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摘要 

利用 IR 光譜研究 3,5-二甲基-2-乙醯基吡咯和 3,5-二甲基-1H-吡

咯-2-甲酸乙酯在溶液中的自結合。3,5-二甲基-2-乙醯基吡咯在稀薄溶

液下呈現順式單體、環狀雙體兩者共存。處理單體 N-H 基吸收度數

據公式 (2-13) 及雙體 N-H 基吸收度數據公式 (2-17) ，可得到單、

雙體N-H基伸縮振動總莫耳吸收係數εm 、εd及自結合平衡常數K。

3,5-二甲基-1H-吡咯-2-甲酸乙酯在稀薄溶液下呈現順式、反式單體及

雙體三者共存。本實驗室推導新的公式，企圖從線性公式 (2-33) 的

斜率 PC、截距 QC、式 (2-36) 的斜率 Pt、截距 Qt及式 (2-39) 的斜率

Pd、截距 Qd中求取順式、反式單體及雙體 N-H基的總莫耳吸收係數

εC、εt、εd及單體構型轉換平衡常數 K1和自結合平衡常數 K2。但

是除了雙體總莫耳吸收係數εd可由 Qd得到外，其餘並不可得。此由

於 PC、Pt、QC、Qt相依，可由 Jacobian函數檢視證明之。為了克服

相依性所帶來這個困境，以 PBE1PBE/6-311++G**計算出εC/εt，並

與實驗求得的反式、順式單體 N-H基吸收帶的吸收度 At、AC代入 K1= 



 II

(At/AC)(εC/εt)中。K1再代入式 PC、Pd、QC及 Qt中，即可求出εC、

εt、K2。 

    當溶劑的介電常數越大，單、雙體 N-H 基的伸縮振動頻率會往

低頻位移，此與 KBM 預測的趨勢相符。隨溶劑介電常數的增加，3,5-

二甲基-1H-吡咯-2-甲酸乙酯單體構型轉換標準焓ΔH1
O、自結合標準

焓ΔH2
O皆減少。當溶劑的介電常數增加使得單、雙體 N-H基吸收帶

的半高寬變寬。實驗的結果發現，雙體 N-H 基總莫耳吸收係數大於

單體 N-H基總莫耳吸收係數。G. C. Pimentel與 T. Ebata認為這與質

子受體、質子予體之間電荷分佈急劇改變有關，進而使偶極距改變率

dμ/dr增加所致。本實驗在探討溶劑對單、雙體 N-H基伸縮振動強度

的影響時套用了M. I. Nasser和 E. Hirota的方法。但溶劑對強度的影

響不是很顯著，因此無法用此方法解釋，但定性來說隨溶劑極性越大，

單、雙體 N-H基強度越強。 
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Abstract 

The self-association of 2-Acetyl-3,5-dimethylpyrrole (ADP) and 
Ethyl 3,5-dimethyl-1H-pyrrole-2-carboxylate (EDPC) in various solvents 
have been studied using infra-red spectra. The molar absorption 
coefficient of N-H stretching for ADP monomer and ADP dimer are 
obtained from the equation derived from the concentration dependent 
integrated absorbance of monomer bands and those of dimer bands, 
respectively. So does the dimerization constant obtained independently 
from them. The letter offers an opportunity to check the consistency of 
the determination. 

As for EDPC, the spectra is found that two N-H bands exist in 
monomer region. This system is a monomer-dimer self-association 
accompanying a cis-trans inter-conversion in monomer. Our three linear 
plots respectively for cis, trans monomer and dimer bands are unable to 
give the molar absorption coefficients of cis and trans monomer N-H 
stretching ε C, ε t and cis-trans interconversion constant K1, 
dimerization constant K2, except for the molar absorption coefficient of 
dimer band. To overcome this difficulty, we resort to quantum chemical 
calculation using PBE1PBE/6-311++G** functional to give the ratioεC/
εt. The letter enables us to estimate K1 from the ratio of integrated 
absorbance At/AC. With K1 known, other parameters K2, εC andεt can 
be solved. The solvent effect on the frequency shift, band width, band 
intensity and enthalpy of dimerization are also discussed.   
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T

1
  X =

R

H O∆−  
R

S O∆

OH∆ OS∆  
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2.3  

    EDPC

N-H C=O

C-C

 

 

 

 
CB →← tB  

(2-18) 
 

CB tB  1K

 

 

 

 
C

  

 

][
 

][

   

O
C

O
t

1
B

Bt

Bc

Bt

Bc

Bt

c

c

c

B
c

B

a

a
K =

γ

γ
==  

 

(2-19) 
 

 

 
O
C

O
t

 

][
             

 

][
 

C c

B
c

c

B
c BBt ==  

 

(2-20) 
 

Btα Bcα  Btγ Bcγ

][ tB ][ cB

1≈γ≈γ BcBt
Oc  

(standard state concentration) 1  / Lmol O
t  / ][ cB

O / ][ cBC Btc
CBc
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2 CB →← 2B  

(2-21) 
 

CB 2B  2K

 

 

 

 2
2

O

O
2

222
222   

)
   

][ 
(

 

][

  
CB

B

CBc

B

Bc

B

c

c

c

B
c

B

a

α
K =

γ
γ

==  

(2-22) 
 

 

 
OO

2

   

][ 
                 

 

][
 

2 c

B
c

c

B
c C

BB C
==  

(2-23) 
 

2Bα Bcα  
2Bγ Bγ

][ 2B ][ CB

1
2

≈γ≈γ BcB
O][B  (standard state 

concentration) 1  / Lmol O
2  / ][ cB O / ][ cBC

2Bc
CBc

 (material balance)  

酚

 

 

]2[][][][ 2tCO BBBB ++=  (2-24) 
 

O][B 酚(2-24熵酚 O][B  

酚

 

 
2

2 
]2[][][][

OO
2tC

O
O

BBtB cccc
c

BBB

c

B
C

++==++=  
(2-25) 
 

Oc  (2-19)  (2-22)  
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 2
2

21 21

B

B

BtB c

cK

c

K

c
C

C

==  

 

(2-26) 
 

 (2-25)  (2-26)  

 

 

 O

2121 21

2

211

2
c

cKK

ccc

cKK

c
C

C

C

C

B

BBtB

B

B

++
=

++
++

=  

 

(2-27) 
 

 (2-27)  

 

 

 
C

C

B
B

cKK
c

c
21

O 21 ++=  
(2-28) 
 

 (2-19)  (2-28)  

 

 

 1

21O
21

K

cKK

c

c
CB

Bt

++
=  

(2-29) 
 

 (2-28) 
CBc  (2-22)  

 

 

 
2

1

2

1O

2

++=
Kc

K

c

c

CBB

= 2/12/1
2

1

2

1

BcK

K+
+2 

 

(2-30) 
 

 (Beer-Lambert’s law)  

 

 

 

 ][   ][  ~d )~( )~()~( O
CCCC cbcεBbεBbεdAA

CBCCC ==νν=νν=′ ∫∫  (2-31) 
 

