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(���������	, �� 210094; 
���
������, �� 310014)

�� �������(DFT)�	
 B3LYP/6-311G**��
, ���������

(NO2
+ )�������
�π-�� !σ -�� , "#$%&'�� (�)*��+

,(IRC)-./�σ -��0123σ -456(Wheland 456)�78�9:;<!=�

>;!IR?@3ABCDE, FGH��(I, JKH�L=MN�O4PQRST�

�UVWU;��XY4���Z��[ 8.370 kJ/mol, \]^__`a[ 1010 mol−1bs−1.

cABC3dBC&e�JKH����L=MNf�8gh=�ijkl$mf�.

(�ln��o(SCRF)B3LYP/6-311G**-., pqrsHYtu=^_vw[ 5.0,

25.0, 50.03 78.5�xyt��NO2
+���O4z{|�>;3��f��}~, ��

xyT��XY4��σ-�� (\���)�Z����, �������x�4�[

P���. �����HUV����Q���Wheland456�=�v�!���!

���I�a��xy���� 5¡��¢£�D�p.

��� � ����	 �
��
� ���� ������

��������	
��
��, �����������
��. ����� !

"#$
%&'(, )�����*
+,-./0123���. 4��	
�*5, 67

�8�'�9:;�*
<= [1,2]; >?@A�, �BCD9(NO2
+)�EF
��G�H, )

NO2
+���
IJK*L+,MN�GO [1~10]. �*LPQRS , Politzer[4] TUV NO2

+�

N-OW
WX, � ab initio HF/STO-6GK 5-31GYZ[\�]���^_�`"ab
Mc

�de
��; Gleghorn[5] Tf^ HF/3-21G PQ, gh�i NO2%jklem
 5 no\�

��, >pqr��st; 1992u, SzaboT[6]-�v NO2
+��
��st�] HF/3-21Gwx

o
\�PQ, y�zM C-N {D|\�'}; ~���'}
"�- C-N {D(����)

��, ��h"��'���
, )��A������K NO2
+��
^��. ����	


��of=
�A1����*+,�
��, ��p"��.

&+,����u-�(�)��K�%k�em
+,�%�[11~15],  ¡¢£¤¥*L

(DFT)
 B3LYP R� [16], ¦§¨��gh�K NO2
+
��©0ª(σ-R)«Wheland �de

(σ-INT)K 2¬^��©0ª(σ-TS Kπ-TS), <=]­�
®¯°±��«�9²�«IR³´

µ¶i·£«�r� 200 ~ 800 K¸£¹º
�»¼½�¥¾(H0
m, C0

p,mK S0
m), ¿ÀIÁ]Â�

���st
o_ÃÄÅÆ. ÇÈ�IÉ������ÊË�ÌÍ, )&68�mÎÏÐ�
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�Ñ(SCRF)PQ, +,]�wÒÓ�Ô¾ÊH������
ÕÖK¯�×Ø. f^Â��

�®¯KË¯|Í�
ÙÚ, ÛÜ]ÊHÝ�.

1 �������

�%K��klem��9¯Þ�¡ß, -PQR�KYZ�g�!. àáâPQ�K

_ãä"
åæ, *L+,�çè�éêJë HF ìYZ[; °±��í	îï\��, p"

��ì��ðñ^�� . &6òóô"Úõö*�9¯ÞK3�÷�
¢£¤¥*L

(DFT)B3LYPR�, ²0 6-311G**Úß%�, Õø� ¡] Gaussian 98_ã�ù-�ñÚì^

��
úûüý[17], )"1ä���σ-TSK π-TS^��. Â 2¬^��þf^������

M�µ���, �ð"S[
M�	}. f^
�����(IRC)PQghσ-RKσ-INT�V�

�, ê������µ���.

