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ABSTRACT. Generalized 2D correlation spectroscopy has been applied extensively to the analysis of spec

sets obtained during the observation of a system under some external perturbation. It is used in various fields

troscopy including IR, Raman, UV, fluorescence, X-ray diffraction, and X-ray absorption spectroscopy (XAS) a

as chromatography. 2D hetero-spectral correlation analysis compares two completely different types of spectra

for a system under the same perturbation. Because of the wide range of applications of this technique, it has be

of the standard analytical techniques for the analytical chemistry, physical chemistry, biochemistry, and so on,

studies of polymers, biomolecules, nanomaterials, etc. In this paper, we will introduce the principle of general

correlation spectroscopy and its applications that we have studied.
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py.
��� B
� CD ��� (2D-NMR) �A3E FG

HI/. JK� multiple-pulse excitation LM3E N�


O� �P QR3 $S� ��� ����T UVW

* 2D-NMR �AT �
 �X YZ (picosecond range)

9 NMR� �[ �X YZ (microsecond range)\/ ]

^ _` �
 ���3 abc % d/. �
 ����

��� �� ����T N� eWf g� �� �h

(cross-correlation analysis)� ij kl3 �m no p

� +%, $�W* lao ����3 abHI/.

“���� ��� �� ���”� qr �
 ��� 0,

ais (infrared, IR), tais (near-infrared, NIR), 


is/9Fs  (UV/Visible), uv (Raman) w x� (fluorescence)

���yv Lzu X-ray {|, X-ray }% ���(XAS),

~,��JM� (chromatography) �3 abH� F�

yv Lzu �Z, ��, �Z, �V� �� /` �R

a $�o ij kl (perturbation) LM3E N� ��

�� �h� �,� ���<, /�? ��� ��9

��� �� P�/.7-21 &� '(, 	
� �
� ���

��, $V, �!, %� ��� ��� �� U� �
�

��� �Z $� w �V $�3 �? ��
 ��� �

� $�, %� �� �� 
� �� �� ��
 ��3

� eW¡ abH� ¢/. £¤�, ¥t “���� ��

� �� ���”T NMR ���3 ab? generalized

correlation NMR spectroscopy ��9 %�HI/.22 �¦

/�? ��� §bV ̈ ©3 “���� ��� �� �

��”� �R, �h, ��
, ���� w U�� ��3

�,� ª«T =Fc % ¢T yv Lzu ¬�­ ��

�® ��3 �  ̄°�� =Cc % ¢/. )? ¥t3 “

���� ��� �� ���”� �,� �A !�� F

ZHI� /�? ��3 §bH� ¢/.23-29

“���� ��� �� ���”� ij kl LM3

E $W* ��� ����T ���<, ±² \f³

´, \µ ��� ����3E �¶c % d* ·b?

1\� NT % ¢/. ¸¹Wº� »²¼ ¢* ½� �

�m ¾ % ¢<¿, À1? ½'� �� �Á� �h+

<, �
 � w �
 . �Â GbT ÃDc % ¢/.

)? ½� mhT 1ÄW¡ c % ¢�E ���� m

h3 �,� �{� =Cc % ¢/. Fig. 1� ���

�� ����T NT % ¢* ��ao !ÅZ/.
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�� �	
� (Dynamic Spectrum). �É ij kl

� F�Ê3 9m� ¨, ij $% t� �1 F� �Ë

l>(Tmin-Tmax) �¶H* ���� �� y(ν, t)� $�

� �ÌW
. ij $% t* ÍÍ F�� HÎv, �Z,

��, �Z, �� � ³�� ÏÐ F�Ê3E Ñ1 9Ò

? �Ra �� Ó %Z ¢/. f�E ν* p%, Raman

shift, pÔ �� �� ���a $%/. ij kl� Õ

«T Ö� F�Ê� la ����� /;� �� 1��/.

(1)

f�E (ν)* � F�Ê� �× ���� (reference

spectrum)�/. aØ? �× ����� sÙ� ÚË�

�1H� ¢Î* ÛÎv, Üj�� /;� �� 2Ý

(average) ����<, 1��/.

(2)

��* ÞR �É �1� �×ß(t = Tref)T sÙWf

�× ����T �1c %Z ¢/. 0, �×ß� kl

� 9mÎ� � (Tref → −à), ���� Ñ1 FG ß

(Tref = Tmin)�� á�* ß (Tref = Tmin), ij kl3

�m X�? �X� ��7 â (Tref → +à) �� Ó

%Z ¢/. �×ß� 	ã� 0<, 1m� %Z ¢/. 

�
� �� ��.  /; 	Á,E F� Õä (domain)

<, Ñ1� la ����'T p% Õä<, QR3

$ST Få� ?/. �É ���� $% ν13E �¶

� la ���� �� $�o * /;� ��

, QR3 $S�/.