    νν= ∫ ~d )~(  C Cεε  ( : L cm-2 mol-1 ) 
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 (integrated molar absorption coefficient) )~(C νA ( ) 

ν~ N-H 

CA′  ( :cm-1) (integrated absorbance) 

     (2-31)  (optical path) 

CA  

 

 

 
 ][ O

CCCC ccεBε
b

A
A

CB
C ==
′

=  
(2-32) 
 

 (2-32)  (2-28)  

 

 

 
O

C

1
2O2

C

2

C

O 1

)(

2

cε

K
A

cε

K

A

c
C

++=  (2-33) 
 

N-H  

 

 

 

O
ttttt  ][ ][  ~d )~(  )~()~( ccbεBbεBbεdAA Bttt ==νν=νν=′ ∫∫  (2-34) 

 

νν= ∫ ~d )~(  t tεε  ( : L cm-2 mol-1 ) 

 (integrated molar absorption coefficient) ) ~(t νA ( )

ν~ N-H 

'
tA  ( :cm-1) (integrated absorbance) 

     (2-34)  (optical path) 

tA  
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O][ ccεBε
b

A
A Btttt

t
t ==

′
=  (2-35) 

 

 (2-35)  (2-32)  (2-29)  

 

 

 
O

t1

1
C2O

tC1

2

t

O 1

)(

2

cεK

K
A

cεεK

K

A

c ++=  

 

(2-36) 
 

N-H  

 

 

 

O
d2d2d 2

][][  ~d )~(  )~()~( cbcεBbεBbεdAA Bdd ==νν=νν=′ ∫∫  (2-37) 
 

∫ νν= ~)~( dεε dd  ( :L cm-2 mol-1 ) 

 (integrated molar absorption coefficient) ) ~(d νA ( )

ν~ N-H 

dA′  ( :cm-1) (integrated absorbance) 

     (2-37)  (optical 

path) dA  

 

 

 

O
d2dd 2

][ ccεBε
b

A
A B

d ==
′

=  
(2-38) 
 

 (2-38)  (2-30)  

 

 

 
O

2/1
2/12/12/1

2

1O 2

)(

1

cε
A

cεK

K

A

c

d
dO

dd

++= −  (2-39) 
 

 (2-33)  (2-36)  (2-39) :  
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O

C

1
2O2

C

2

C

O 1

)(

2

cε

K
A

cε

K

A

c
C

++=
 

 

O
t1

1
C2O

tC1

2

t

O 1

)(

2

cεK

K
A

cεεK

K

A

c ++=
 

 

O
2/1

2/12/12/1
2

1O 2

)(

1

cε
A

cεK

K

A

c

d
dO

dd

++= −  

 
(2-33) 
 
 
(2-36) 
 
 
(2-39) 
 

     

1K 2K Cε tε dε

CA tA dA

 (2-33) 

CA / cY O= CX A=  2O2
C2C )( / 2 cεKP =

O
C1  / )1( cεKQC += (2-13)

CP CQ 1K  2K Cε

 

     (2-36) tO / Y Ac= CX A=

2O
tC12t )( / 2  cεεKKP = O

t11t  / ) 1( cεKKQ +=

tP tQ 1K 2K Cε tε

 (2-39) dO /   Y Ac= 1/2
d  X −= A

1/2O1/2
d

1/2
21d )(  / )1( cεKKP += O

dd  / 2 cεQ = dε

dε dP 1K 2K

 (2-33)  (2-36)  (2-39) 
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1K 2K

Cε tε dε dε dQ

1K 2 K Cε tε

 

     (2-38) dQ dε dP

1K 2 K dP CQ dQ CP  

( 2/12/1 / CdCd PQQP = ) CQ tQ CP tP

Jacobian45  

    CQ tQ CP tP Cε tε 1K  2K Jacobian

Jacobian 0  

( functional independent ) 0 

 ( functional dependent)  (2-33)  (2-36) 

 

 

 

 
O

t1

1
t2O

tC1

2
t

O
C

1
C2O2

C

2
C

1
   

)(

2

1
         

)(

2

cεK

K
Q

cεεK

K
P

cε

K
Q

cε

K
P

+==

+==
 

 
 
 
(2-40) 

 

CQ tQ CP tP Cε tε 1K  2K Jacobian  
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2

t

2

t

2

C

2

C

1

t

1

t

1

C

1

C

t

t

t

t

t

C

t

C

C

t

C

t

C

C

C

C

 J

K

Q

K

P

K

Q

K

P
K

Q

K

P

K

Q

K

P
ε

Q

ε

P

ε

Q

ε

P
ε

Q

ε

P

ε

Q

ε

P

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

=  

 
 
 
 
 
 
(2-41) 
 

 

 

 

0101

1
10

)1(
00

0
)1(2

 M 

 

M
1

)(

21

)(

2
 J 

11

2

t

1

t

2

212

O
t1

2O
1Ct

O2O2
C

KK

K
ε

K

ε

K
ε

K

ε

K

ε

K

cεKcKεεcεcε

CCC

C

−−

+−−

−+−−

=

××××=

 

 
 
 
 
 
 
 
 
 
(2-42) 

 

 (2-42)  

 

 

 

0101

1
10

)1(00

0)1(2

 N 

 

N
111

)(

21

)(

2
 J 

11

2

12

212

tC
O

t1
2O

1Ct
O2O2

C

KK

K
KK

KKK

εεcεKcKεεcεcε C

−−
+

+

=

×−×−××××=

 

 
 
 
 
 
 
 
(2-43) 

 

N  
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0  )1()1()1(2   

001

1
10

)1(00

     

011

1
0

)1(0

)1(-

010

1
1

)1(0

2  S

 

S
111

)(

21

)(

2
 J 

121212

1

1

2

11

2

12

1
11

2

12

2

tC
O

t1
2O

1Ct
O2O2

C

=+−+−+=

−
+

+

−−
+

+−−
+

=

×−×−××××=

KKKKKK

K

K

K

KK

K
KK

K
KK

K
KK

K

εεcεKcKεεcεcε C

 

 
 
 
 
 
 
 
 
 
 
 
(2-44) 

 

     (2-44) 0

 ( functional dependent ) CQ tQ CP tP

1K 2K Cε tε

1K

1K  (2-19) 
CBBt ccK  / 1 =

Beer-Lambert’s law  
 

 

 

O][ ][  BbcεBbεA B==  
(2-45) 
 

 (2-45)  (2-19)  

 

 

 
t

C

C

t

ε

ε

A

A
K =1  

 

(2-46) 
 

CA

tA
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t / εεC

1K 1K  (2-33)  (2-36)  (2-39) 

Cε tε

2 K  
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  3,5- -2- 3,5- -1H- -2-

  

3.1  

     3,5- -2-  (2-Acetyl-3,5-dimethylpyrrole ADP) 

3,5- -1H- -2-  (Ethyl3,5-dimethyl-1H-pyrrole-2- 

carboxylate EDPC)  

 

   ADP    R=CH3 

                        EDPC   R=OC2H5 
 

PBE1PBE/6-31++G** ADP

 

    ADP EDPC PBE1PBE/6-31++G**

ADP EDPC

 

