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Abstract: In recent years, ultrafast multiple-dimensional vibrational spectroscopy has been widely applied
to studies of molecular structures and ultrafast dynamics in various condensed phases, and is expected to
become a new generation of routine analytical tool for determining microstructures and ultrafast behaviors in
molecular systems. In this review, we introduce in detail a method of determining three-dimensional (3D)
molecular conformations with ultrafast multiple-dimensional vibrational spectroscopy. The introduction of our
research follows two directions: (1) obtaining relative spatial orientations of different groups in a molecular
system and finally determining molecular conformations by measuring cross angles of vibrational transition
dipole moments; and (2) exploring the nature of vibrational energy transfers and determining molecular distances
with experimentally measured vibrational energy transfer rates.

Key Words: Multiple-dimensional vibrational spectroscopy; Ultrafast spectroscopy; 2D infrared
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1 31 & 2141 10 88 e ik b Ot G 2 LA R AR 2 LA
R 2 ER B OEIE BRI BB )X I 1 & A R AR 3 A AT U

Received: July 22, 2016; Revised: September 16, 2016; Published online: September 19, 2016.
*Corresponding author. Email: junrong@pku.edu.cn; Tel: +86-10-62753815.
The project was supported by the AFOSR YIP Award, USA (FA9550-11-1-0070) and an AFOSR MURI grant, USA (FA9550-15-1-0022), the Welch
Foundation, USA (C-1752), NSF USA (CHE-1503865), ACS PRF, USA, Packard fellowship, USA, and Sloan fellowship, USA.
F 72 ERPEW AR B K (FA9550-11-1-0070), 58 [ 42 ZERL 20 78 7 22 22 BF KA 7T 6B 542 (FA9550-15-1-0022), 5% [ 43 /R 77 £:4(C-
1752), = [H [E X R # 54 (CHE-1503865), 3% 145 2% 23 A it 3k 4 % 5% [ -~ 4 22 0 5% [ 7 e 22 0 1y

© Editorial office of Acta Physico-Chimica Sinica



No.1 Wi e aE: TR LERBDCIE BORMENT 20 71K R ) =425 (] R Y 41

Ko MIMTERAG R T00 T30 38 LS a5 A5 B s
o XTI AT ALE KAD B B A0 A I R RUBE LA
Moy TR R T KRBT Iy, FEar AR 270
T A RLR g 7 T A R R s A aC A BRI I
U, 5IET ISR ORI % b 1 R WO S5
F R BRI AR A B g i R, ]k S B
SRR LW R, > T ek S B e s, IRBhRE
BB, #AEE X BT .
H Al X — 75k © @8 2 N T 465 R AL
b RN T O AR E DA o U P -
FS. 2 IREh 5 Je gy o2, s )y 5
B g B, A TIREIAR A KRER IR,
LT P A% 7, S5 8 5% 3800 TR A v R )
FIRE T o

I JUAFE R, JE 2% B S 7 K % (Rice University)
AR KRB R — HBU) TR R 2 4IR30

MRifEfe, 1984 4F 4. 2002 4F AR}
N R T s by 2
=V 2 00 EE T R

! C WEFER AR, 2011-2016
CVESIETE 3 N Ao YN A
JEW T . BN A B RL A B ) B 5T

TS ) B A SR I BT AT P . R BT TTT
[F A 7% 2 e 3t DRSO Ol T R 1 K g BA R
o TR RO S Je o3 1 18] B B A% 3 I AR 11
D&, YRR R A 200 R RE R DU HL 4
ARENLEL IR T, ERFER B AR A2 6 1 T

WAV, 198244, 2003 4 AR
| F VB 2 A8 38 R A 3 4 Bt S FH A
R, 2009 4FEH A Bl T o E R
BEAk AR T 2. B S
| TESE [ S KSR AR R B2 R
L EIEFE. 2016 41\ BE PG i e
KEEAL A T 2B . 32 B A R OE 6 i B 4
RN R H iR S, 4 F 2 IR LT &
Yt AR A 23R 5% b LT /3 THI ) 20 1 W R AN B [ 45
P o 4 1 10] g B A% 336 4 FRLAK 2 ok B 25 5 T 1 BT
Ho. Z5EFARPHAIES3TI.