(3)

ỹ ν  t,( )
y ν  t,( ) y ν( )  for Tmin t Tmax≤ ≤–

           0                otherwise



=

y

y ν( ) 1
Tmax Tmin–
------------------------ y ν  t,( )

Tmin

Tmax

∫ dt=

ỹ v1  t,( )
Y1
˜ ω( )

Y1
˜ ω( ) ỹ v1  t,( )e iωt– dt

∞–

∞

∫=

 Y1
˜ Re

ω( ) iY1
˜ Im

ω( )+=

Fig. 1. The general scheme for 2D correlation spectrosco
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QR3 p% ω* � F�-�æ (time-dependent)

$% !!� p% V�T �ç?/. �� ·nW¡

* ���� $% ν23E la ���� ��o

� QR3 $S� èé (conjugate)/.

(4)

f�E, �  n�3 ��� �� ��

* /;� �� 1�c % ¢/.

(5)

f�E Ï%� ê% V�o Φ(ν1, ν2)� Ψ(ν1, ν2)� ëë

synchronous w asynchronous �� �����u ?/.

=?� %� ���� 
O3 Üm e� �� ��

ÁìT %�W�3* �Ìí� ¢/. îuE ¥t3

Noda* ]^ �	W¡ ��� �� ����T Áìc

% ¢* �,� ï�RðT !�Wñ/.1 � ªò� Q

R3 $S3 �æW* ó� Lzu Hilbert $S3 �

ô�  �¢/. îuE ��� �� ����� /;

õ<, ÁìÓ % ¢/.

Synchronous ��� �� ����� /; õ<, �

-ö % ¢/.

(6)

f�E, * �Rao $% tj3E� ���� �

�/.

i=1, 2, 3,... (7)

Asynchronous ��� �� ����� /; õ<,

�-ö % ¢/.

(8)

f�E ÷g ���� * � F�-Õä

(time-domain) Hilbert $S�/. 0, ÷g �����

la ����� ë QR3 V�� ±π/2 vø �l?

+%/.

(9)

Njk* Hilbert-Noda $S �ù� j45 �� k45 ú

� V�3 mØ�/.

(10)

��� �� �	
� (Hetero-spectral Correlation).

�� ij kl LM3E N� X�� /`   ���

�� �� �h� 9Ô ûç,� 9ÒVT \f×/.

W�� ��� (&� '(, ais)<, N�� la �

��� � X�� /̀  ��� (&� '(, Raman)

<, N�� la ���� � üg�/. JK

´,, ��� ýþ, �� ����� /;� �/.

(11)

îuE, vÿ �� ij kl LM3E  !� /`

���3 �m �¶� F�Ê� �§ n�3 �É C

µV� ¢/(  !� /` ���� n�� �� �

Á� ï % ¢/.

�
� �� �	
�� ��. ��� �� ����

� synchronous� asynchronous �� ����<, �

V�/. �xao synchronous w asynchronous ���

�� &* Fig. 2� �� ��s<, JÌ�/.

Synchronous �����   ���� 63 Ü§W*

Üës3 Ü��/. Üës e�3 ¢* �~(peak)�

��* ³� T l> �¶� ���� �� $�� auto-

correlation +%3 Ü§�/. �' �~* autopeaku�

��/. � �~� ��* ����� la $� 1Z

� �ç?/. Üës �i� e�3 �-�* cross peak

*  !� /` p%3E ��� lFao $�� �ç

?/. �K? lFa $�* E, ��� t�3 �?

�� $�� 9ÒVT �ç?/. )? cross peak� j

Â9 ��u(, Ü§W*   ���� $%3E ��9

+� �9Wº� +� ��+T �-.�, jÂ9 ;�

u( ? ���� $%3E ��* �9W* �(3 /

` ���� $%3E ��* ��+T �ç?/.

Asynchronous ����� üÜës3E cross peak

T 9Î(E synchronous �����* �\ao 1\

� =C?/. Cross peak�   p% ν1, ν23E ij k

l� 9mÎ(E $�W* ���� ��� ãEa $

�� ï % ¢/. 0, /`   p%3E �¶H* la

ỹ v1  t,( )

Y2
*̃ ω( )

ỹ v2  t,( )

Y2
˜* ω( ) ỹ v1  t,( )e+i ωtdt

∞–

∞

∫=

 Y2
˜ Re

ω( ) iY2
˜ Im

ω( )–=

ỹ v1  t,( ) ỹ v2  t,( )

Φ ν1 ν2,( ) iΨ ν1 ν2,( )+
1

πT
------ Ỹ1 ω( )

