method]

In order to investigate vibration spectra of PC, a flexible and polarizable model is
required for the target molecules. Flexible model is described by nature internal coordinate,
while polarizable model is described by charge response kernel (CRK) theory. CRK
calculation has already been implemented into Gaussian09 program, which is readily to be
applied to various systems. Force constants of intra-molecule potential are derived by fitting
to the molecular hessian in quantum mechanics (QM) calculation. Partial charge and CRK are
also calculated using QM at B3LYP/aug-cc-pVTZ level of theory. All parameters are
nonempirically formulated and thus the accuracy of the model is directly guaranteed by that
of the underlying electronic structure calculation.

[Results and Discussion]

First, bulk simulations are carried out to validate the presented PC model. The calculate
bulk properties, such as density, heat of vaporization, surface tension, are in good agreement
with experimental results.

In order to examine the
intra-molecular potential, we calculated r
IR spectra in the bulk phase and
compared with experimental data, as
illustrated in Fig 2. The calculated results
show good agreement with experimental
data, especially for C=0 stretching part
around 1800 cm™. By implementing
Morse potential to describe C=O 500 1000 1500 2000 2500 3000 3500
stretching, we successfully reproduced wavenumber(cm)
the red-shift of C=0O peak from gas
phase (~1880 cm?) to condense phase
(~1800 cm™).

The model is readily implemented into the interface calculation. By analyzing the
orientational structure at the interface, it has been found that the random distribution of C=0
directions break on the vapor-liquid interface. Detailed analysis of the SFG spectra, including
the phase information, will be discussed in relation to the orientational structure at the
interface.

IR spectra

a(o)n(e) (cm™t)

Fig 2. Calculated IR spectrum of PC liquid. Inset is
experimental resulttl,

[References]

[1] H. Liu, Y. Tong, N. Kuwata, M. Osawa, J. Kawamura, S. Ye. J. Phys. Chem. C 2009, 113,
20531-20534

[2] L. Yu, H. Liu, Y. Wang, N. Kuwata, M. Osawa, J. Kawamura, S. Ye. Angew. Chem. Int. Ed. 2013, 52,
5753 -5756

[3] NIST Chemistry WebBook, NIST Standard Reference Database Number 69, National
Institute of Standards and Technology, Gaithersburg, MD, June 2005, http://webbook.nist.gov.




1D07
T B LA R T VIRENRT R S A 0 ik
PRBE - HIED) OMIPFRL, Fif¥E

Heterodyne-detected chiral vibrational sum frequency generation spectroscopy
(Graduate School of Pure and Applied Sciences, University of Tsukuba)
oMasanari Okuno and Taka-aki Ishibashi

[F1 872725 7 VI E OIRENV /3615 & LT 7 VIRENFE 58 42 53 ot i% (Vibrational
Sum Frequency Generation: VSFG) N RKERERZEO TWD, T T2 - 57
THWEVOLIELE LT, IREIM 6 (VCD) BT v uFEE (ROA) HY ., 1A
X< ER EOEERG T O 3 IRTTHEEICET D 1HRA B L TOIAS HnbE TS, L
L VCD X° ROA 1%, EXNMEM FERE I L OB &R 2 HW oo tiEThr72o, 7
FIRENARD T/NSNWE W RER S D, £7o, AV &MY PRS2 RN B L 7B
DI NRIEEDELZ BT D702, WUNRX FZIEFIEZRERT X TG F IR T HE
LTLE 2, —J. & T/ VSFG /AT EXIMmMFER IS FIETH L2, REZR
FERBENTEOND, Flo, FFEDRLEEL HWD Z LIT XK > TH FVEFOH % IR
T2 Z ENAEETH D, ZD L HITF TV VSFG B iEFEWRHEEZRDH, Zh
FCHDTEOX T VT ¢ —OREBHE STV A1, AR TIHEFERBE I NLIZ~T 2
A g VSFG % % 7L VSFG 73 GEICHER L, ERIE TG oo 72 0% 7 Y
T4 —ICHET WS 2 LT Le[2]

(53 & SZhR] SFG ISR FRIED AN TR BFAET D720, RN KHTFIEETH HGEIC
H VSFGE 555 2 N TEX 5, X7V VSFG IZB T 2EELRMEIL, T LVEFE 5 X
B UIEEEZ R D OBE () Rty FA~—RL, ThRbbAEFER - EFRO
XFINGTTRETHZETHD, BEO~T LA URINEITH) Z LIZX - T, VSFG &
BEHOMMEMD 2 ENTE, O OMHZRET S LN TES, Tk, ~FRrZA
VHRHICE o T v F A~ —[ATLEZXBTE L EEERL TN D,