TSR R BN AR AT 73 T 28 = 4 TR R 7R (1
MPB " EERRESD THRARY, TR
AL TR 2 A M AE Y i A E R
R R S, Pl RO R AR
g, EMERE. BT RBEE™ " Bl
ANIe& Kkl 2 MEART B UM T2 72 [
RIFIfEAT . o, XFZRAT I (XRD) J5 9% LL S A% G
HIRNMR) J7 it H AT BN H ), R 2 4R
AR TEMMET B ERIXETEA SN
— R A PR EATRE I VEE . 10 NMR U5 ik
(OIS 8] 20 B SRR, 8 W IR BP0,
AT bt 5 70 ¥k P SRl 2 — S PR Bk 9 1) 20 A Y
DA B — e 75 i B0 I A0 22 S B e [ 2 e, T
XRD 77 92 U3 W R A M AR Z2 A — 5 1) 2 18] A 391
ZiKy, BORMIR T E RN I VE I o PR AE SERR
fHoLH, A IRZ 7 T4 Z 2 1A R 2 e iR
F G IR BEAT i Mo 2EBIR AL, D9 T RIT T — 2K
M SRR 7 LB, BATT B i BE W X I L AL
S LA 8] P K 73§ S R BEAT BRI . (R
FLLERE 2 5 A M AL R 1R v 8] 7 4038 R A I
Ve DA SR B A i, R IR A AR, X ey
AR BR 1) T A% 8 ) NMR J7 V2550 He 45 1 g 4T g AT
BEAh, X Le gy AR AT A AR ME % B, PR R
BR#1  XRD J7 9% (8 o RIS A i AT DL &S R AR
M, WA ST, B 5 i 5 1 X 2R
B T EEAR(EPR) A% 2 B F B 5% 26 53
TARRF LT BHEARN, IF NG 2VF 2 HE
4y A5 R, H2 EPR J7 VAW o2 R B AT

AR, 197344, 1997 A F
Bl FAE s K2 E R, 200041k
HKZEE D ALt 2003 4E36
O [ A ZE B L g T L
N 2007 43 EHHAR KA AL 2
S . 2008—2009 4 4 I TE 32 [E i 4
AR 2 R0 M K 2248 B 1 23 A IS S A 1]
EFWFTC . 2009—2015 FE7F 3 E SR M K22 b 2 R AT
o 2015 FEMAAL R =% 5 50 F LR % e
T BT ) & S B RO e i AR R
DRI A N R v Ab . 35 [ 7 I S g
RERAH . FREEEPEARR S
e H 2= 7 R 3 E i E AR E 13 T




42 Acta Phys. -Chim. Sin. 2017

Vol.33

Or T I = Y7 (R S A0 o TR 1) Il 8 A7 A T X 3
EERAIE S TRAEMERR PG SRS T4
GALONUR= == o R OR e g A el I DR /L N e
SERIBEAT BELEEAOLI, DRt AR M S S T EL R E
SEAATHHR B & Fh R N4, [E151R 2 402 A
YA — B A4S BRI IR AR

M2 AEPRIDERER A, ikl L JUERNT
BT, BLAE AT DAL e o b ok i 4y A
P BN AL BRI B AR R 1] 1) e A SRR o TR R N
AN TR) 2 A ) AR 2 TRV ), DA R i R 3 R i
B o FE I & 43 1 2 1) PR B 0 L ) 49 3 o3 AT DA
EERP RS, JFATLUER T ILEATE R
SRR, NmAEEN ZHEHGERE, HE4
BRSO E— RN TR R = e A B
FB. ERBEGRT, kBN fiEihz 4
PRADEER AR ML E S5HEM, 2 FEEHA
FATEAN HIRATAH IR B — 2 TAE: (1) anfaidid
D31 PN A 3R Bl A5 2R A B3 o 1) 7 A o L
FR SRS o TR R ) =4S (R 450005 2 (2) dnfe
W& 537 18] ) PR 2 fe AL R i A2, 0 sz 36 bl
L R R A 7 2 IR IR

2 IREEHR

gy T F R S X A 1) R A DL IR Bl e
A 1 AR AR AT DL 1 R PR 2 4E R 3016 B AR
B, fFGMZ 4RI R, B 4L shTs
%, AESEES B 2 AT BOAT DASEIL T 00, Tk
JUAER, AT % G5 1 4R 20 AR AT )
—RANE, BHKE T MM “E R R
BHUK - TS T IR R R 2 YR IR B0
FB, HMALS 7 IE LA R 2 0
SR