0

∞

∫ Ỹ2
* ω( )dω⋅=

Φ ν1 ν2,( ) 1
T
--- ỹ

Tmin

Tmax

∫ ν1 t,( ) ỹ ν2 t,( )dt⋅=

1
m 1–
----------- ỹj ν1( ) ỹj ν2( )⋅

j 1=

m

∑=

ỹj νi( )

ỹj νi( ) ỹ νi tj,( )=

Ψ ν1 ν2,( ) 1
T
--- ỹ

Tmin

Tmax

∫ ν1 t,( ) z̃ ν2 t,( )dt⋅=

1
m 1–
----------- ỹj ν1( ) Njk ỹk ν2( )⋅

k 1=

m

∑⋅
j 1=

m

∑=

z̃ v2 t,( ) ỹ v2 t,( )

z̃ v2 t,( )dt
1
π
---pν

ỹ v1 t′,( )
t′ t–

-----------------dt′
∞–

∞

∫=

Njk

0               if j k=

1 π k j–( )⁄   otherwise



=

ỹ v1 t,( )
ỹ v2 t′,( )

X v1 v2,( ) x̃ v1 t,( ) ỹ v2 t′,( )⋅〈 〉=
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o $�� ��� asynchronous ����<,j	 ï

% ¢/. îuE, W�, \�* »
 ½� lao $�

9 ¢� cross peak<, �-7/( �* W�, \�

Îv Ï=* »²¼ ¢* ½�¿ �� �mÒ� �9�

9¼�/. Noda3 �m =>� asynchronous ����

� cross peaks<,j	 ���� ��� ãEa $�

� 1W* Ã�� /;� �/.1

(1) Asynchronous cross peaks� ����� 
� �

	3 e�W� (ν1> ν2) �� jÂ [Ψ(ν1, ν2) > 0]�(,

�� p% ν1 ½� �P�
 q��9 ν2 \/ �Ç �

�ú�/.

(2) �� asynchronous cross peaks� ����� ­

`� W	3 e�W( (ν1<ν2), �� p% ν1 ½� �P

�
 q��9 ν2\/ �Ç ��ú�/.

(3) ;� asynchronous cross peaks [Ψ(ν1, ν2) < 0]o

��, Ã� 1, 2� �Ü9 �/.

(4) �� e�3 �§W* synchronous correlation

intensity9 ;�( [Φ(ν1, ν2)<0], Ã� 1, 2, 3� �Ü/.

(5) Asynchronous correlation ��9 ��W( [Ψ(ν1,

ν2)=0],   �P�
 q��� ��ú� lF3 ��7/.

(6) Synchronous correlation ��9 0�( [Φ(ν1, ν2)=

0],   �P�
 q��� ��ú� ãE� 1c % d/.

��� �� ���	 
�

“���� ��� �� ���”� /�? §b3 Ü

Wf �	� �!� W(, �Ç ³�� ij kl3 �

? �§T Ñ1W* ��Á� �ß3E ��� ��ò

� 2D IR, 2D NIR, 2D Raman, 2D UV-Vis, 2D fluorescence

2D mass, 2D XAS �<, �� % ¢/. )? ij k

l� �ß3E �Z-, ��-, F�-, w �Z-�æ ���

�� ��� �� ¢<¿ ��� �� ���3 �bH

* ij kl3* ��? =?Z d/. @ Æ©3E*

39Î� §b &� �!W�
 ?/.: (1) 	
� ��

� ��� 2D IR, 2D Raman, 2D hetero-spectral IR

Raman �� ��� ��, (2) 2D IRT �b? ��


��� �� ��, (3) 2D XAS, 2D Raman w 2D hetero-

spectral XAS-Raman �� ���T �b? �����

ÀV ��/.12,13,18

(1) ββββ-Lactoglobulin �
� �� ��	 ���

�� ��� ��12

	
� �� �� ��* ³, ais ����T �

b? Lç� I Õä3 ¬�T  � ¢<� Lç� I Õ

äo 1650 cm−1 jt Õä3E �� ½� ��W* ©

=ßT 9Î� ¢/. îuE @ ��* � �����

Õ«� d� 	
� �� �� ��3 �� 1\� =

CW* Lç� III Õäo 1350 - 1200 cm−13E ���

�� ���T abWñ/. Fig. 3� β-lactoglobulin

(BLG) %b� 1, 2, 3, 4, 5 w%� Lç� III Õä� a

is� Raman �����/. ais ����<,j

	 1313, 1285, 1258, 1245 cm−13E �-�* 4! ½

� �¶c % ¢<¿, Raman ����<,j	 1319,

1292, 1277, 1245, 1211 cm−13E 5! ½� �¶c %

¢/. ais� Raman ����3E Lç� III Õä�

BLG� �� ��� �1c % ¢/.