+,ÊH�Ý�%� Onsager 
�
ÏÐ��Ñ(SCRF)*L[18]. ÂR���ÊØv��

ét� a0
�����, ���v��Ó�Ô¾�ε 
��ÓØ��º. Ó�Ô¾ε �ß, �

ÜÊH
3×�ß; �ε�5 �A���3×ÊH. ÓØ��9 3!
"#2abM 3!,

�"# 3!�^$i�9 3!¯%�¡, ab&
�'em�V
�¡. &6(¡[Æ 4

¬��)}
®¯(ε =1)\���¦ághÊØ�9
����ét a0, ~��i®¯¯Ò


PQYZ(B3LYP/6-311G**)[, �øÌÍÊHÓ�Ô¾ε = 5, 25, 50 K 78.5
 SCRFo\�P

Q, ê-��)}(4 × 4 =16¬)�����, ��σ-RKσ-INTþ�ð"S[3�}(��µ),

^��(σ-TSKπ-TS)ò��M�µ. oïPQþ�&* P-+Ã�Kα-,�-[x1.

2 �	
��

2.1 ��������	


4¬��)}
.9�/0� 1, ­��®¯(ε = 1)KwÒÊH�
1�°±2¾KW�


 B3LYP/6-311G**PQ²30� 1. 4� 4¬��)}567 C2V-8×, )��9Î:��

[ 3¬ C-CWX, ;<`=>. ?� NO2
+ 
Ì@-���WABCwß(þDE� 119F~ 122F

¹º
), )��GH:α (O14N13O15)WA.

IJ��ÙÚI(D)KJ(T)�ø	
��

�K (H12)�
����L£�M¯Ò$NO

C1-H12 W�M�LPQR�ST
[7]. � C-H,

C-D K C-T 
��µ¶wÒ, )U: D+ K T+

�øÙU: H+ V 10K 20W. >�¾��
�

���L£Xwl�YnÒ�ZÝ�. [�%

�K\I�%��]^���¯Ò
��L£;

�IKJ
�«_�K`
����L£if

Ô�Ï
����L£¯ÒT. yIJ�ÜU

:Ø9w�ab���
LPQRbb��'

1^_�, À�ab�4 Wheland�dec���aª
dLQR�.

efÇg� 1� 4n©0ª
 C1-N13K C1-H12WXKW�, ¿π-TS� σ-R, r(C1-H12)°h

� 1 ����� σ-��	
�
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wc, i�4 σ-R, σ-TS� σ-INTj���, W� bo (C1-H12)�k, >�kl£2Ú�, mÜn

��ÌÍH12iC1d
¯%�¡opÚß, Yi������Ò�ZÝ�
IJqI¯r0[7].

s6ÙÚ��Ì_� r(C1-N13)K bo (C1-N13), aÁ¿π-TS � σ-INT, tuMNcv, �Ü C1

K N13d1W�¡�·; >�u¿π-TS, σ-R� σ-TSþ��, >¿ σ-TS� σ-INTw�k, mÜ

� σ-INT � C1-N13d
¯%�¡x4ky�:�D9�, Yi Wheland �de����CD

9ÕÖ
IJqI¯Mz[8].

� 1 
������ 4��������(r)���(α)����(β)�� (bo)�

B3LYP/6-311G**!"#$%(��: pm, ��: (°))
r(C1-
N13)

r(C1-
H12)

r(C1-
C2)

r(C2-
C3)

r(C3-
C4)

r(N13-
O15)

α(O14-
N13O15)

β(O15N13-
C1H12)

bo (C1-
N13)

bo (C1-
H12)

ε = 1 π-TS 235.4 108.4 139.9 138.4 142.1 116.5 142.7 −23.1 0.0564 0.4208
σ-R 209.7 108.3 143.6 137.4 140.9 117.1 139.5 0.0 0.1405 0.4079
σ-TS 182.6 109.1 145.7 137.2 140.7 118.6 134.0 49.6 0.1489 0.3911
σ-INT 161.4 111.1 146.8 136.7 141.2 120.1 130.0 88.8 0.1283 0.3455

ε = 5 π-TS 234.5 108.4 140.0 138.3 142.1 116.7 142.3 −22.0 0.0570 0.4206
σ-R 203.2 108.3 144.1 1.372 141.1 117.6 137.7 0.0 0.1465 0.4060
σ-TS 176.6 108.9 146.6 136.7 141.2 119.2 132.2 25.3 0.1612 0.3938
σ-INT 157.4 111.4 147.4 136.5 141.5 120.8 128.1 88.7 0.1391 0.3346