B, BOOLEBMESER — 6 WP BUGTEUR
AR g — XF I a] [R] A2 1 AR R B AR O TR
o HER AR & B & 1 PO B AR
FE SRR G, B 70 14 & AT B I R B A5 0
HEAT IR BV ORI R U 3R AR B e B UK Bk
R MG 457, B KT
[5] 7 (photon echo) %A ™', i A& Bl T 75 )t 1 i) 2%
gsvew BRI B AP OGO A8 1 3 RE AR
RN FREEXTEUR G AL B R, {5 i
OGRS, BRSSPk, HEHER
s&, BT HOR UE SR FH I R B A ) R EOE

DR L AE S5 2 T (O R R A, 0 G 381 B /S R B A5
X B EW AR H A —/ N, S
AR =M AR S TN . I S BRis
FE Gi i) — Yk 21 4bJ7 508 % I RE R PR T S A o
9 B R Y b AT =, BT B T 4515 B
AR T A R 1R BT 1 R B ORI Tk
SR R B AR R D BERS —N =
GeUL b, DRI R H B & 7 B AR I = B AR A v
SRR, MR IRAS K S A GV T A &
F o TR AR A LA E RS HE
FlJLFse 7 TR T g 2 2
Pkaniist, U nT LAk 78 R 1 T a5 R K&
BTG R, RN T =445 0 e H3)
B

H—JTH, ARG RS B BOCE RN
FH LT AR I ' YR ORI 482 40 - R 28GR ik
PG . IR o 1 800 nm/400 nm VR A KD
POk REAT AR TR E AR T
A, n] DL H 3RS [F] if 7 25 4N LA T R Im AL
AP 28 6 1% DX S R B 1% 7 iR S AL
AR ' YR () 1 T 18 H AR 29 100200 S EL
NARAS TR RIYE L, RE IE AN T e
WK RSB, I H A TR 45 I A o B AR 3h
B, A0z 4 A X R BRI & . T e
PRI 65, 25 A ] i S A A 75 5 i RS R
TR A8 15 X6 22 2 IR 2 B 1) SR AR N [A) AR 4
o BEARTE STIG A BT R 0 2% DL KRR 3 2 R
IR QB 1R

BARKRUL, B — N EEAE N 76 MHz 1)
KA IR G A A B Bk O A R RN R Y
a3 BAE S — % [R5 1 Rz D R0 RORD OK 2% 1 T
Moo FPIK AR TP AR BB (~1 ps, 1 kHz)Z& H
—ENB BB A 20.8 ps (P20 4b ik ok, H
AR AE 500 cm ' #4000 em ' [AESE T, A O
10-35cm ', ReE NREAMIKITZ1-40 W 1K
FOTBOR 38 BT 72 A B0 (~40 fs, 1 kHz) 2 i B A (i
TR B (BBO) iy PR A5 5915 28 A AE 25 S b = Ak — /M ik
B RE/NT 100 fs, AZETEREIN/NT 10 om 78 25 2
KT 3500 cm ' [ HZL A - K 24 68 % S ik i
PO TR g R e i, RS
JRAAETERE W B SRR, HOLBE R/
100—500 pm, f & 1) R /IMRIE S B 75 5K AT 2E 47
Yo T RD R SR IR AR AR S R, iE



No.1 MRifg o5 BTl IR YERSDGIE BORMENT 70 T R 1) = 47 (8] 4 B 43
chopper delay line
B ;Z ps OPA — ps DFG IQ
oscillator ps amplifier e — I %
4% CaF, lens
THz source MCT ( ~*—/‘ )
spectrograph | /
; il
__________________________ 1
: 800 nm | BBO DP WP | H polarizer
| =] 1
| ]
: plasma | MCT MCT array detector
1 I
X TiHiz gaureg X E'Soff—axis parabolic reflector
! 3t (©
> 2r
.“5
5 _
= 2z 1r
5 01F 2
@ L
= £ O
£ 5
5]
=z 1k
0.01f Sl
1000 1500 2000 2500 3000 3500 4000 0 200 400 600 800
Wavenumber/cm-" Wavenumber/cm™'
1 BIREBUEIRBNIE LI R B B EEIRN ik E
Fig.1 Laser setup of ultrafast multiple-dimensional vibrational spectroscopy and the measured spectra of detection beam®