Fig. 2. Schematic contour maps of synchronous (a) and
asynchronous (b) 2D correlation spectra.
Journal of the Korean Chemical Society
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,

ctral vari-
 (top).
Fig. 4(a)* BLG %b�� �Z-�æ synchronous 2D

IR �� ����� Üës3E � � power ���

�T \f×/. Fig. 4(b)* Ü§W* synchronous 2D

Raman �� ����� power ����T \f×/.

Fig. 4(a)� power ����3E, ��ao ais ��

��� $�� \f³* ½'� 1291, 1282, 1277, 1257,

1239, 1227, 1219, 1207 cm−13E �¶HI�, Fig. 4(b)

� power ����3E* Raman ����� $��

\f³* ½9 1294, 1282, 1276, 1265, 1248, 1243

1228, 1212 cm−13E �¶HI/. �* ��� ���

�3 �¶HÎ Û� BLG� �� �� mhT 9Ò!

?/. À�, ��� ����<,j	 1258 cm−13E

�-�* ais ½� 1245 cm−13E �-�* Raman

½9 9Ô " �� $�� \f×/. �* �Z $�3

�m BLG� unordered ��9 	
� §#3 9Ô "

Õ«T Ö;T ï % ¢/.

Fig. 5(a)* BLG %b�� �Z-�æ asynchronous

2D IR �� �����/. Asynchronous 2D IR ��

�����   9Î ûç,� ��� \f×/. $5,

unordered ��3 �o� 1258 cm−13E �-�* ½9

1290 cm−1� β-turn, 1278 cm−1� α-helixes w 1243�

1290 cm−1� β-sheet �� ½'� cross peaksT 9�/.

%5, 1265 cm−13E �-�* ½9 1238, 1227, 1208

cm−13E �-�* tyrosine (Tyr) &�3 �o� ½'
Fig. 3. IR (a) and Raman (b) spectra in the amide III region
of β-lactoglobulin in buffer solutions (1, 2, 3, 4, and 5 wt%).

Fig. 4. The synchronous 2D IR (a) and Raman (b) correlation spectra generated from concentration-dependent spe
ations of β-lactoglobulin in buffer solutions. The power spectrum along the diagonal line in the synchronous spectrum
Solid and dashed lines represent positive and negative cross peaks, respectively.
2003, Vol. 47, No. 5
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5),

ent

ross
� cross peaksT 9�/. )? Noda3 �m =>� Ã�

3 îu asynchronous 2D IR �� ����� cross

peaks� jÂ* �Z3 î` ����� $� ãE�

/;� �� =>c % ¢/1: (1258)→ (1238, 1227)→
(1290, 1278, 1243, 1232, 1221, 1211)→ (1265) cm−1.

e� ãE3E G� �Z $�3 ÜmE* random

coil (1258 cm−1) ��� $�� \f×/. 0, �Z $

�3 Üm � �
� random coil ��, �'�� BLG

� 
%V j� n�� �Â Gb $�9 ÷( ��H

� ¢/. Jâ £ " �Z $�3 Üm 1238� 1227

cm−1� “exposed” β-sheet $�9 ���� ��E 1290

� 1278 cm−1� β-turn� 1232� 1221 cm−1� “buried”

β-sheet ½� �� $�9 lF3 $?/. �Î�<,

Tyr &� ½� ��9 $+T ï % ¢/.

Fig. 5(b)* BLG %b�� �Z-�æ asynchronous

2D Raman �� �����/. Unordered ��3 �o

� 1245 cm−1� ½9 % �� /` ½'� cross peaks

T 9�/. Asynchronous 2D Raman �� �����

cross peak� jÂ,j	 �Z3 î` ���� $��

ãE� /;� �� =>c % ¢/: (1245, 1225)→
(1277, 1261)→ (1255, 1235)→ (1283, 1298, 1268)→ (1214)

cm−1. 0, random coil ��9 9Ô �Ç $W� /` �

� ��� ½'� e3E )*? ãE� l�W¡ $+

T ï % ¢/.

BLG �� $�� DÄ� +�� eWf, 2D hetero-

spectral IR-Raman �� �hT FZWñ/. Fig. 6�

synchronous 2D hetero-spectral IR-Raman ����T

\f×/. Synchronous 2D hetero-spectral IR-Raman �

���3E �� jÂ� 9Î* cross peak�   ½9

E, �� t�,T �-.� ;� jÂ*   ½9 E

, /  ̀t�,T �--/. îuE ;� jÂ� 9Î*

(1245, 1295), (1245, 1283), (1245, 1265), (1235, 129

(1235, 1283), (1235, 1265) cm−1� cross peaks3E 1245,

1235 cm−1� ½� 1295, 1283 w 1265 cm−1� ½�*

E, /` �� ��3 �oHI;T ï % ¢/. JK

�, �� jÂ� 9Î* (1245, 1256) cm−1� cross peak

Fig. 5. The asynchronous 2D IR (a) and Raman (b) correla-
tion spectra constructed from the concentration-dependent
spectral variations of β-lactoglobulin in buffer solutions.
Solid and dashed lines represent positive and negative cross
peaks, respectively.