 

N

H O

R
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ADP    R=CH3 
EDPC   R=OC2H5 

N-H C=O

PBE1PBE/6-31++G**

ADP

 EDPC N-H C=O C-C

ADP

EDPC

N-H R

EDPC

EDPC  

 

N

H O

R
N

H O

R

N

H O

R

N

HO

R
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ADP EDPC

N-H

  

 

3.2 : 

3.2.1 : 

1.  Digilab Excalibur HE Series FTS3100

2 cm-1 Thermo NESLAB RTE17 

±1 o C  

2. Omega Model HH22 (Type J-K thermocouple)  

3. Buck Scientific CaF2 (cell 0.5mm ) CaF2

 

4. Mettler Toledo AB104 Ohaus Explorer E10640 

 

N

H O

O

N

H

O

O
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5. Hamilton (1mL 0.5mL 0.25mL)  

6. Mitsuba 1mL Maru-Kyu  

7. Nichiden-Rika Glass 10ml 50ml  

8. Kimble Glass 4ml Vial ( )  

9. Chem Glass white septum stopper ( )  

 

3.2.2  

1. 3,5- -2-  MAYBRIDGE 97 %  

2. ( n-octane ) Tedia 98%  

3. ( n-heptane ) ECHO HPLC  , 99.8%  

4. ( tetrachloroethylene )Tedia HPLC/Spectro    

 99.98%  

5. ( trichloroethylene ) J. T. Baker 99.99%  

6. (cyclohexane) Tedia 99.95%  

7. ( methylcyclohexane ) Tedia 99.96%  
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3.2.3 : 

1. IR  

(1) 10 mL

 

(2) 1 mL

 

(3) molality ( m )

0.25 mL 4 mL

 ( ) 

    

molality ( m ) molarity (M) molality

 

(4) molality ( m )   

  molarity (M)  

2. IR : 

(1)  
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(2)   ( background )

128 

 0.5mm

 

(3)  .SPC Galactic

GRAMS32 AI — (Gauss-Lorentz)

NH
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3.3 IR :  

3.3.1  3,5- -2-  

    3,5- -2- 15℃

25℃ 35℃ 45℃ molality (m)

morality (M) 46 

(15℃ 0.70673 25℃ 0.69912 35℃ 0.69139 45℃ 0.68354 g mL-1)

m = ( /mol) / ( /kg) M = ( /mol) / 

( /L) ( /M) = m× ( /kg) / ( /L)

 

M   ≈ m× ( /kg) / ( /L) = m× ρ 3.1 15 ℃

B 0.0215 0.0178 0.0140 0.0103

0.0065 NH IR  

    3.2 15 ℃ B 0.0234 NH

Galatic PeakSolve 

GRAMS32 AI — (Gauss-Lorentz) 

N-H N-H  

    3.1
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3550 3500 3450 3400 3350 3300 3250 3200

-0.3

0.0

0.3

0.6

0.9

A
bs

or
ba

nc
e

Wavenumber / cm-1

 

 
3.1   3,5- -2- 15

N-H IR B
:0.0215  0.0178 0.0140  0.0103 0.0065  

3500 3400 3300 3200
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

A
bs

or
ba

nc
e

Wavenumber / cm-1

 

3.2   3,5- -2- 15℃

B 0.0234 N-H  
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3.1   3,5- -2-

 

 

T=15℃   

oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0065 3449.5  9.0  14.5  3284.1  39.3  166.3  
0.0084 3448.5  9.4  16.9  3283.8  39.9  224.4  
0.0103 3448.8  9.2  18.9  3283.8  39.7  284.0  
0.0121 3449.3  9.3  20.8  3284.0  39.3  341.2  
0.0140 3448.8  9.2  22.5  3283.7  39.2  402.4  
0.0159 3449.4  9.2  24.2  3283.9  39.3  464.1  
0.0178 3449.0  9.2  25.8  3283.7  39.2  526.3  
0.0196 3449.0  9.5  27.2  3283.9  39.4  585.7  
0.0215 3448.6  9.5  28.6  3283.9  39.4  648.7  
0.0234 3448.6  9.4  29.9  3283.6  39.3  712.0  

 

T=25℃ 酚  酚  

oc  
 

 
  

 
 

  

( ) ( cm-1 ) ( cm-1 ) ( cm-1 ) ( cm-1 ) ( cm-1 ) ( cm-1 ) 

0.0065 3449.8  9.1  17.7  3285.5  41.0  147.7  
0.0087 3449.3  9.0  21.6  3284.9  40.0  201.1  
0.0107 3449.0  9.1  24.4  3284.8  40.4  268.4  
0.0126 3448.7  9.1  26.5  3284.6  40.2  324.1  
0.0144 3449.6  9.2  28.5  3285.1  40.2  374.9  
0.0163 3448.5  9.3  31.6  3284.8  40.9  446.1  
0.0183 3448.9  9.2  33.1  3284.8  40.3  501.3  
0.0203 3449.0  9.3  34.9  3284.8  40.2  559.7  
0.0223 3449.5  9.3  36.9  3285.3  40.1  619.7  
0.0240 3449.1  9.1  38.9  3284.9  40.3  684.6  
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3.1 

 
T=35℃ 酚  酚  

oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3449.6  9.1  19.7  3286.2  41.8  108.8  
0.0075 3448.8  9.2  23.3  3285.9  41.8  152.1  
0.0090 3449.3  9.0  26.1  3286.6  42.6  191.8  
0.0107 3449.1  9.3  29.2  3286.2  41.8  238.1  
0.0122 3449.6  9.3  31.6  3286.4  41.9  279.8  
0.0139 3449.5  9.2  34.2  3286.3  41.5  328.1  
0.0155 3449.5  9.1  36.6  3286.6  41.9  374.2  
0.0171 3450.2  9.1  38.8  3287.2  42.1  420.9  
0.0188 3449.0  9.3  41.1  3286.2  41.4  471.3  
0.0207 3449.5  9.3  43.5  3286.5  41.5  527.6  

 

 

 

T=45℃  酚  

oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0066 3449.4  9.2  25.3  3287.6  42.3  106.6  
0.0082 3449.9  9.2  29.4  3287.7  42.5  143.4  
0.0098 3449.8  9.5  33.1  3287.6  43.9  181.9  
0.0110 3449.5  9.3  35.7  3287.6  43.5  211.7  
0.0127 3449.5  9.4  39.3  3287.3  42.9  255.1  
0.0143 3449.5  9.2  42.4  3287.8  43.4  296.8  
0.0161 3449.2  9.2  45.7  3287.2  42.2  344.8  
0.0174 3449.6  9.3  48.0  3287.4  42.5  380.0  
0.0193 3449.6  9.3  51.2  3287.2  42.1  432.1  
0.0204 3449.5  9.2  53.0  3287.2  42.2  462.6  
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     (gas phase)  

(condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

)12(
)1(oobs

+
−−ν=ν

D

D
C obs

ν

oν C D

 