(A) laser setup. The mid-IR mode-specific-pump pulse is generated from the ps optical parametric amplifier (OPA) and ps difference frequency
generation (DFG) setup pumped by the ps amplifier. The mid-IR and terahertz super-continuum pulse is generated from the optical setup shown in
the dashed box, acting as the ultrabroadband-probe pulse. (B) spectrum of the super-continuum pulse in the high frequency range measured with
a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) array detector. The low-frequency cutoff is caused by the low efficiencies of
the grating and the MCT detector. (C) spectrum of the super-continuum in the low frequency range measured with
the air-biased-coherent-detection (ABCD) method.
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Fig.2 Multiple-dimensional vibrational spectrum of
1-cyanovinyl acetate at a waiting time of 0.2 ps®
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Fig.3 Molecular conformations of 4'-methyl-2'-nitroacetanilide (MNA) in (A) the white crystal, and

(B) the yellow crystal®
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Fig.4 (A) Fourier transform infrared (FTIR) spectrum of MNA in the white crystal;
(B) illustration of how the vibrational cross angle between two modes being experimentally determined®



No.1

Wi e aE: TR LERBDCIE BORMENT 20 71K R ) =425 (] R Y

45

fiff 5 B NO, B R 2 8 v(NO,), 111672 cm ™!
Aab 1 W WAL U Sk N T B G B € = O B 1) B R B
W(CO). IXEEHR BN 53 A7 76 73T A B 140 2% 2k 1A
b, FFEHR ARSI AR BT — AN R
V) ] %) SR AR A R o B A AR R 2 T ) AR K 2
V) B ) T E 43 ) B A = o 2 [R) A4 R T O — A
o XWHLENAE, RN LR e &
Xof R 3l R A AR ] ()RR G S A, A AT LAAS B 4y
TG RE . LLEwWNO,)5 v(CO)Z [ 1)
AR 9, W 4B) TR . BT TR BA
PRENE A Z RS —E MAERNER S, H
o — N R B A OR A 2 S BUA A — MR B
PR AR R A — e AL RS, R R AE 2 43R
SR Rk, R, ®ATE LR
B — 0 K TE 1362 em ' PRI 1R 286 P D 418 Jik o

(A S
'
—
an A 7
v o
‘4{;:;"\'
\
_——

(B) P
1880560 / 1400

@, 1640 1380
52, 16201340' 36(3«,0(“"
()

= parallel

0.004 :
» perpendicular

0.002
0.000

Signal intensity

—0.002

—0.004
1620 1640 1660 1680
Wavenumber/cm-"

&5

BOL WO R NOL S PR . Bt
76 AR5 45 TR N (29 0.1-0.2 ps), FH HA—H
OV K AE 1672 em ' B I 1R 2 1 i % Bk e 06 [R
F R RE S, 8 T DLER I C =0 B B A8 R 30 9 i
N, FEIHARNERZ MBEES. 5500
JEE 1) K /N 55 9 SR (1) R T i 1 DA B 9 A48 31 R
ISR 2 (R I i AR G . BRI, JE e
PR A s (5 AT PAR 5 vi(NO,) 5 w(CO)Z 1]
B RN HE— 204, @I o 4 R K
AR Bk e ) 4 e, (E 0T LAS B — R A 24
PR 2 g st i, WK SA). KA
— X 21U RN U R AR R — X RS R A E

T MAR] DA B AR SR A ] e Ay . I

TR R E R AEE, U T
=AY Y

W

3250
640 C
~ 1620 3150 w«lc(\'\\

| = parallel
o perpendiculal

1620 1640 1660 1680
Wavenumber/cm~!

METERENMRN BT =8 R A

Fig.5 Determine cross angles between different vibrational modes*
(A) multiple-mode 2D IR spectrum of a polycrystalline sample of the MNA white crystal at waiting time 0.2 ps with the detection beam

perpendicular to the excitation beam. The relative intensities of peaks are adjusted to be comparably visible by multiplying the raw data with

constants which are listed in the supporting materials; (B) enlarged 2D-IR spectrum for the cross peak pair between v(NO.) () and

v(C=0) (ws) frequency range; (C) enlarged 2D-IR spectrum for the cross peak pair between v(NH) (@) and v(C=0) (w:) frequency range;

(D) a slice cut along w, = 1362 cm™' of Fig.5(B) with the polarization of the excitation both parallel ( || ) and perpendicular (L) to the polarization of

the detection beam and (E) a slice cut along @, = 3260 cm™' of Fig.5(C) with the polarization of the excitation both parallel ( || ) and

perpendicular (L) to the polarization of the detection beam. The solid lines denote Gaussian peak fits.