1 ICABIE TR LTc~T r &
£ U T L VSFG 4y 3R 0% Displagement sensor
BN Z R, AP TIL R IR
(Local Oscillator: LO) & L T y-cut

Vis Polarizer
K5 F4 LT SFG Gz M A Thin y-cutﬁ\\;p\ﬁﬂ

- =] - quartz plate IR~ A2 plate
Uz, yreut AKER IR TE L RO 720D

FIMEEEWES SRARBIES 5 1 o 5m s L ppih% 5 0 VSFG 4B O£ RE
WTHLO & LT/ SFG a5
BHEED T ENTE D,

\Concave mirror

To
Spectrograph |

=

[FEREEBZ] AR LIZEBOFMOTZD, RS- VERVBIOTEIKREHE LT, X2



ZT X T NIRIEFE 5 2% SSP (/Eirb VSFG 1§ SSP 2 o
_ . _ —— R-limonene
B, ARG, RO EFT) B L PPP R - 1 —S-I‘ignorgne
i —Zt=

B CHIE L CTEDLNZRBE AT MLERT,
CH fffgtRENZ kT 2 RE S ROVEIHI ST
W5, RS UERVBIOTEINLELNT
ALY MM, K —HLTWBZ Enbns,  PPP_-
WIZI® 3 12x TNV 5% 5 2 % PSP i el iE
THIE L TH LT ZIRIERIBIRZ RO B &
OEHZ T, BHPOHALNR Lo, 7EIK T |
MBIIEE A SR BRI SN TVARNDICH L, 3000 Wavenamber / e
R-, S-UER VD OITWERIRENLIGE 505 = 28SP (1) BLOPPPEE (F) T
SINTWD, FLEZNOLDEFIF[FEFNHFEIEL T AL EHA<s L
BY.ATOXTVT 4 —ELML TG, &b B

eff, SSP.
=21 2 -1
10 mv

@)

Im[y,

2)

ImB™ e, pepl /

2 .

|
2800

—— R-limonene
(2 PSP A~ hLiE SSP 38 L OVPPP A7 | £ 10~ — Stlimonene
LTRSS Rfe o TH Y PSP A~y kg, g 057 J K
TEXIMEED R TR, FTMEETH 3 007
HZEERLTWD, 2O LT, 7/ VSFG Qa;_;-o,s—
R EAT RS RN B 2 L Ty A2 - I VA
M ZGBE G TRIEL, 2T > Fav—zK R g5
BT 2 LT LTz, 7, IET — 4 2% % 00—
FARY PEHRT BBRIC, F TG HOHK = 05
DI DSV 7 FHINE VD T EIZHOWNTOE# .
PUETHD, iUk, BEE TR TE Y ST T T 1
K 3000 2900 128()0

JHIZHKT D SFG 5 5&EH & fmicHEKT 5 Wavenumber / cm’

SFG 5 5 E OMMHNn/2 Bl 51 HThbH, K [ 3 PSP ki E /L

WMIETIEF TG ZB VT HICHRT 5 & W “WIERERZEOER (1) 3 L0 (F)
IRENZ IS THNT 21TV X 3 DFER A 15T,

BONTESE RS L, IREIEICHRT A2 FABHIS N TRY . EBIIIDEIED 2
R NP ELNTZZ END, BORENIELWI E2VRENTZ, T78bb, KEEETY
ERMBELNTF TV VSFGE 51, Him TR V7 HICHERT S, Evn) ZEn
RSz, ZHUMEFESOMHE R A BT 2 ERIETIIEONRWERTHD | K
HRTHO THRLNTERTH D, IHIZ, ~TrEA URHEITS 2 L18 Ko TR
DORME7em FICkE Uiz, #EROFR TS A ETIINHELE, IEETHBSFETTY R
WHDF T NAGHE =D Z LIXEFICRETH - 72[8], AFFETIXFEEDOEKME T, +o721E
51 ) A R EFE - 7-% TV VSFG 227 FABNBRIESHTW5, i, MR ED LO
2K > THES 7% 7L VSFG F 503 IR S LR Th 5.