    49

(15℃ 1.9545 25℃ 1.9415

35℃ 1.9285 45℃ 1.9155) N-H

obs
NHν

)12(

)1(

+
−

D

D Y = -131.25X + 3474.5

3.3 3474.5 cm-1 D = 1

N-H 0
NHν  

    3.1

15℃ 25℃ 35℃ 45℃

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.1944 0.1928 0.1912 0.1895 

obs
NHν   / cm-1 3448.9 ± 0.1 3449.1 ± 0.2 3449.4 ± 0.2 3449.6 ± 0.1 
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Onsager50

R  

(reaction field) 

ν∆=µ= h/2U R µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager

     

     (2-2) K  

 

 

 constant)(
)

 

][
(

 

][
 

2
m

dO

d

2
m

2
2

O

O
2

2
2 ×====

A

A
c

ε

ε

A

A

c

B
c

B

c

c
K

m

d

B

B  

 

 
 
(3-1) 

mε dε

K  (3-1) d
2 / AAm

Oc 3.4 d
2 / AAm B Oc  
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0.189 0.190 0.191 0.192 0.193 0.194 0.195

3449.0

3449.2

3449.4

3449.6

3449.8

(D-1) / (2D+1)

νob
s

N
H
 / 

cm
-1

 
3.3   3,5- -2-

obs
NHν 12

1

+
−

D

D
D  

0.006 0.012 0.018 0.024
0

1

2

3

4

5

6

7

(A
m
)2 A

-1 d
 / 

cm
-2

c
O  

3.4   3,5- -2- d
2 / AAm Oc

: (- -)288K  (- -)298K (- -)308K (-
-)318K  
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     (2-13)  (2-17)  

 

 

 

 O
m

m2O2
mm

O 1

)(

2

cε
A

cε

K

A

c +=  

 

 
(2-13) 
 

 

 
 

O
d

1/2
dO

dd

O 2

 

1

cε
A

cεKA

c += −  
 
(2-17) 
 

     

 (2-13)  (2-17) mε

dK′ dε

dK

 

    3.5 3.1 mA

 (2-13) m/Y AcO= mX A=

2O2
mm )( / 2 cεKP =  O/1 cεQ mm =  

    3.6 3.1

 (2-17) dO / Y Ac= 1/2
dX −= A

O
dd   / 1 cεKP =  O

dd  / 2 cεQ =  
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0 10 20 30 40 50
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

c O
A

m

-1
 / 

cm
2

A
m
 / cm-2

 

3.5    (2-13) 3,5- -2-
:(- -)288K (- -)298K

(- -)308K (- -)318K  

0.00 0.03 0.06 0.09
0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

c O
A

d-1
/ c

m
2

A
d

-1/2 / cm  

3.6    (2-17) 3,5- -2-
:(- -)288K (- -)298K

(- -)308K (- -)318K  
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     (2-13)  (2-17) 

mε dε K 3.2

K van’t Hoff 
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3.3.2  3,5- -2-  

    3,5- -2- 15℃

25℃ 35℃ 45℃ molality (m)

morality (M) 46 

(15℃ 0.69052 25℃ 0.68212 35℃ 0.67357 45℃ 0.66486 g mL-1)

m = ( /mol) / ( /kg) M = ( /mol) / 

( /L) ( /M) = m× ( /kg) / ( /L)

 

M   ≈ m× ( /kg) / ( /L) = m× ρ 3.10 15 

℃ B 0.0180 0.0147 0.0115 0.0084

0.0051 NH IR  

    3.11 15 ℃ B 0.0147 NH

Galatic PeakSolve 

GRAMS32 AI — (Gauss-Lorentz) 

N-H N-H  

        3.3
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3.3   3,5- -2-

 

 

T=15℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0051 3449.3  9.3  12.4  3285.1  40.8  133.8  
0.0068 3449.2  9.4  14.6  3285.0  40.4  188.1  
0.0084 3449.2  9.7  16.6  3285.0  41.4  240.5  
0.0101 3449.2  9.5  18.4  3285.2  40.8  297.1  
0.0115 3449.3  8.9  19.8  3284.5  39.2  344.4  
0.0130 3449.3  9.1  21.2  3284.2  39.3  395.5  
0.0147 3449.3  8.9  22.7  3285.1  39.2  453.9  
0.0164 3449.3  9.1  24.1  3285.2  39.4  512.7  
0.0180 3449.3  8.9  25.4  3284.9  39.2  568.5  
0.0193 3449.3  8.9  26.4  3284.1  39.1  613.9  

 

T=25℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0061 3449.6  9.1  19.3  3286.2  40.8  136.0  
0.0071 3449.2  8.8  21.2  3285.5  40.4  165.4  
0.0090 3450.0  9.0  25.0  3285.9  41.5  224.2  
0.0104 3449.4  9.0  27.4  3285.6  41.2  265.3  
0.0117 3449.6  9.1  29.0  3285.7  40.5  304.9  
0.0130 3449.3  8.9  30.7  3285.3  40.0  341.3  
0.0148 3449.9  9.0  33.0  3285.7  40.3  399.8  
0.0163 3449.2  9.0  35.1  3285.5  40.2  449.7  
0.0177 3449.9  9.0  37.0  3285.9  40.3  499.8  
0.0192 3450.0  9.1  39.0  3285.8  41.8  547.6  
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3.3 

 

T=35℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0068 3449.6  9.1  23.5  3286.7  42.1  139.1  
0.0083 3449.1  9.0  26.7  3286.4  41.9  177.1  
0.0099 3449.7  9.2  30.7  3286.9  42.6  223.5  
0.0117 3449.3  9.1  34.3  3286.7  42.2  272.6  
0.0136 3449.8  9.3  37.7  3287.0  42.6  332.7  
0.0154 3450.0  9.2  40.4  3287.0  41.8  377.5  
0.0170 3449.8  8.9  43.0  3287.2  43.7  436.6  
0.0187 3450.7  9.1  44.9  3287.8  41.6  487.2  
0.0204 3449.6  9.2  46.5  3286.7  41.4  537.5  
0.0220 3450.1  9.1  49.3  3287.5  42.9  592.4  

 

 

 

T=45℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0064 3450.7  9.2  26.6  3288.4  44.3  104.6  
0.0081 3449.8  9.2  31.1  3288.1  43.2  143.0  
0.0097 3449.5  9.2  34.8  3287.7  42.6  179.1  
0.0113 3449.7  9.3  39.6  3287.7  43.5  227.1  
0.0129 3450.7  9.1  42.7  3288.7  43.0  266.5  
0.0146 3449.6  9.2  46.2  3287.7  42.6  308.3  
0.0162 3449.7  9.2  49.2  3288.0  42.7  353.0  
0.0178 3449.7  9.2  52.8  3287.7  43.3  403.1  
0.0195 3449.8  9.3  54.9  3287.9  42.4  443.6  
0.0210 3449.8  9.2  57.6  3287.8  42.3  491.2  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(
)1(oobs

+
−−ν=ν

D

D
C obs

ν oν

C D

 