46 Acta Phys. -Chim. Sin. 2017

Vol.33

e, AEEAT M E SB) T s B — X R A
U o L AR AT [ BOR AT BT 0 = 1362 em ',
B v(NOL) ) 0—1 (FE&BIEE — WU AT, AR
BRI N T w5 = 1672 cm™', Bl w(CO)HI 0—1 BRiT »
LA T A5 5 RV T ORI 5 | N O, & (1 4 A 9
g, HEBE L C=0 8RR sh 2 [ AR 5
A PSR JE B R R AR . T BRI
BRI N T ;= 1555 cm™', R T IERAL R T5
5K/, WE SD)FTR, s Sk
/N5 BOR TG FITERIE AE X mRA O% . SRR
TE B G P OLBE BLAR L0 L e R & 2>
A7 & 1) [, FRATE o] DL B 445 B0 7E A [F] A1
X O AR T I B 1S 2 A4S 5 58 B (0 /N 5 A B
(1 P A Bl B A A = ) 9 1 1 O R X7
I, _ 2 —cos’d 1)

I, 14+ 2cos’0
Hr, 105 Lo BIARERAE R 65 3R 6 1 i 4% 7
7B 2 T RTINS S S5 E . 0N E S ATX
I P P A i 20 A% X BRI A8 AR . 4D R T 2 1) e £
XFE, il SD)Frw, @i o il & w R~ AT &
EHXM TREES AN, HRHAKD), &
s el BATHE . NOL R b iR 3 5 C=0 %t
R4 3 2 (A 4IR 2 e M1 DR 70° + 20, 33— D,
I EIRE I 7 VEFRATT AT LA 2140 A0 £ MNA 731 F
5 A 2 B RN 2 A () IR 2455 3 (W1 w(CO) vi(NO2)-
v(NH)\ vi(NO,)\ w(C=C), Z5%5)7r 25 [0 AT
F o
3.1.2 KiRah kAR =B KA

T MNA 437 () 25 18] 45 #) 32 B de T i 1 B
B=A TP IRIAEX K, B — P R
S0 A R 15 B ) PR 3 A o R e A = A
SRS BT B R A A, B3 o U
AN Z i /1 LCC/NO Fil LCC/NC. 3 T % 7
(DFT)J5¥%, A] DLd 4 w3 > 1 A [ e AT A
B T B H AH R 4y 7 4 B RS IR B RO A
W AE 2 R A . I BSHE— 2 PR, g —5t
P Bl B 2 T8 1 e ff A M — B e 1) . BRI B A
BRI, o TR 2 R I R ARBT
T =S (A M B R B . FLARSRIE, 24K NMA 4
T A T 1 £CC/NO Fl LCC/NC M 0075 #ie 5]
360°Hf, —LERANBIA Z[H, Ww(CO)5 v(NO),
() 392 £ 7] LA 0048 42511 90° . {HL B 3 22 ) ) e BB 3
AN —— R RER s R R ] I T A R T

ME— PR JE S, AH R I 0 A RS
NSRBI . Bk, AT RERBIME—
(5> FRIEL, FRATT 7R B R I 25 R R AT e 2 4R 3)
S, JUIH R T XS 4y 1 4 B AR M AR 5 1 PR B
Jeffy o T IR BEPR B JE F 0T 43 A6 2 AR P A
A, M ) B i 2 % 2 R fige, 5 T DA P — Ff
AT ISR . RS Fros il & 45 1
AVFLIEEL T 15 MR A, 5 H CH. NO..
C=0. C=C & NHELZ=HPIRS, EAIFHAD
TTH A A A A [ AR O R .l T R
XASA AR S BT R S5 AT L, T
DUBA 2 tH e FIA 2 . e SERRefE b, B35
THIRFRME, AR Z1H /1 £LCC/NO M —80°7% #t
FJ90°, T 1H A LCC/NC M 0°4: #: 51 350°, LK
(BB #R N 100, XF T4 — X [E 2 1 A, 2 Bt
HABRL o FHIBT BT B RaRAEE, HRAN
FR A
|45~

E(x,y)= ZIT (2)

Ho, ASRRAERE MM LCC/NO =x (x =
—80°, —70°, -+, 90°)F1LCC/NC =y (y = 0°, 10°, -,
350°) 153 F A Y R TR B 2R A R B A5 2]
M s APTE SEG ol 73 20 1 58 4 0 R B A X
(A s m IR AN, 7EX BEUCN 15,
W ECAER A, Ex 5y sl (F5F
512 £ O 22 (E.(e,)) ik Bl ge /I, AT S 30 4 5 22
WA AR S BT o B BT B2 x 5y B B B
RFRATT B 2 T € (1) — T /1 L. CC/NO 5 £CC/NC.