[ k]

[1] M. A. Belkin and Y. R. Shen, Phys. Rev. Lett., 91, 213907 (2003).

[2] M. Okuno and T. Ishibashi, J. Phys. Chem. Lett., DOI: 10.1021/jz501158r.

[3] M. A. Belkin, et al., Phys. Rev. Lett., 85, 4474-4477 (2000).



1D08 LA ERRMIERE S A DEHFE & REH

(B - BRS TN, B - XEFIPHEHE)
OHFEXTF
Development and Application of New Interface-Selective Nonlinear Spectroscopy
(Molecular Spectroscopy Laboratory, RIKEN, and
Ultrafast Spectroscopy Research Team, RIKEN Center for Advanced Photonics (RAP))
Tahei Tahara

2ODRIRDFNME D FiEE T L B DA iy TGN EITT 58 CTH Y . RimOF
1) - BIRMEE 2 00 TRV ERICERE T 5 2 LIZEECTH D, T H IR O LN EAIL, EBR
b2, K&, BERF R EZ2 < ONFOMEME L U THEETH DM, WP O 1 OB fiE
ICHRDEREFE LS H>TWND, ZOKERBHDO DX T) /) A—F 4 —F —DWRIERE D5
TSN T Do ERFRI L CEHIT 2 T ERBIR LN TWAD Z LIXh b, HEIROIERIE /71X
WG A-T{EL D F5 C SRR R D BNFIR COME B 2L U 272D I TH 5, IR
(2 & B R ORFZEIE 1980 4E£XIC Y. R. Shen & Z D ILFRIBFZEH IC L » TRt S N, B A7 bv
HIEIIE A4 (SHG) 1623, IREY A2 FOVHIEICIXIREVRIE IR A7 (VSFG) 28, R
HFFED8R 1 7 FBEE L TIAL EDiILD £ 9187572, Lo L, v s 7L % 4k 7= 2000
FEPEEIC I EAICfafa U, Bl L& b - 72,

ek, OREREOHSGIIREE TH DI H0b ST RIEFAOEAVMEN L, @R H Sy
HNTEEE D3 AT 5 ERFEGE TR ONDERNRZ LWV a2 T 5 LU RN ZLH D,
EB x| 2004 FFEICIERI 0T K DRI e & Blds L7z, & LT, IV E CHRIRO M &
53 EDWFFETEs > T & 7240 68l & S o3 e~ 2 2 & T—HEOHT LW IR L %
B L. 20D & HW CHRIR R i O FEARN 725 TG OBt 41T > T % 72[1,2,3],
~SNFFVy 7 AEFERERES NER L DOREHE

oz DL 7 BRlG L 72 s C VSFG iE %2 W72 Rl OIRE) A X7 SR IEEZ < AT T
723, BT AR MK BRIV o T2D T, £TE AT MWK DR mEmrses ok
Wiz, BRIV BT SHG IE TIIIREI O S 2O R 2 im 5| L7y bR im CTRAET D
TfEEOBEEZRESTHZ L TRESTOET AT MAHEZEITH, Lo L ZOHETITHE
ICREWHRZE L, £72EORNANT ML LELNARW, T2 T, 7= b MO L
A2 LT = 5 MYAENE RIRHC B IR 2 2 & CHEE AL IRV R TITV., 2
nNeEplme ~ VT F v o3RG T EICHET 2 FikEd 5L L, B EERAE (ESFG)
EEAMFT T2, 20 ESFG H£IZ L - T SIN O E WA R 728 A7 R L& EWHEIERFE T
/5 Z ERFEEICR 72, ESFG L - T, FlzIE, 22K,/ KA HE CORBERE 4 % & B i
E L, FHOWE S T13E ORLH OE W L > TKEDOHEMERNRELRY . ZO7=oFE UAkFEHE
W20 RS ERNC R R DM AR TWD 22BN L, &6, ESFG EIC L Al
I ARIIE, 4 RIS K DIREN A~ Y hVIIIE % FZHL LT,
~T XA RRHETIRAFERESKIE L ~T v ¥ A iR IREFE R A Sk