    49

(15 ℃ 1.931 25 ℃ 1.917

35 ℃ 1.903 45 ℃ 1.889) N-H

obs
NHν

)12(

)1(

+
−

D

D Y = -114.67X + 3471.3

3.12 3471.3 cm-1 D = 1

N-H 0
NHν            

    3.3

15℃ 25℃ 35℃ 45℃

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1)/(2D+1) 0.1915 0.1897 0.1879 0.1861 

νm,obs/cm-1 3449.3 ± 0.1 3449.6 ± 0.1 3449.8 ± 0.2 3449.9 ± 0.2 
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Onsager50
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     (2-13)  (2-17)  
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3.3.3  3,5- -2-  

    3,5- -2- 15℃

25℃ 35℃ 45℃ molality (m)

morality (M) 46 

(15℃ 0.78202 25℃ 0.77313 35℃ 0.76409 45℃ 0.75489 g mL-1)

m = ( /mol) / ( /kg) M = ( /mol) / 

( /L) ( /M) = m× ( /kg) / ( /L)

 

M   ≈ m× ( /kg) / ( /L) = m× ρ 3.19 15

℃ B 0.0176 0.0142 0.0110 0.0081

0.0045 NH IR  

    3.20 15℃ B 0.0049 NH

Galatic PeakSolve 

GRAMS32 AI — (Gauss-Lorentz) 

N-H N-H  

    3.5
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3.5  3,5- -2-

 

 

T=15℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0049 3447.3  7.8  12.5  3283.3  44.0  105.8  
0.0064 3447.4  7.8  14.6  3283.9  44.0  151.5  
0.0081 3447.3  7.8  16.8  3283.4  43.9  201.4  
0.0097 3447.4  7.8  18.7  3283.6  44.0  255.4  
0.0110 3447.3  7.8  20.3  3283.5  44.0  294.6  
0.0127 3447.2  7.9  22.0  3283.6  44.0  349.8  
0.0142 3447.3  7.9  23.7  3283.3  43.8  402.1  
0.0159 3447.4  7.9  25.3  3284.0  44.0  451.3  
0.0176 3447.4  7.9  27.0  3283.4  44.0  509.0  
0.0189 3447.4  8.0  28.2  3283.6  44.0  555.7  

 

T=25℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0064 3447.6  8.0  17.8  3284.5  44.7  128.6  
0.0082 3447.7  8.0  20.5  3285.7  44.6  176.2  
0.0099 3447.7  8.0  22.6  3285.4  44.6  222.3  
0.0117 3447.7  8.0  25.3  3284.8  44.6  275.9  
0.0135 3447.6  8.1  28.6  3284.6  44.7  331.7  
0.0152 3447.7  8.1  30.6  3284.9  44.6  378.5  
0.0173 3447.6  8.1  32.8  3284.9  44.7  453.3  
0.0190 3447.7  8.0  35.0  3284.4  44.8  504.7  
0.0207 3447.6  8.2  36.3  3284.3  44.6  558.8  
0.0227 3447.7  8.3  38.4  3284.4  44.7  629.9  
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3.5 

 
T=35℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0065 3447.8  8.1  21.1  3286.3  45.8  103.4  
0.0081 3447.9  8.1  24.7  3286.3  45.5  140.9  
0.0097 3447.9  8.1  28.0  3285.8  45.6  180.6  
0.0115 3447.9  8.2  31.4  3286.2  45.5  227.0  
0.0137 3447.8  8.2  35.2  3286.2  45.4  286.1  
0.0151 3447.8  8.2  37.6  3286.0  45.4  324.7  
0.0170 3447.9  8.2  40.6  3286.1  45.5  378.2  
0.0183 3447.9  8.2  42.5  3286.1  45.5  415.4  
0.0201 3448.0  8.3  45.2  3286.8  45.6  467.7  
0.0223 3447.9  8.3  48.2  3286.3  45.6  532.7  

 
T=45℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0056 3448.4  8.3  21.0  3286.1  46.9  63.4  
0.0073 3448.5  8.4  25.6  3287.0  46.4  94.4  
0.0092 3448.3  8.3  30.4  3286.9  46.4  132.3  
0.0107 3448.4  8.3  33.9  3287.4  46.4  164.1  
0.0127 3448.5  8.4  38.3  3287.2  46.5  208.5  
0.0144 3448.3  8.4  41.8  3287.6  46.4  247.7  
0.0162 3448.4  8.4  45.3  3286.9  46.4  290.6  
0.0181 3448.4  8.4  48.8  3287.1  46.3  336.9  
0.0199 3448.4  8.4  52.0  3287.2  46.4  382.0  
0.0217 3448.5  8.4  55.1  3287.6  46.5  428.6  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(
)1(oobs

+
−−ν=ν

D

D
C obs

ν oν

C D

 

    49

(15℃ 2.031 25℃ 2.015 35

℃ 1.999 45℃ 1.983) N-H

obs
NHν

)12(

)1(

+
−

D

D Y = -173.6X + 3482.7 3.21

3482.7 cm-1 D = 1

N-H 0
NHν            

    3.5

15℃ 25℃ 35℃ 45℃

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.2036 0.2018 0.1998 0.1979 

νm,obs / cm-1 3447.3 ± 0.1 3447.7 ± 0.2 3447.9 ± 0.1 3448.4 ± 0.2 
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Onsager50

R  

(reaction field) 
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     (2-13)  (2-17)  
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     (2-13)  (2-17) 
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3.3.4  3,5- -2-  

    3,5- -2- 15℃

25℃ 35℃ 45℃ molality (m)

morality (M) 46 

(15℃ 1.628 25℃ 1.6132 35℃ 1.5974 45℃ 1.5815 g mL-1)

m = ( /mol) / ( /kg) M = ( /mol) / 

( /L) ( /M) = m× ( /kg) / ( /L)

 

M   ≈ m× ( /kg) / ( /L) = m× ρ 3.28 15

℃ B 0.0196 0.0162 0.0129 0.0093

0.0061 NH IR  

    3.29 15℃ B 0.0146 NH

Galatic PeakSolve 

GRAMS32 AI — (Gauss-Lorentz) 

N-H N-H  

    3.7
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3.7  3,5- -2-

 

 

T=15℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0061 3444.1  14.2  28.6  3281.5  49.0  78.2  
0.0078 3444.1  14.5  34.0  3281.6  49.0  116.0  
0.0093 3444.9  14.6  37.6  3282.3  48.8  145.2  
0.0112 3444.6  14.2  43.2  3281.6  49.3  188.3  
0.0129 3444.3  14.4  48.2  3281.5  49.3  237.4  
0.0146 3443.9  14.5  52.8  3281.2  49.0  271.0  
0.0162 3444.7  14.5  56.2  3281.7  49.2  311.0  
0.0179 3444.1  14.3  60.1  3281.2  49.5  352.2  
0.0196 3444.2  14.5  62.9  3281.0  49.3  397.9  
0.0214 3444.8  14.5  66.5  3281.4  49.5  442.1  

 