Fig. 6. The synchronous 2D IR-Raman heterospectral corre-
lation spectrum generated from the concentration-depend
spectral variations of β-lactoglobulin in buffer solutions.
Solid and dashed lines represent positive and negative c
peaks, respectively.
Journal of the Korean Chemical Society
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3E 1245 cm−1� Raman ½� 1256 cm−1� ais ½

9 E, �� �� ��o unordered form3 �o? ó

,T ï % ¢/.

� �� ��* 	
� �� �� ��3 ��� �

� ��ò� §b 9ÒVT \f ³I<¿, À� 	


� ��3 :;<, ab� 2D hetero-spectral IR-Raman

�� �h� Lç� III Õä3E �-�* ais�

Raman ½'� �� �Á ��3 �,� µ¶�T =C?/. 

(2) ��� �� ���� ��� ��� ��	 ��

��13

Fig. 7(a)� Fig. 7(b)* ëë poly(tert-butyl methacrylate)

(PtBMA) Langmuir-Blodgett (LB) w �[ ./ ��

�Z �93 Ü? ij �n ais �����/.  

�K� ��ß� 1147 cm−13E �-�* ½� $�9

  �3E E, /0/* ó�/. � Õä3E 3�þ

0 (ester) �� ��� fK �l q�'� »²E �

-�Îv C-O 16 �l q�9 9Ô " �f� c ó

<, �ÜW� ¨©3, LB �3E úa �X� Üj�

� tert-butyl group 2� C-O ��3 �o3T ï %

¢/. �3 �m �[ ./ �3E 1147 cm−13E �-

�* ½� $�* ççW/. Fig. 73E ) W��  �

K� À4� 1255 cm−13E �-�* doublet� �Üa

��9 /0/* ó�/. � Õä� backbone� tert-

butyl �9 ��H* j�� C-C-O 16 q�9 �-

�¿ ��
 x5 (conformation)3 �Ø� 6�? j

��/.30-32 0, LB �� �[ ./ �3E* x59 E

, /` ��� xV+T ï % ¢/. �æ� �� ª

ò� ��
 ��� �Z $�3 î` úa �X3E

ë �Ò�'� ��úT �¶c % d/. � ��3E

LB �� �[ ./ �� ��yv Lzu �Z $�3

Ü? ��
 ��ú �1T �
a %×3E +�� e

Wf ��� �� �hT FZWñ/. ©7� @ ��

3E N� ½� mhT Table 13 8ÿWñ/.13

Fig. 8� 1100-1400 cm−1 Õä3E PtBMA� LB(a)

w �[ ./ (b) �� synchronous FTIR ��� ��

���/. LB �3E 9Ô 9? autopeak� 1151 cm−1

3E, �[ ./ �� 1168 cm−13E �-7/. �'�

q  C-O 16 �l3 �? ½, mh�/. 9Ô 9?

autopeak e�9 /`: �ó� PtBMA x59   Í

;� �3E /<T ï % ¢/. 0, tert-butoxy �� {

�3 �?   9Î �V��� æ�� �çc % ¢/.

)? cross peaks� x59   �3E E, /` :, LB

�3E 1131 cm−1� ½* ³, 1151 cm−1� ½� cross

peakT 9¼ �� �Á� �--/. JK�, �[ ./

�3E qr ½'� E, cross peakT xVW� ¢/.

&� '(, 1133 w 1168 cm−13E �-�* ½'�

1100-1430 cm−1 Õä� qr ½'� cross peakT 9Î

� ¢/. JR�, 1133 w 1168 cm−13E �-�* ½

* ;� cross peakT \�* :, 1133 cm−13E �-�

* ½� ��* �9W� 1168 cm−13E �-�* ½�

��* ��?/. ) W�� À4� LB �3E 1151 cm−1

3E �-�* autopeak ��9 /` ½'3 üm =�

� " óT > % ¢/. �* LB �3E C-O �9 ³

, �jao ��úT W� ¢;T �ç?/. îuE

tert-butoxy �9 Ï�a<, ?ÔH� ¢;T \f×/.