ε =25 π-TS 234.1 108.4 140.0 138.3 142.1 116.7 142.0 −22.9 0.0571 0.4206
σ-R 199.4 108.3 144.3 137.1 141.3 117.9 136.7 −3.8 0.1493 0.4049
σ-TS 175.6 108.8 146.7 136.5 141.5 119.4 131.7 4.2 0.1665 0.3939
σ-INT 156.7 111.4 147.6 136.5 141.6 121.0 127.5 88.6 0.1432 0.3324

ε =50 π-TS 234.1 108.4 140.0 138.3 142.1 116.7 142.0 −22.9 0.0571 0.4205
σ-R 198.2 108.3 144.4 137.0 141.3 117.9 136.4 −4.2 0.1500 0.4045
σ-TS 176.8 108.7 146.6 136.5 141.5 119.4 132.0 0.0 0.1654 0.3951
σ-INT 156.6 111.4 147.6 136.5 141.6 121.1 127.4 88.6 0.1437 0.3322

ε =78.5 π-TS 234.1 108.4 140.0 138.3 142.1 116.7 142.0 −22.9 0.0571 0.4205
σ-R 198.2 108.3 144.4 137.0 141.3 117.9 136.4 −4.2 0.1501 0.4045
σ-TS 156.2 110.7 148.2 136.2 141.7 121.1 127.9 0.0 0.1888 0.3317
σ-INT 156.6 111.4 147.6 136.5 141.6 121.1 127.4 88.6 0.1439 0.3321

¿� 1¾{8`0, 4¬©0ª���|}âÊH
BCþwß, ~~DE®¯�
1�

k�²�. âÊHBC�ß
� C1-N13 
WXKW�, Õø� 3!Úß(20� 3)
 σ-TS

K σ-INT �
 C1-N13 W; ÂWXnÓ�Ô¾(ε)
�ßÀk�, ¯�W�ò��; �YÊË�

(ε =78.5)σ-TS
 C1-N13WXi σ-INT�
¯5, ����
��^��ÕÖ[9]; >W�~[t

�Æ, n��Ì_¿ σ-TS� σ-INT�k, i�Ò�, �SA β (O15N13C1H12)4tu
 0.0ºc�

�u
 88.6º, y NO2ZS4i C1�C4ZÍc��N.

&����
 NO2
+���Ì_��Q��, � N-O WXnicX; ÊH
3×'�]Y

Mc��ð, yn�Ó�Ô¾(ε )
�ß N-OWXcX«�Ac�.

2.2 ��������	


� 2 H: 4 ¬©0ª�.9K%j(NO2)[&��
 B3LYP/6-311G**PQ²3. ÇÈ�

em
-8×, � 2�2GÎ:ï�²3. NO2
+ �M¬ 2p��=, �Ì@��^_����

9âei����
 π �9©0, �1 EDA ©0ª(electron donor-acceptor complex). ¿�

2(��MÎ)4 ¬©0ª� NO2 [���n��Ì_4F��
c�^_`0, ����9�
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�Q:f NO2
, [®¯�4π-TS� σ-R, σ-TSK σ-INT, NO2[���§4 0.340c� 0.273,

0.110K−0.049e; y� σ-INT���xx1M¬�9
:;, �1��CD9(Wheland)�de.

&6Ynn��Ì_�Q:;�9
^_, iM§×x1'�9:;�1�CD9Ï4%K

NO2 Ï4%
�Ï4%���*wÒ . �&6�¡�åæ�(UB3LYP)\�^_� , ��K

NO2 
Ï�¢£op��, y�p1-�9«�Ï4%ÕÖ, À�f^��i NO2
+¯%�5

K�¡, X�;d�Q�1 C-NW.

�fÙÚ NO2[��nÓ�Ô¾
c�`0, 4¬©0ª� NO2[F���e[nÊË

3×�ßÀk�, ¿ε = 1�ε = 5k�l£Úß, ε >25�°hwc. � σ-TS�YÊË�(ε =78.5)

�5, ;NO2[��¿ε = 50�
 0.019 ec�ε = 78.5
−0.167e, �5� σ-INT�−0.170 e, �

§�Ü­ �¡��^��¢, Ò�mÜY'�] σ-TS���i NO2d
¯%�¡i�9£

�.

efÙÚÒMÓ�Ô¾| 4¬©0ª
���¤, aÁ 3!��
 π-TS��.9ë.