T=25℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.006 3444.6  14.0  28.5  3282.4  51.0  62.9  
0.0073 3444.6  14.1  33.3  3281.9  50.8  87.2  
0.0091 3444.4  14.2  38.1  3282.1  50.5  118.4  
0.0107 3444.3  14.0  43.2  3282.3  50.5  147.6  
0.0121 3444.3  14.1  46.1  3282.1  50.3  176.0  
0.0136 3444.4  14.2  50.2  3282.2  50.1  208.8  
0.0152 3445.0  14.1  55.4  3282.5  50.5  247.9  
0.0167 3444.3  14.1  60.1  3281.8  50.6  280.8  
0.0183 3444.5  14.0  63.2  3281.3  50.6  308.2  
0.0198 3444.9  14.2  66.6  3282.8  50.1  350.8  
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3.7 

 
T=35℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0062 3445.4  14.1  30.3  3284.1  51.6  52.5  
0.0081 3445.0  14.0  36.5  3283.9  51.3  80.3  
0.0100 3444.2  14.1  44.0  3283.0  51.4  114.1  
0.0116 3444.5  14.2  49.1  3283.3  50.9  142.1  
0.0135 3444.4  14.0  54.3  3283.0  51.2  171.6  
0.0154 3445.3  14.0  58.9  3283.9  51.4  206.7  
0.0171 3444.2  14.0  65.3  3282.7  51.4  244.6  
0.0190 3444.5  14.1  70.3  3282.8  51.5  280.4  
0.0207 3444.7  14.1  75.2  3282.9  51.6  318.4  
0.0229 3445.2  14.1  80.5  3283.4  51.5  362.9  

 
T=45℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0061 3444.7  14.1  29.1  3284.8  52.7  30.6  
0.0079 3444.8  14.0  36.2  3284.0  53.1  47.4  
0.0093 3445.5  14.1  41.1  3285.2  52.6  60.6  
0.0108 3445.8  14.1  47.0  3285.0  52.9  77.3  
0.0124 3445.2  14.0  53.1  3284.9  52.7  101.9  
0.0140 3444.8  14.1  58.2  3284.1  52.5  128.1  
0.0156 3444.8  14.0  62.6  3284.4  52.5  144.9  
0.0171 3445.2  14.1  67.0  3284.8  52.4  167.9  
0.0186 3445.8  14.1  72.0  3285.2  52.4  181.2  
0.0203 3445.1  14.1  77.0  3284.9  52.2  206.8  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(
)1(oobs

+
−−ν=ν

D

D
C obs

ν oν

C D

 

    49

(15 ℃ 2.32 25 ℃ 2.3 35 

℃ 2.28 45 ℃ 2.26) N-H

obs
NHν

)12(

)1(

+
−

D

D Y = -138.3X + 3476.7 3.30

3476.7 cm-1 D = 1

N-H 0
NHν            

    3.7

15℃ 25℃ 35℃ 45℃

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.234 0.232 0.230 0.228 

νm,obs/cm-1 3444.4 ± 0.1 3444.5 ± 0.1 3444.7 ± 0.2 3445.2 ± 0.2 
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Onsager50
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     (2-13)  (2-17)  
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     (2-13)  (2-17) 
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3.3.5  3,5- -2-  

    3,5- -2- 15℃

25℃ 35℃ 45℃ molality (m)

morality (M) 46 

(15℃ 1.474 25℃ 1.458 35℃ 1.442 45℃ 1.426 g mL-1)

m = ( /mol) / ( /kg) M = ( /mol) / (

/L) ( /M) = m× ( /kg) / ( /L)

 M   ≈ m×

( /kg) / ( /L) = m× ρ 3.37 15℃

B 0.0196 0.0163 0.0132 0.0100 0.0067

NH IR  

    3.38 15℃ B 0.0067 NH

Galatic PeakSolve 

GRAMS32 AI — (Gauss-Lorentz) 

N-H N-H  

    3.9
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3.9  3,5- -2-

 

 

T=15℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0067 3442.9 21.8  46.5  3284.4  74.3  30.4  
0.0083 3443.2 21.9  56.6  3285.5  73.1  44.6  
0.0100 3443.0 21.8  66.0  3285.3  71.5  60.0  
0.0115 3443.5 21.8  74.4  3283.2  68.9  80.5  
0.0132 3443.0 21.7  81.4  3283.4  69.8  96.0  
0.0147 3443.2 21.8  88.9  3283.9  68.9  118.8  
0.0163 3443.1 21.7  97.5  3282.7  69.8  134.4  
0.0179 3443.1 21.8  105.2  3282.8  68.9  162.4  
0.0196 3443.1 21.8  113.3  3282.6  68.5  180.0  
0.0210 3443.4 21.9  120.7  3283.1  68.9  203.3  

 

T=25℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0062 3444.0 21.7  45.0  3285.0  72.5  21.3  
0.0078 3443.8 21.7  55.4  3284.2  69.0  31.1  
0.0094 3444.0 21.6  65.6  3284.8  66.5  44.5  
0.0109 3443.6 21.5  75.4  3284.6  66.6  56.2  
0.0125 3443.6 21.5  84.5  3284.2  65.7  68.3  
0.014 3443.8 21.6  93.2  3284.6  66.6  86.4  
0.0156 3443.8 21.7  102.1  3284.5  65.8  101.7  
0.017 3443.4 21.5  109.4  3284.6  66.5  124.3  
0.0201 3443.9 21.6  125.4  3285.1  65.8  169.1  
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3.9 

 
T=35℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0054 3444.3 21.2  40.3  3287.5  74.3  9.6  

0.0068 3444.4 21.2  50.0  3286.4  72.0  15.5  

0.0082 3443.5 20.9  59.0  3283.8  70.0  21.3  

0.0096 3443.9 20.9  68.0  3284.7  70.0  28.9  

0.0109 3444.4 20.8  77.1  3284.4  70.1  34.2  

0.0123 3443.9 21.1  85.2  3285.5  69.2  42.7  

0.0137 3444.1 21.1  94.1  3285.4  68.8  54.2  

0.0151 3444.5 21.0  103.1  3284.9  68.8  66.9  

0.0164 3443.9 21.1  111.4  3285.4  69.4  76.8  

0.0178 3444.4 20.9  120.1  3285.3  69.1  86.8  

 
 
 

T=45℃ 酚  酚  

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) ( cm-1 )  ( cm-1 ) 

0.0059 3444.3 21.2  43.5  3289.7  74.6  8.0  
0.0074 3445.0 21.2  54.1  3288.3  72.5  11.7  
0.0088 3444.7 21.2  63.8  3287.4  72.1  15.9  
0.0102 3444.4 21.2  73.6  3287.4  69.6  22.2  
0.0116 3444.2 21.2  82.4  3287.0  70.8  28.5  
0.0131 3444.7 21.2  92.1  3286.9  71.9  37.9  
0.0145 3444.5 21.2  102.0  3286.7  69.7  43.4  
0.0160 3444.6 21.4  111.2  3287.5  71.6  50.4  
0.0174 3444.7 21.3  119.9  3286.6  71.1  56.1  
0.0187 3444.6 21.1  127.8  3286.1  68.4  67.0  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(
)1(oobs