R E 6(A)FTR, BN 15 X RB B
Je T DL R S BGAE, FRATTAS B TN A
[i] —1f 4 £CC/NO 5 £CC/NC F 1) Edx,p) ¥ 18 5
fio B B 7 ST AR e R A B B R R
A4 R BB e /N 1L 43 0l 0T IR T P AN A8 LGB T 6T
PRI 4> 1 ¥ (LCC/NC, £LCC/NO) = (50°, 40°) 1
(310°, —40°). HHILIAE, X6 T A T XS R
I TR BRI g S 543 2 1 MNA 6 i b i
ATRE ) 2 T 8 . 1 R FH XRD Wl & i &5 SRR 0,
XA TH A G EUE v (460, 43°)Fl1(314°, —43°),
5 R BUEAEE L, R TR 2 4R 61
BRI &5 = 42 MR B (0w AT 1 DA R AR 1

R FRIRE R 773, FoATTH AT DA & MNA 35 (5,
m R R TR T . (HIX B BN R,



No.1 Wi ek BT HIRE LEREC1E BORMENT 70 718 R ) =4 2 () 4 Y 47

CC/NO dihedral angle/(°)

0

50 100 150 200 250 300 350
CC/NC dihedral angle/(°)

40
35
30

40 e 30°
¢ 35 ‘; -
\ 30 16 i

- c
25 eo ! X,
20 o P39
15 5, § p
D009
10 9
5 9

0

6 FE(A) MNA-W, (B) MNA-Y1 AR (C) MNA-Y1 F R F AR ZHEALCC/NO 52CC/NC B E.(xp) I B E
Fig.6 Average E.(x,y) values with different ZCC/NO and £CC/NC dihedral angles for (A) MNA-W,
(B) MNA-Y1, and (C) MNA-Y2%

The z-axis is the amplitude of E(x,y). The minimum E.(x,y) values of each MNA species are labeled with white boxes, which correspond to the most

possible molecular conformations in the crystal, as depicted in the right panels. The dihedral angles of red dots are determined by XRD. color online

FEIXFh S A A P MR 3 TR B A E, MINA-
Y1 FIMNA-Y2. QiR EERE R, BT
CE NPy e R IR o (AR P (EPE 3 Gie R ey s
ZLAMR ' T 1R I 5E T DRI, A e I A gy
T FRERE ) NH 8 1) 3R 3 590123 F1 C =0 B (1 41k 30 43t
KA K : MNA-YL Xf M F (3360 cm ', 1709
cm ); MNA-Y2 X W (3383 cm ', 1720 cm )™,
BT e g b BTl S A5 B S Sl 2ok | T
ST NIRSIE G 2, ik, FrE E R S5
AR BN B A I 1 R A R AT DAIE S BOR BRI A
) ZE A W A5 DA SR VR T WA 1 I TR
R AT DA S I A5 1 B A R B0 R A 4y AR AL
I MM A ERTT KRS BN TR K6
(BYFI(C) 43 B 7~ 7E MNA-Y 1 Al MNA-Y2 5 3
ANTH] —TH 1 £ CC/NO 5 £ CC/NC F ) E.(x,p) B0 A 43
. AHF AT LA E MNA-Y 1R B A4
B Al BE HI A A (L CC/NC, £CC/NO) = (150°, 20°)
H(210°, —20°), i MNA-Y2 F 5 5 5 B 1) fg
H#95K (L CC/NC, £CC/NO) = (160°, 30°)F1(200°,
—30°). [A#E, 5FH XRD J5 %153 5 i 45 5 (&
2L RS ) AR AR .