9j(NO2)[��¾nÓ�Ô¾c���. c��ß
� 3!�ß
 σ-INT, [�ε ¿ 1 c

� 5�, ; NO2[F��k�] 0.089e(4−0.049c�−0.138).

� 2 ������� 4 	
��
�� NO2 ����� B3LYP/6-311G**����

C1 C2 C3 C4 H12 H11 H10 H9 N13 O14 NO2

ε =1 π-TS −0.129 −0.018 −0.048 −0.048 0.189 0.165 0.171 0.171 0.393 −0.028 0.340

σ-R −0.280 0.040 −0.076 0.003 0.208 0.176 0.168 0.179 0.377 −0.056 0.273

σ-TS −0.239 0.043 −0.055 −0.004 0.253 0.197 0.173 0.189 0.320 −0.108 0.110

σ-INT −0.118 0.001 −0.039 −0.003 0.275 0.208 0.179 0.196 0.288 −0.168 −0.049

ε = 5 π-TS −0.127 −0.016 −0.046 −0.046 0.190 0.166 0.172 0.172 0.386 −0.033 0.324

σ-R −0.277 0.049 −0.073 0.011 0.212 0.177 0.173 0.186 0.356 −0.073 0.215

σ-TS −0.219 0.048 −0.044 0.008 0.241 0.192 0.181 0.204 0.297 −0.138 0.030

σ-INT −0.092 −0.007 −0.032 0.013 0.277 0.202 0.195 0.224 0.267 −0.202 −0.138

ε = 25 π-TS −0.126 −0.016 −0.046 −0.046 0.190 0.166 0.173 0.173 0.383 −0.035 0.317

σ-R −0.273 0.052 −0.071 0.015 0.215 0.177 0.175 0.190 0.344 −0.083 0.182

σ-TS −0.210 0.044 −0.040 0.014 0.232 0.186 0.184 0.208 0.296 −0.147 0.011

σ-INT −0.087 −0.010 −0.029 0.020 0.277 0.199 0.201 0.234 0.261 −0.213 −0.165

ε = 50 π-TS −0.126 −0.015 −0.046 −0.046 0.190 0.166 0.173 0.173 0.383 −0.035 0.316

σ-R −0.271 0.053 −0.070 0.016 0.216 0.178 0.176 0.191 0.341 −0.086 0.173

σ-TS −0.216 0.044 −0.042 0.015 0.231 0.184 0.184 0.208 0.298 −0.144 0.019

σ-INT −0.086 −0.011 −0.029 0.020 0.277 0.198 0.202 0.236 0.261 −0.215 −0.169

ε = 78.5 π-TS −0.126 −0.015 −0.046 −0.046 0.190 0.166 0.173 0.173 0.383 −0.036 0.316

σ-R −0.271 0.053 −0.070 0.016 0.216 0.178 0.176 0.191 0.341 −0.086 0.172

σ-TS −0.271 0.053 −0.026 0.017 0.216 0.178 0.197 0.229 0.245 −0.210 −0.167

σ-INT −0.086 −0.011 −0.029 0.021 0.277 0.198 0.202 0.237 0.260 −0.215 −0.170

2.3 ��������	
��
��

4 n©0ª�wÒÓ�Ô¾ÊH�
 B3LYP/6-311G**"�PQ²3K 3!(Dip)Î��

3. ;� ET��"�, ET (Z)�ê�}"¥F
�"�, ∆Esolv(Z)�¯-�®¯ ET(Z)
�V�",

∆ER(Z)�¯-���ª ET(Z)
�ñ(20� 2), Gap��!��K�ì��=
"�¦.

20� 3K� 2, -�����*`�[|ÅÆ. ��§H NO2
+¦áÌ@��[R«�9

¨¢£Úß
 2¬©.9id, �1M�ñÚì(2.744 kJ/mol)
 pi^��(π-TS), ~�ª;�
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«Ty©.9�
¬M¬, �1ð"S[
3

�} sigma ©0ª(σ-R), �ê4M�ñÚ!

(8.370 kJ/mol) 
 sigma ^ � � (σ-TS) �

Wheland �de (σ-INT), ÌÀdLc�aª

(�%�K H+). Y�®¯�­�, σ-TS 
�1

�LPQR.