+
−−ν=ν

D

D
C obs

ν oν

C D

 

    49

(15 ℃ 3.4224 25 ℃ 3.3984

35 ℃ 3.3744 45 ℃ 3.3504) N-H

obs
NHν

)12(

)1(

+
−

D

D Y = -390.7X + 3563.9

3.39 3563.9 cm-1 D = 1

N-H 0
NHν            

    3.9

15℃ 25℃ 35℃ 45℃

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.30879 0.3076 0.3064 0.3052 

νm,obs / cm-1 3443.1 ± 0.2 3443.7 ± 0.1 3444.1 ± 0.2 3444.6 ± 0.02 
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Onsager50

R  

(reaction field) 

ν∆== h    U µR/2 µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager

     

     (2-2) K  

 

 

 constant)(
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][
(
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m
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O
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2 ×====
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mε dε
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Oc 3.40 d
2 / AAm B Oc
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 / 
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     (2-13)  (2-17)  

 

 

 

 O
m

m2O2
mm

O 1

)(

2

cε
A

cε

K

A

c +=  

 

 
(2-13) 
 

 

 
 

O
d

1/2
dO

dd

O 2

 

1

cε
A

cεKA

c += −  
 
(2-17) 
 

 

 (2-13)  (2-17) mε

dK′ dε

dK

 

 

    3.41 3.9 mA

 (2-13) mO / Y Ac= mX A=

2O2
mm )( / 2 cεKP =  O

mm  / 1 cεQ =  

    3.42 3.9

 (2-17) dO / Y Ac= 1/2
dX −= A

O
dd   / 1 cεKP =  O

dd  / 2 cεQ =  
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     (2-13)  (2-17) 

mε dε K 3.10  

    K van’t Hoff 

R

1

R
 -   ln

OO S

T

H
K

∆+∆= Y= K ln  X=
T

1
 

R
 -

OH∆

R

OS∆ OH∆

OS∆ 3.43 K ln
T

1
van’t Hoff 

OH∆ OS∆ -1molkJ   33.5- -1-1KmolJ  94.1−

3.10  

    3.10 K

mA dA

mA dA 3.44 3.45
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3.4 IR :  

3.4.1   3,5- -1H- -2-  

    15℃ 25℃ 35℃ 45℃

molality (m) morality (M) 

41(15℃ 0.7067 25℃ 0.6991 35℃ 0.6914

45℃ 0.6835 g mL-1) m = ( /mol) / ( /kg) M = 

( /mol) / ( /L) ( /M) = m× (

/kg) / ( /L)  

M   ≈ m× ( /kg) / ( /L) = m× ρ

3.46 15 ℃ 0.0192 0.0159

0.0128 0.0093 0.0059 NH IR  

    3.47 15 ℃ 0.0159

NH Galatic

PeakSolve GRAMS32 AI — (Gauss-Lorentz)

 

    3.11
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3.11  3,5- -1H- -2-

 

 

T=15℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0059 3462.4  8.8  27.3  3482.0  7.9  6.5  
0.0080 3461.8  8.8  34.0  3481.2  7.9  8.2  
0.0093 3462.4  8.7  37.8  3481.7  8.0  9.1  
0.0112 3461.8  8.9  42.9  3481.2  7.9  10.3  
0.0128 3461.5  8.7  46.9  3480.8  8.1  11.3  
0.0143 3461.6  8.7  50.6  3480.9  7.9  12.1  
0.0159 3461.9  8.8  54.2  3481.3  7.9  13.0  
0.0176 3461.6  8.7  57.9  3480.9  8.0  13.9  
0.0192 3462.1  8.7  61.2  3481.4  8.0  14.6  
0.0206 3461.9  8.6  64.0  3481.2  8.0  15.3  

 

 

 

T=15℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0059 3313.4  32.2  82.4  
0.0080 3313.1  32.3  127.6  
0.0093 3313.6  31.8  157.7  
0.0112 3312.5  32.1  203.2  
0.0128 3312.3  32.0  243.4  
0.0143 3312.6  32.1  281.9  
0.0159 3312.2  32.1  323.9  
0.0176 3312.2  32.5  369.5  
0.0192 3312.6  32.0  413.2  
0.0206 3312.3  32.0  451.8  
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3.11 

 

T=25℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0057 3462.5  8.9  27.8  3482.1  8.1  7.0  
0.0077 3462.0  9.0  35.0  3481.5  8.1  8.9  
0.0094 3461.1  8.9  40.5  3480.7  8.1  10.2  
0.0111 3462.5  9.1  45.5  3482.0  8.1  11.4  
0.0127 3462.7  9.1  50.0  3482.2  8.2  12.6  
0.0143 3461.8  9.1  54.2  3481.4  8.1  13.6  
0.0159 3462.1  9.0  58.3  3481.4  8.1  14.7  
0.0176 3462.1  9.0  62.4  3481.4  8.1  15.6  
0.0193 3462.5  8.9  66.3  3481.9  8.1  16.8  
0.0210 3462.1  8.9  70.0  3481.5  8.1  17.8  

 

 

 

T=25℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0057 3314.8  33.2  67.0  
0.0077 3314.5  33.3  105.0  
0.0094 3312.9  33.3  140.3  
0.0111 3314.3  32.9  177.5  
0.0127 3314.4  32.9  214.4  
0.0143 3313.3  33.2  252.0  
0.0159 3313.3  33.1  290.5  
0.0176 3313.9  33.2  332.8  
0.0193 3313.7  33.2  375.9  
0.0210 3313.6  33.2  419.9  
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3.11 

 

T=35℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0075 3462.9  9.1  36.9  3482.4  8.4  9.5  
0.0091 3463.1  8.9  42.7  3482.5  8.4  11.0  
0.0110 3463.0  8.9  49.2  3482.3  8.3  12.8  
0.0127 3462.3  9.0  54.7  3481.6  8.3  14.3  
0.0143 3462.3  8.9  59.4  3481.8  8.4  15.3  
0.0161 3462.4  8.9  64.6  3481.8  8.3  16.6  
0.0180 3462.2  9.0  69.9  3481.6  8.3  18.3  
0.0195 3461.9  8.9  73.6  3481.2  8.4  19.2  
0.0211 3462.8  8.9  77.9  3482.1  8.4  20.1  
0.0236 3462.2  9.0  84.3  3481.4  8.3  21.8  

 

 

 

T=35℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0075 3315.2  33.5  81.8  
0.0091 3315.4  33.7  110.1  
0.0110 3314.7  33.2  145.6  
0.0127 3314.5  33.3  179.9  
0.0143 3314.5  33.7  213.3  
0.0161 3314.5  33.8  252.5  
0.0180 3314.4  33.8  294.2  
0.0195 3314.1  33.8  329.7  
0.0211 3314.9  33.6  366.6  
0.0236 3314.7  33.5  425.8  
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3.11 

 