FEIX B BATRR R R a0, i P 2 R
2k MR TR 2 1 ] IR AR U R B e Ay, Bl
XA I DFT i 55 5t 43 2 1) % A faf 15 4% 2
o 50T HILLAMR O RS R X LB oK LR S5y
PRIGOLER ). A T IR ENAR & 98 5 IR AL 2 [R]
(RIAR X BB AT AR MR AOC &, B TR RIIR
FEARH R I, — L5 I IR Bl A 2l 2 3K
7 EBORHI A E], SR P faT IR SR R
A RAIA Y 2 FE A AR I B P A JR R AR R
Pk . XFE, 7RSS bIE &> T IREA &
PG BB IR B0 Ay, B 2 2 IR A R P A J 35K
PR IRZ KAy, R IR TR Y 7
TR AR Ay . FE— 5, AT UK —
U AT I 0 73 TR AR 7 T A TR ) SR gt 2D Ak O %
ISR I R RORE & AR RN AR ot —
AAUEMI AL
3.1.3 KA T MNA 4 T4 A o # =2

T XRD 75 %, Z4eRaiE AR —4
HEALH A E I B AT AR ) LF AT 1 e
REKAR, PlEBRRETHEETHMRET
MNA 7 F B 2. B 7(A) A T AR P A



48 Acta Phys. -Chim. Sin. 2017

Vol.33

80
40
0
—40
-80

CC/NO dihedral angle/(°)

-io

100 150 200 250 300 350
CC/NC dihedral angle/(°)

50 100 150 200

—-80

50 100
80

150 200

50 100 150 200

B7 RISIET MNA S FRIZE R«
Fig.7 Molecular conformations of MNA in liquids*

(A) the average difference E.(x,y) between the experimental and calculated vibrational cross angles of MNA conformations with different ZCC/NC
and ZCC/NO dihedral angles for the four liquid samples. The z-axis is the amplitude of £.(x,y); (B) the MNA molecular conformation corresponding
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The z-axis is the relative population of each conformation with a pair of ZCC/NC and ZCC/NO dihedral angles as the x- and y-axis.
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probed with multiple-mode multiple-dimensional infrared spectroscopy®
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Fig.10 Molecular conformations of crystalline l-cysteine determined with vibrational cross angle measurements®

2, X GAEEBR RO . ik, R
IR B 2 22 TR It B 2 2 e . g 5 I
7 T RSN S AEAE AT dr B, AL
MRy UL R, IRBNFER MBI T N
L2 A T A 85 P BRI IR B BE 4, i 28 Ak D
B, PRI E R T XA AR AR
WA 3 R A AR 2= 5 70 7 A AR g B 3 A iR
EREH R M, TR R RS,
Z AEPRBDCIE PO S . HRE BT ARER)
i, BRI BT a2 Ik S A C e BE 635 A R
Bk 7 W IRSD, F RS A R 2 1 R
2, ME R, 52, AR SLR N EK
RFTF S B F1 POy Ks 2 3R AG AR 707 T AR R 25
A A5, BARREE AT LS B AR AR,

{J

p!
‘T

vibrational relaxation-induced rJ

heat transport

Bl FIRAREEGEIIZNE S FEAE = E

Fig.11 Relative intermolecular orientation probed via

)_

excitation

molecular heat transport

—NREBENS TEMATE S T =g R 5
FREKES. LA R T HEMRNTTE. T
TR A 2 A DA 8 A 21 18] L 8 2 T 8 e F) 20 1
IR

4 BEHRHN “OTR”

73 ¥ Z L IR IE PN (0 e R AR LA R AEAR 22 4K
FRMAED LR PR EE IR EEN AT,
Bl KERHE T 58 TRINALEM, BE
A ERSET5EAMIEMN, LBV
HARFISE. W A RE0S 78 PR K I 18] RO 190 &7y
TR, F I8 BRI 2 (8 A T,
S RATE RN T I 28 4b 52 LR W) 22
FEo AL EZKJLHHER, ATDER M5Otk
AE B e B2 HOR (FRET) SR BIF 58 70 1 22 8] A B 25 5 A
HAEM =2, BT o0t RS ik 52 i )@ i i
-1 B AH LA I OF CLAR R S 07 e i e 1A e
MR, @A R R MR (B BT
o PO FOLAF )5 432 R Z [ B B
Ko XFRMITE, — K ERNERTE
B R IR 5 O AR IR B I T A ) 1
b XHURE T TR R A R ST
I, XEHE D T RSEE A 1-20m, £ET
R AR BRI T A7 DX 5 B R BEAE
SRR B REE, [R5 x4 I 2y 1