>�ÊË�, 4� σ-TS
 3!Ù σ-Rß

h�, tuÊH��V"Ù�ußh�, z®

σ-TS 
"�nÊHÓ�Ô¾
¯!À°L±

ì, N�YÊË��1 σ-TSc��ñ��;  

3!�ß
 σ-INT âÊH
BC�ß, Õø�

¿ε =1�ε =5, σ-INT
�V�"∆Esolv (Z)��

(−21.10 kJ/mol), ®®¯�&Ö²¼
�����ÊË�c�ß�³¼([� 2��).

� 3 ������� 4	
��
������(Dip)� B3LYP/6-311G**����

ET(a.u.) ET (Z) (a.u.)
∆Esolv(Z) /
kJ�mol−1

∆ER (Z)/
kJ�mol−1 Gap(a.u.) Dip(D)

ε = 1 π-TS −437.13205 −437.01993 0.0 2.744 0.1114 0.777

σ-R −437.13357 −437.02098 0.0 0.0 0.1192 1.788

σ-TS −437.13008 −437.01779 0.0 8.370 0.1319 4.290

σ-INT −437.13266 −437.02008 0.0 2.355 0.1429 6.581

ε =5 π-TS −437.13214 −437.02013 −0.522 3.888 0.1118 1.025

σ-R −437.13411 −437.02161 −1.667 0.000 0.1225 2.710

σ-TS −437.13290 −437.02056 −7.265 2.773 0.1347 5.620

σ-INT −437.14082 −437.02812 −21.10 −17.08 0.1484 8.684

ε =25 π-TS −437.13218 −437.02024 −0.811 4.448 0.1119 1.131

σ-R −437.13438 −437.02194 −2.515 0.000 0.1243 3.248

σ-TS −437.13403 −437.02173 −10.344 0.003 0.1358 5.985

σ-INT −437.14421 −437.03150 −29.98 −25.11 0.1498 9.428

ε =50 π-TS −437.13219 −437.02023 −0.764 4.645 0.1119 1.147

σ-R −437.13443 −437.02199 −2.665 0.000 0.1249 3.395

σ-TS −437.13419 −437.02190 −10.796 0.239 0.1352 5.861

σ-INT −437.14471 −437.03202 −31.33 −26.31 0.1500 9.536

ε =78.5 π-TS −437.13219 −437.02023 −0.775 4.694 0.1119 1.153

σ-R −437.13445 −437.02202 −2.725 0.000 0.1249 3.405

σ-TS −437.13554 −437.02310 −13.926 −2.830 0.1471 9.149

σ-INT −437.14490 −437.03221 −31.83 −26.75 0.1501 9.576

Þ�����, 67�4ß�+,<=��	
���*5, 8�Mn'�9:;
�

Ï4%�*[1,2]. Á¿¼½�K�½�«RS-­�
�*ÌÍ��ÙÚ.

´�� UB3LYP/6-311G**YZ|\�PQ] PhH+
�K NO�2 
²�K"�. 4 PhH K

NO2�Dt�
�"�(−232.30857, −204.74901; −231.97468, −205.10345 a.u.)�øgh­�


� 2 PhH� NO2
+�����������

B3LYP/6-311G**����� 
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�Dð� 876.6K 930.6 kJ/mol, ÌÀgh4 PhH'�9:;� NO2
+ �1 PhH+

�K NO�2�


"�¦(∆ER)1)�−53.95 kJ/mol(y−0.559 eV), Â¾µi67�IJµ−0.55 eV[10] (−53.07

kJ/mol)Úr0, mÜ¿¼½�A£¶, PhH K NO2
+dab'�9:;�"�·¸
. >¹{

∆Ε��=E ���–(E � + ENO2+), PQ�©0ª
�V�"(��}"¥F), �§�–184.7 kJ/ mol (π-

TS), −187.5 kJ/mol (σ-R), −179.1 kJ/mol(σ-TS)K−185.1 kJ/mol (σ-INT), Yc¾µ�Ü, �1©

0ª"h�Ù'�9:;ì��
�V�", y¿¼½�A£¶, ��'1�1©0ªÙ'

�9:;�1«¬Ï4%º�(.