�Ü, �[ ./ �3E 1168 cm−13E �-�*

Fig. 7. FTIR spectra of a 30 layers LB film (a) and a spin-
coated film of PtBMA (1 wt%; 2000 rpm) (b) of PtBMA at
various temperatures (room temp. 130oC).
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B (a) and
eg-
autopeak ��9 /` ½'3 üm ÿ� £ ~� ¨©

3, tert-butoxy �9 �Üa<, @ ?ÔH� ¢/� >

% ¢/.

e� ��'T Í�a<, AB \(, �[ ./ ��

��
 nC� E, DEWf ¢� (interpenetration), LB

�� tert-butoxy �9 ~¡ ?Ô (strain)H� ¢� ³ n

C'� ? F .3 E, "#a<, æ�+T ï % ¢/.

Fig. 9* 1100-1400 cm−1 Õä3E PtBMA� LB(a)

w �[ ./ � (b) � asynchronous ��� ����

�/. Noda Ã�3 îu,1 P8? G 9Î ½'� úa

�X3 î` ãE� �1c % ¢/.1 LB ��, 1131

cm−1 → (1393 cm−1, 1151 cm−1) ãE, í÷��, �[

./ �� 1133 cm−1 → 1393 cm−1 → 1168 cm−1 ãE

, í÷o/. úa �X3 î` ��ú í÷,� FG

� 1131 cm−13E �-�* backbone� ��� C-C-O

w C-C=O HI �l�¿, � �l q�* C-O 16

Table 1. Normalized intensities and assignments for PtBMA at room temperature

Wavenumber (cm−1)
Assignments

Cast film on ZnSe LB film Spin-coated film 

2976 (0.81) 2980 (0.74) 2978 (0.69) ν (CH3)
1724 (1.72) 1728 (2.69) 1728 (2.49) ν (C=O)
1396 1395 1395 CH3 bending of tert-butyla

1393 1393 1393 CH3 bending of α-methylb

1367(1.00) 1369(1.00) 1369(1.00) CH3 bending of tert-butyla

1272 1274 1273 ν (C-C-O) 
1250 1255 1252 ν (C-C-O)

(1151)c (1168)c ν (C-O)
1140 (2.00) 1147 (3.43) 1146 (2.67) ν (C-O)d

(1131)c (1133)c bending of bbC-C-O and bbC-C=Oe

Normalized intensities are in parentheses.
aSee Reference 30.
bThe assignment of CH3 bending of α-methyl was determined by the substitution of tert-butyl group with deuterium,
[CH2CCH3COOC(CD3)3]n (spectrum not shown).

cDeconvoluted bands in 2D correlation analysis 
dAccording to the IR frequency calculation, this band is coupled with various bands.
ethe bending mode of bbC-C-O and bbC-C=O bonds connected to the backbone and coupled with the C-O stretching mode

Fig. 8. The synchronous 2D correlation spectra constructed from the temperature-dependent spectral changes of L
spin-coated (b) films of PtBMA, respectively, in the 1100-1430 cm−1 region. Solid and dashed lines represent positive and n
ative cross peaks, respectively.
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,

e
t

�l� J�H� ¢/. )? LB �3E 1393 w 1151

cm−13E �-�* ½'� lF3 $?/* ó�/. 0,

�Z9 Ku�3 îu   �Ò�'� lF3 �X?/. �

ó� LB �3E tert-butoxy �9 ~¡ ?ÔH� ¢�

α-methyl �� +� �X+T /F ÄoFå ×/. �

[ ./ �� C-O � (1168 cm−1)3 LE α-methyl �

(1393 cm−1)� úa �X� �U?/. À�, 1131 ��

1133 cm−13E �-�* ½'� $45 úa �XT \

f³� ̈ ©3 β-�� ��� ��� ¢T ó<, M	

�/. îuE � ��* ³nC� üNO� alkoxycarbonyl

�� {� q � Õ«T ÖT ó<, �Ñ�/. JK

´, � ��* PtBMA LB �� �[ ./ �� ��

� �
a %×3E ais ��� �� �hT µm

:;<, +P/.

(3) �
� �� ���� ��� � !" #$ %

&'( )*18

@ ��* X-s }% ��ò (X-ray absorption spectroscopy

XAS)T �b? Li� CoO3, ����a Q� �§

� RSzð ��3 ��� �� ��òT :;<, a

bFT� UY ���
 ��3 ��� �� �hò�

9ÒVT =FWñ/.