ESFG £ & » T, VSFG IZ L DREN AT MVRIERIER, s FOEF A7 MLaz RN




SIN THRLND L) iZlheoTe, LLAb, FildbOIRIEZ IR 5 DM % €D F M
T2 INDbOFETIE, Ry FOMEEEERT ZIROIEMIZEZ By @ T3, ZOHE|(@ |2
DAXRYZ FAPFLNDITWBE 2, 5 FOBB =R NLF—LEIEL#Eim T 272011E, x@F D
bHD, FHZZOREE (Imy@) DAY MEREST DHERD D, (@OWET, FimTHAET
LIS DOELOWRIE LA Z, ZROCE O T 2R L TRIHT 22 L TITH 22 TE %,
ZDO~T rEA R EFHEIN D HIE TR EOE A DT ThATWen, ZnETIZEAL
FISnTWiehrole, Phbiud” = & MPOIREEOLE v, 5508 & S ROGZ [Nk IS 3
ESHLNPREZTRNT 52 L TEVMHLEEZER L T, ~Tr& A Uit%a 3 ESFG
HIEIZOWTIRIZ VSFG MBI DWW TIT o 72, TS K- T SRR AT R Lds LOUR
SR A~ h v & E4E R 2 SR INAY 7R BB A~ hV EIREN A~ RV OJIE D FTRE
Ligoie, ELUTCHIERZHWT, KEHO pH OFE&AZRFCHEIB N> 7 750 0 ROER
DA ZATV, EBE IS X - THEREOKOR M OB, #EMm I L OER KR DK
DOIEEDIRIA, ARIEE 7V OIRHE /K OKOHEEOERR 72 £ IR O EAH LI O
TOF LW ZGTZ, ZO~T a4 UiHick 5 ESFG % (HD-ESFG i) & VSFG i

(HD-VSFG i£) 13ERIEIZHAD L BANMICEETH D03, 2 FHZIE L 0 AERY 72 & 4
ELTWD, DO LI FIEIFBEHRANICIENR Y >ob D | 4% OEER R HIEICR
HEEZTND,

7 = A RO S A E ~ D HERER

HD-ESFG 1% & HD-VSFG IEDBHFIZ Lo T, 4@, K2 Imy@ A7 FABHETE D Z &I
IRtz ZHUIKRHDMEEIC E > THO RERE REWZ RO, R fRIE TIiX, StEhiilz
Lo THESNDME T OEZ S & AT S VIITE OO EIERF ] 2 28k S E 72 28 5
ET D, 1EKkD SHG ik, VSFG 1£%4 VT H R RIE 13T b T ey, ZAUZ Ko TEH
ENDEIEP2DE, TRDHAR®[2=2Rely@ Ay@*+|A @ |2 THH> T, ZDOAXT ML &
ELLSFRT 22 L13E DO THRETH D, ZHIUTH LT 1A U & I T R o iR E
Tl @DZAL (A @) £ Db D ZBLAITE | Z DOREHES (Almy @) (ZRF SRR I A~ 27 kL (Almy W)
CEHELET D 2 E R HIR D,

ZITHAITIAT v Z A RIS XD ER AN FVIAE 2 EBL L T SRR RRNE 2 B 15
FHRFE~HEA, KIAHEIZI1T 5 HD-VSFG OO MERNE 2 FZH L, £7°. RIS K 2 HKH)
JHEIC E > TT7 = b FRMRENS A T2 7 228+ 5 2 LT, #rE L7oKEm O OH sy~
Y ROARL =& 27 S AALE BRI L, £72225K K E D 3 S0 57e % OH k) o i
WHEGEZ R T T — 2 280, FRENARIC L BB FMEZMAGOED Z & T, KDOA F 1k
Lo TKKRMIZEF 2 S8, KREICHEPEAIZA UL KME 2832 2 LISl Lz,
IBIFEEF TITbh T o RJehmOBrmdEn )t & FKEORRTH Y . bhbhOBi% L7z
B LWIERIZ B Lo T A7a< & b 2R RIS EIZ DUV TR 406D L~V D3R O
PHOENEFFEITRSTZZEZERLTND,

T, ZNDDOHEROBRIE L ZNOFTZ L > THLNIZHRIZOVWTRIET 22 L b
2. ABROEADAHRMEIC OV THER T D,

[1] Yamaguchi and Tahara, Laser Photon. Rev. 2, 74 (2008). [2] Nihonyanagi et al. Ann. Rev. Phys. Chem. 64,
579 (2013). [3] HIFUA FEDEREBERIZ D tiE, Rl o0+ F5 (BT . LFF A (2011).