»MRS, 4� NO2
+�9:;t�l�Úß O-N-O ��c�, ;
¼W��G�"!½

128.8 kJ/mol(PQµ[19])ë 109 kJ/mol(IJµ[2]). À����G�"n NO2
+
W��"À�ß,

)¿�½�A£¶, ��������l�� NO2
+�¾�H
�9:;QR
`"×��[20].

&,�gh��	
LPQR
G�"9� 8.370 kJ/mol, º¿E��	
\á.

�i, 4�[Æ��	

!�V�"KìG��ñ, ´�A���-���ÀÀ, ��

	
�*�\��9:;�*
.

2.4 IR �������

�ÁÂÃl9óô«nâÊHBCÚß�Ú�ÄÅ
σ-TSKσ-INT
 IR´'�ÆL. �

Ó�Ô¾ε = 1, ε = 5Kε = 78.5�ø
�®¯«�3×ÊHKYÊË. Çσ-TSKσ-INT�ï�

È � C1-N13K C1-H12��É
��K·£Î�� 4, ¿��·£`¶:, C1-N13
ÊË��

Ü�Ù C1-H12·h�. �ÒMÓ�Ô¾([ε = 1)|, aÁ σ-INT�
 3200 cm−1Ì5�°¬Ú

Í
 CH ÊËÉ, >� 2919 cm−1�M·£Úß
 CH ÊËÉ, Y�vÌ@©.9KyÇDÎ


K.9id(C1-H12)
ÊË��É, -��Y¬ C-H W, 8�M¬ 1084 cm−1ö
S5��,

C-HÊËÉ4 σ- TS� σ- INT
ÃÍÏ;, iÂW�YM^_�
jÃÊXKW�jÃk�


PQ²3¯r0, mÜ C-H W
OTi C-N W
�1w�ÐÒ«À��QÌÍ
, �õ�J

�]¡C-HW��LQR�wST, �Ò�ZÝ�¢
IJqI[7]; -�� σ-TS�
 741 cm−1

öK σ-INT�
 817 cm-1 ö
�Ô·
É� C-NW
ÊË��É, mÜ� σ-TSK σ-INT�x

�ï� C-N W�1, À��ÊË��ÉÏ^����de
¡Ñ;¢�õ��Ò] C-N WW

X�k«·£��
c�ÓÔ. ÙÚwÒÓ�Ô¾|«��)}
[Æ������É, `¶

:nÊH3×
�� C-N WWX�k«·£��rÊË��É¡Ñ;¢
c�ÓÔ, �Ò]

ÊH-Y«¬)}
�1i�V��(
. �%� B3LYP/6-311G**YZPQ
�����h

IRµ¶�Õ�ÌMQ¥F[21], )� 4²3r&ÁÆL��`Ö
.

� 4 �������σ-TS 	 σ-INT 
��
������ B3LYP/6-311G**����

ε = 1 ε = 5 ε = 78.5

σ−TS σ−INT σ−TS σ−INT σ−TS σ−INT 

Freq/cm−1 740.9 816.7 749.4 832.7 825.3 834.1

IR Inten/KM�mol−1 329.2 293.8 324.8 170.8 143.9 156.4

Freq/cm−1 3105.1 2918.9 3131.3 2891.9 2950.3 2889.2

IR Inten/KM�mol−1 26.7 62.4 23.7 74.2 73.4 76.2

Freq/cm−1 1081.8 1083.9 1098.1 1121.7 1134.2 1140.8

IR Inten/KM�mol−1 45.3 100.9 98.5 101.5 72.7 83.2

1) ���� PhH + NO2
+ → PhH+·+NO2

·�∆ER=Ef −Es, ��: Es = E(PhH) + E(NO2
+) , Ef = E(PhH+) + E (NO2

·)



198 � � � � (B �) � 33 �

2.5 ��������	
��

��������	
��
���, ���� σ-R� σ-TS������
�����

( 0
PC )��( 0

mS )��( 0
mH )�� 5.  5 !"�#$%&'()*+,-����.()*/

01234567��8(∆ST)�*+9�. :;<()=>��
����*+9�?@5

6ABCDE, �8FDG, :HIJKL�MN. OP���*+9�,-�QR��ST

(1010 mol−1Us−1)HIJRVS�W[3].