Fig. 10� LiyCoO3E Li� ����a Q� �§�

fK 	Á3E N� oxygen K-edge XAS �����

/. 529� 532 eV V�R (peak)* ëë O 1s→ O 2p�

O 2p→ Co 4sp �
 ��3 �o�/. W9H* Li�

� (y)� 0.96 X� Ó ¨ oxygen K-edge XAS ���

�� 9Ô ~¡ $?/. £ �� �� Li� W9Ó ¨,

LiyCoO (y=1.30, 2.69) ����T Li0.96CoO ����

� ügW( 531 eV t:3E �-�*   V�R�

�Üao ��v� $?/. Fig. 103E LiyCoO (y≠0

�Y)� ����� energy shift� =iW( qr ��

��� 532 eV V�R� \f³* Li2O ����� ·

nW/. �* XAS ����� Li� ����a Q� �

§3E UVH* �� �m� Á( (solid electrolyte

interface, SEI)� æ�3 Õ«T Ö*/* óT ZDm

×/. JK� ��� XAS ����� Li2O9 UV�

/* ÷(ao �º� ³Î Û*/.
Fig. 9. The asynchronous 2D correlation spectra constructed
from the temperature-dependent spectral changes of LB (a)
and spin-coated (b) films of PtBMA, respectively, in the
1100-1430 cm−1 region. Solid and dashed lines represent
positive and negative cross peaks, respectively.

Fig. 10. Normalized oxygen K-edge XAS spectra for th
electrochemical reaction of lithium with CoO during the firs
insertion (discharging) process. The lithium content (y in LiyCoO)
is as indicated.
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Li� CoO3, ����a Q� �§T �<T* R

SzðT DÄ� +�� eWf, LiyCoO3E Li� �

���a Q� �§� �Z-�æ oxygen K-edge XAS

����3 ��� �� ��òT abWñ/. Fig. 11(a)

� Fig. 11(b)* ëë synchronous� asynchronous 2D

XAS �����/. Synchronous 2D �� ����<

,j	, (529, 532), (529, 537)� (529, 544) eV3E ;

� jÂ� 9Î* cross peaks� 529 eV� V�R (oxygen

1s→ oxygen 2p level in CoO �
 ��)9 ��W*

�( 532 eV� V�R (Li2O)* �9+T \f×/. �

� jÂ� 9Î* (532, 537)� (532, 544) eV3E �

-�* cross peaks� 532 eV� V�R ��9 537� 544

eV� V�R (SEI V�)'� lF3 �9+T \f×/.

0, synchronous 2D �� �h� Li� CoO3, ��

��a Q� �§3E Li2O9 UV3T \f×/. �

��* ���� �§ R[zð� \ ��?/.33 À�,

��� ���� (Fig. 10)3E �¶HÎ Û* 537�

544 eV� V�R'� ��� �� ����3E DÄ

� �¶HI/. îuE ��� �� ��ò� ����

�mÒ� «�T 9¼�/.

Noda Ã�3 �m,1 asynchronous 2D �� ����

� cross peaks� jÂ* /;� �� ���� �� $

�� ãE� �1c % ¢/. LiyCoO3 Q�H* Li�

�� �9c ¨ 529 eV3E �-�* V�R (CoO)�

��9 �Ç ��W� ]�� 532 eV3E �-�* V

�R (Li2O)� ��9 �9?/. £¤�, 537 w 544 eV

3E �-�* V�R (SEI V�)� �� $�9 9Ô

�Ç ��7/. 0, (537, 544) eV→ 529 eV→ 532 eV

,T ï % ¢/.

Fig. 12* LiyCoO3 Li� ����a Q�-�  �§

� Raman ����T \f×/. Fig. 123E, 4!�

Raman ½9 672(s), 605(w), 510(w), JR� 468(s) cm−1

3E �¶HI�, Li2O� �× ����� 521 cm−13

E F2g mode3 �o� ½9 9W¡ �-^/. LiyCoO

3E Q�H* Li� �� �9c ¨ 672� 468 cm−13

Fig. 11. The synchronous (a) and asynchronous (b) 2D XAS
correlation spectra of the LiyCoO system during the first
insertion process. Solid and dotted lines represent positive
and negative cross peaks, respectively.

Fig. 12. Raman spectra of the LiyCoO system during the first
insertion-extraction process.
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-

E �-�* CoO3 YW* Raman ½� ��9 ��W

ñ/. îuE /;� �� �§ RSzðT Äoc %

¢/: CoxOy+2yLi++2ye−
� xCoo+yLi2O. 0, LiyCoO

3 Li� Q�H( Co ���
� Li2O9 UVH�, �

(3 Li� � H* �13E* Co ���
9 ��

~�� CoO, /F ì��/. JK� Raman ����

3E Li2O UVT ÷( Äoc %9 dI/.