52 Acta Phys. -Chim. Sin. 2017

Vol.33

() AH ELAE FH FR 520 AN 28 20

FEILRK, FEFRET J7ikh, 2 a] i & 2
THTFAMREELRIEFRE, 10 H &R H 0 A
3 52 AR IR I L T A A B A R PR . R
&, WIADRI R R A IREh e R AL, Bk
18 ) 0] O AR 2 G [W] FRET %80, 07 A
Fren & ARENE R EO6MR 5, Bk IR 3h6e
B AR b g A 4y TR S, TR
ZJ) fie 1 (10 4 3 3 2 A [F)FF 5 431 18] (1) 5 85 2% D) A
Ko W RIRATRENE AE LI BN w4 IR R B e
g, R RS B RE RS T
HEERRR, MBS FZENERER. B
H5FRET JJVEAE, —J7, JUVPIA S THRRAE
FHESHRERNRDENX. X, TR
WEF 37, BRI DAAS BRI 43 18] 10 e B AL 0 (5
B B, REheeEMEAE R LN E—
Mb2gE, R-FRABF1-2A 1 A=0.1nm), Xk
5L AT DAV FRAT T I R A ) 4 TR EE . X R T
PR3 e f AL i i B2 W & 4y 1 (8] PR IME A BB R R

FCARE BENIR) “ TR SRS MEER S
TR BES /T A EAE SRR 0,
41 IRShEEEHEBRENNE

R 4R 30 B 5 A% 6 1 A2 P AR B A R S 2 4k
MRS BE S 22 A, nT LUK A% g 72 7 Bt X 3 oy
Pids: (1) LIRAEERER, WK ZARNIRSD6E
A () EFLIRAE R R, SRS ZAMIR
HEEHAF . St F X PR REL R, R h A
FESXERMETFE. X8, FRMCATHAI(10 mol-
LB B (KSCN) /KA ¥ H 1 3iR 2h R B 4 F8 ok 7
SN/ B 71| P42 Be g b § =R o
411 FHKERY

Oy FEUE ST 2 B AR G R R R ]
LA F R PR 22 4 4R B e 1 BoR ke B BRI 0,
B 12(a) N5 1 8 11 24 A3 £/ 1.8 mol - L
H KSCN /K IE MM Es Hn = 2. ATLUE ., H
F SCN BHE 7k E R, F 0 8 7 T R4
TE— IR A% . XK, PR30 HE & E 0T LLTEAH AR
B R AT A e o D T S0 B S R A R 3

®) O oo
=) SCN~
gosr N\
g
5 0.6f
£
Q
S 0.4f
®
2
202
<
00 1 1 1 1
1950 2000 2050 2100
Frequency/cm~'
Es e 10 ps
£ 2040 2 :

1960}4 - =
1940 2020 2100 1940 2020 2100 1940 2020 2100
w,/cm™!

N ES ) & @)

=i

s > H>»

1940

2020 2100 1940

12 BIRIEHIR

2020 2100 1940 2020 2100

w,/cm™!

REEFE T IZRIIN ™

Fig.12 Observation of ultrafast nonresonant energy transfer”

(A) a snapshot of a 1.8 mol- L™ KSCN aqueous solution obtained from MD simulation, with O (red), H (white), C (light blue), N (deep blue), K
(green), and S (yellow). Some water molecules are removed to better display the cluster structure; (B) FTIR spectrum of the CN and “C"N stretches
of SCN™ and S"C”N" of a 10 mol-L ™' KSCN/KS"C"N ~ 1/1 aqueous solution; (C) the waiting time-dependent 2D IR spectra of the 10 mol-L™'
solution. As Tw increases, the off-diagonal peaks appear due to vibrational energy exchange between SCN™ and S”"C”N". color online
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Table 1 Experimental and MD simulation results of ion cluster properties in KSCN aqueous solutions at

different concentrations

60,72

¢(KSCN)/(mol-L™) Experimental cluster percentage/% MD cluster percentage/% Mot rpa/nm
10.0 95+1 99.7 18+3 0.51
8.8 92+1 13+£2 0.50
6.5 70+ 4 9+2 0.48
4.0 67+4 79.5 5+2 0.46
1.8 35+£5 314 4+1 0.44
1.0 27+6 3+1 0.43

nw: the number of anions in an energy transfer unit, 7o.: the energy donor-acceptor distances
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