� 5 �������	
��
���������

�-R �-TS

T/K 0
pC /J�

mol�K−1

0
mS /J�

mol−1
�K−1

0
mH /kJ�

mol−1
�K−1

0
pC /J�

mol−1
�K−1

0
mS /J�

mol−1
�K−1

0
mH /kJ�

mol−1
�K−1

∆ST/J�

mol−1
�K−1

kA�10-10/

mol−1
�s−1

200.0 93.76 332.46 12.64 84.44 313.97 11.22 −18.49 0.294

298.2 128.50 376.28 23.52 119.06 354.02 21.18 −22.26 1.461

300.0 129.16 377.08 23.76 119.73 354.76 21.40 −22.32 1.489

400.0 163.73 419.06 38.44 154.61 394.07 35.15 −24.99 3.332

500.0 193.16 458.86 56.33 184.38 431.87 52.15 −26.99 5.417

600.0 216.98 496.26 76.88 208.47 467.70 71.84 −28.56 7.528

700.0 236.20 531.20 99.57 227.87 501.34 93.69 −29.86 9.545

800.0 251.91 563.80 124.01 243.71 532.84 117.29 −30.96 11.439

2.6 �� Wheland �������	

��� Wheland ���(σ-INT)��	�
��
�[6], ��������������

������ !"�	#$%&'()*+,. "-, ./0123��4 σ-INT567�

89, :;"�	<=�6>�?@A !BC.

�DEF, ��4GH!I∆Esolv(Z)�89#J4 σ-INT� NO2(K�L�89M�NO

�, P∆Esolv (Z)4 NO2Q�LR;SNTU(V; 3(a)(W), XY��Z[\]# NO2^Q�

��_`Ra�bc, [dZeσ-���fghiGH!I∆Esolv (Z). ���j�kle��

2�m�n�L�,2oSpq, rdst��ujvkl; σ-INT�ujv����j�w

k(xy 3), JGH!I∆Esolv (Z)#ujvz�{M�U�+|(x; 3(b)). }~; 3(a)�(b)�

S σ-INT� NO2Q�L#Jujvz��U�+|; yY���j��l, σ-INT� NO2(�

n�L?��, σ-INT�ujv�l, ��O���GH!I∆Esolv (Z) ��l. ; 3 (c)�(d)2

��� σ-INT��U��I��#ujv����GH!I# C1-N13��z��U�+|. �

; 3(b) ~ (d)����U��I��#��GH!Iz��m>+|, � σ-INT� C1-N13��

���j��kldkl, �U��I��{�zkl, .��OGH!I∆Esolv (Z)kl.

3 ��

��� UB3LYP/6-311G**��$%��Q��&'�\��_A�*���#���o

�(NO2
+)Eg�!� �¡$, S�V¢£��D��%¤

(1) �_�¥�:� NO2
+[¦§�\], ¨©ªt 4 «�GH!I� EDA ¬~­π-TS,

σ-R, σ-TS�σ-INT, J�σ-TS�ªt"� ®¯°±, ²!I" 8.370 kJ/mol, ®³´?�?

7�(1010mol−1µs−1)#�	NO;
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� 3 σ-INT �������	
���

(a) σ-INT� NO2������	
��
���; (b) σ-INT��������	
��
���; (c) σ-INT������


������
���; (d) σ-INT����	
�� C1-N13���
���

(2) r¶·¸�¹·¸º»4\�!�¥�¼½���bc¾«¡$R>�, ��GH

!I�¿²!IÀ��ÁÂÃÄÁ;

(3) Åσ-TS �σ-INT ujvl, Æ���Ç�GH!I{l, .«��È eσ-TS �ª

t "ÉÊ� , Ëe�_� σ-INT ªt�Ì¶°± "��Ç��l7Í¶, .#�Ç�

�!��	Î�_NO;

(4) r����L�I7� IRÏÐÑÒÓÀ� � C1-N13ªt� C1-H12ÔÕ
Ö×*�

¥�¼½ØÙ, ÚY�É*ÛÜÈ ��	Î�;

(5) ÝS�	�
 Wheland ���(σ-INT)���-�IU�+|, ÞW� C1-N13 ���

NO2Q�L�ujv��U��I��#��GH!Iz����ß|.

�� ��������	
�
�
���������.
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