CoO ��3 Li� Q� �§ RSzðT ÃDW� e

Wf, LiyCoO (y = 0, 1.73, 2.20, 2.62)� Raman ��

��3 ��� �� ���T abWñ/. Fig. 13(a)�

Fig. 13(b)* ëë synchronous� asynchronous 2D Raman

�����/. Synchronous 2D ����3E ;� j

Â� 9Î* (468, 527)� (672, 527) cm−13E �-�

* cross peaks� 468� 672 cm−13E �-�* CoO

3 �? Raman ½� ��9 ��W* �( 527 cm−1

3E �-�* Li2O3 �? ½� ��* �9?/. (468,

672) cm−13E �� jÂ� 9Î* cross peak� 468�

672 cm−13E �-�*   ½� ��9 lF3 ��+

T \f×/. )? synchronous 2D �� �����

672� 468 cm−13E �-�* CoO3 �? ½� ��

9 Li� Q� �§ l> 9Ô ~¡ $+T \f×/.

527 cm−13E �-�* Li-O 16 �l q�� ��9

�9?/. � ��* CoO ��3 Li� Q� �§ �1

l> Li2O9 UV3T _m×/. )? �* 2D XAS

��� \ ��?/. Asynchronous 2D �� ����

3E, asynchronous cross peaks� jÂ,j	 /;�

�� ���� $�� ãE� �1c % ¢/: 468 cm−1

→ 672 cm−1→ 527 cm−1. 0, CoO ½� ��9 �Ç

��W� Li2O ½� ��9 ��E �9?/.

CoO ��3 Li Q� �§ RSzð� XAS� Raman

���� ½ n�� ��VT ÄoW� eWf, ��


O� �bWf 2D hetero-spectral XAS-Raman ��

���T abWñ/. Fig. 14(a)* synchronous 2D

hetero-spectral XAS-Raman �� ����T \f×/.

synchronous 2D hetero-spectral XAS-Raman �� ��

��<,j	(532 eV, 468 cm−1), (537 eV, 468 cm−1), (544

eV, 468 cm−1), (532 eV, 672 cm−1), (537 eV, 672 cm−1)

w (544 eV, 672 cm−1)3E ;� jÂ� 9Î* cross

peaks� 532, 537� 544 eV3E �-�* XAS V�R

� 468� 672 cm−13E �-�* CoO3 �? Raman

½9 E, /` t�,T �-.* �(, (532 eV, 527

cm−1), (537 eV, 527 cm−1)� (544 eV, 527 cm−1)3E �

� jÂ� 9Î* cross peaks� 527 cm−13E �-�

* Raman ½� 532, 537� 544 eV3E �-�* Li2O

� ��� SEI V�3 �? XAS V�R9 E, ��

t�,T \f×/.

Fig. 14(b)* asynchronous 2D XAS-Raman hetero

spectral �� ����T �--/. 468 cm−13E �-

Fig. 13. The synchronous (a) and asynchronous (b) 2D Raman
correlation spectra of the LiyCoO system during the first
insertion process. Solid and dotted lines represent positive
and negative cross peaks, respectively.
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;

n
�* Raman ½� ��9 9Ô �Ç ��W� ��E

672 cm−13E �-�* Raman ½� ��9 ��?/.

]�� 529 eV3E �-�* XAS V�R� ��9 �

�W� 527 cm−13E �-�* Raman ½� ��* �

9?/. �Î�<, 532 eV3E �-�* XAS V�R

� ��9 �9?/. 0, /;� �� ãE� �1c %

¢/: 468cm−1(CoO)→672cm−1(CoO)→529 eV(CoO)→
527 cm−1(Li2O) → 532 eV(Li2O). �* 2D XAS� 2D

Raman �� �h� ��� ��?/. CoO3 �o�

XAS V�R� Raman ½� ��9 �Ç ��W�, Li2O

3 �o�   XAS V�R� Raman ½� ��9 �9

?/. )? l�? V�3 ÜWf �� ij kl (&

� '(, Q�H* Li �)3 �? E, /` ���3

E XAS\/ Raman� £ �Ç �§W* ülFV

(asynchronicity)� æ�?/. � �� ��* CoO ��

3 Li Q� �§ RSzð ÃDyv Lzu XAS V�

R� Raman ����� ½ n�� ��VT +`³I

�, À� ��� �� ���� ���
 �h� 9Ò

VT a�Wñ/. 

� 	

“���� ��� �� ���”� L3 �!� ��

yv Lzu /�? ��� ��3 §b 9Ò? ªò<

, % �� ��9 %�H� ¢/. îuE “���� �

�� �� ���”� �R, �h, ��
, ���� w

U�� ��3 �,� ª«T =Fc % ¢T yv L

zu ¬�­ ���® ��3 �¯ °�� =Cc %

¢/. ¥t3 !�� �,� “���� ��� �� �

��”� J §b3 Ü? ��*23-29 /; Æ©3 �!W

�
 ?/.

� Æ©� �®�û�	�  b?�Î (BK21) Î�
3 �Wf �� HI;.
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