T=45℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3462.6  9.0  32.3  3482.0  8.6  9.0  
0.0082 3463.0  9.1  43.0  3482.4  8.6  11.9  
0.0098 3462.6  9.1  50.0  3482.1  8.6  13.5  
0.0115 3462.6  9.2  56.5  3482.1  8.6  15.4  
0.0133 3463.2  9.1  63.5  3482.6  8.6  17.6  
0.0150 3462.8  9.1  69.2  3482.2  8.6  18.9  
0.0167 3462.1  9.2  74.8  3481.5  8.6  20.6  
0.0185 3462.6  9.1  81.2  3482.1  8.6  22.4  
0.0202 3462.5  9.1  86.8  3481.9  8.6  23.9  
0.0218 3463.0  9.1  91.2  3482.4  8.7  25.1  

 

 

 

T=45℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3315.8  34.1  37.7  
0.0082 3316.3  34.1  67.3  
0.0098 3315.5  34.1  89.8  
0.0115 3316.0  34.6  115.4  
0.0133 3316.5  34.1  145.0  
0.0150 3315.7  34.2  173.2  
0.0167 3315.2  34.2  205.4  
0.0185 3315.5  34.7  236.7  
0.0202 3315.4  34.5  268.9  
0.0218 3315.8  34.4  301.2  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR
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+
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C D
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35℃ 1.9285 45℃ 1.9155) N-H
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3495.7  173.65X-  Y +=

3.48 -1cm 3495.7 D = 1
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3515.9  178.03X-  Y += 3.49 -1cm 3515.9

D = 1 N-H
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    3.11
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)12(

)1(

+
−

D

D  

    

 

Onsager50

R  

(reaction field) 

ν∆== h    U µR/2 µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager

     

     (2-19) 1K

 

 

 15℃ 25℃ 35℃ 45℃ 

 (D-1) / (2D+1) 0.1944 0.1928 0.1912 0.1895 

obs
tν  / cm-1 3481.3 ± 0.1 3481.6 ± 0.2 3481.9 ± 0.2 3482.1 ± 0.1 

obs
Cν  / cm-1 3461.9 ± 0.1 3462.2 ± 0.2 3462.5 ± 0.2 3462.7 ± 0.1 
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Cε tε
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Oc  
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2 K  

    3.52 3.11

CA  (2-33) CO /   Y Ac= CA  X =

3.53 3.11

tA CA  (2-36) tO /   Y Ac= CA  X =

3.54 3.11 dA

 (2-39) dO /   Y Ac= 1/2
d  X −= A  

    3.12

1K 2 K van’t Hoff 
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T
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O
1S∆ O

2H∆ O
2S∆  

    3.55 1 ln K
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van’t Hoff 3.12

O
1H∆ O

1S∆ -1molJ  3.33k
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3.4.2  3,5- -1H- -2-  

    15℃ 25℃ 35℃ 45℃

molality (m) morality (M) 

41(15℃ 0.6905 25℃ 0.6821 35℃ 0.6736

45℃ 0.6649 g mL-1) m = ( /mol) / ( /kg) M = 

( /mol) / ( /L) ( /M) = m× (

/kg) / ( /L)  

M   ≈ m× ( /kg) / ( /L) = m× ρ

3.57 15℃ 0.0216 0.0168 0.0128

0.0095 0.0058 NH IR  

3.58 15℃ 0.0184 NH

Galatic

PeakSolve GRAMS32 AI — (Gauss-Lorentz)

 

    3.13
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3.13  3,5- -1H- -2-

 

 

T=15℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3462.5  8.5  26.1  3481.9  8.1  6.4  
0.0077 3462.3  8.6  31.9  3481.8  7.9  7.8  
0.0095 3462.3  8.6  37.1  3481.7  7.9  9.1  
0.0112 3461.8  8.6  41.5  3481.1  8.0  10.3  
0.0128 3462.2  8.5  45.2  3481.5  8.0  11.1  
0.0147 3462.0  8.5  49.0  3481.3  8.0  12.1  
0.0168 3462.2  8.4  54.1  3481.4  8.0  13.3  
0.0184 3462.1  8.5  57.4  3481.4  8.0  14.3  
0.0203 3462.2  8.5  61.0  3481.4  8.1  15.3  
0.0216 3461.9  8.5  63.2  3481.1  8.0  15.5  

 

 

 

T=15℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3313.0  32.1  73.7  
0.0077 3313.7  32.3  110.7  
0.0095 3313.2  32.2  148.3  
0.0112 3312.7  32.4  185.4  
0.0128 3312.9  32.2  223.6  
0.0147 3312.8  32.1  266.2  
0.0168 3313.5  31.9  316.3  
0.0184 3312.8  32.2  353.4  
0.0203 3313.4  32.0  402.7  
0.0216 3312.7  32.1  435.2  
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3.13 

 

T=25℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0065 3463.3  8.6  30.0  3482.9  8.0  7.7  
0.0085 3463.2  8.6  36.6  3482.5  8.2  9.4  
0.0103 3462.8  8.5  41.9  3482.1  8.2  10.8  
0.0121 3462.8  8.6  47.2  3482.2  8.2  12.3  
0.0138 3463.1  8.6  51.4  3482.4  8.1  13.3  
0.0156 3462.8  8.6  55.7  3482.1  8.1  14.3  
0.0175 3462.0  8.6  60.5  3481.3  8.2  15.4  
0.0192 3462.5  8.6  64.1  3481.7  8.0  16.9  
0.0213 3462.5  8.7  68.5  3481.8  8.2  17.7  
0.0228 3463.4  8.6  71.5  3482.5  8.3  18.5  

 

 

 

T=25℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0065 3315.1  33.3  74.5  
0.0085 3315.0  33.5  110.3  
0.0103 3314.8  33.3  145.1  
0.0121 3314.0  33.2  182.5  
0.0138 3314.9  33.1  217.7  
0.0156 3314.1  33.6  257.1  
0.0175 3313.6  33.0  299.4  
0.0192 3314.6  32.7  338.5  
0.0213 3313.9  33.0  387.3  
0.0228 3315.1  32.8  423.0  
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3.13 

 

T=35℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3463.2  8.8  29.4  3482.6  8.3  7.9  
0.0075 3463.2  8.8  35.8  3482.6  8.4  9.7  
0.0093 3463.2  8.9  42.5  3482.6  8.3  11.5  
0.0111 3463.2  8.7  48.3  3482.6  8.4  13.0  
0.0128 3463.2  8.8  53.5  3482.6  8.4  14.4  
0.0145 3463.2  8.9  58.3  3482.6  8.4  15.9  
0.0163 3463.2  8.8  63.7  3482.6  8.4  17.5  
0.0181 3463.2  8.9  68.6  3482.6  8.4  18.6  
0.0200 3463.2  8.8  73.6  3482.6  8.4  19.6  
0.0220 3463.2  8.7  78.2  3482.6  8.4  21.1  

 

 

 

T=35℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0058 3315.4  34.4  49.5  
0.0075 3315.9  34.5  74.4  
0.0093 3315.1  34.8  102.8  
0.0111 3315.4  34.4  133.6  
0.0128 3315.7  34.5  164.5  
0.0145 3316.0  34.4  197.4  
0.0163 3315.9  34.3  231.7  
0.0181 3314.8  34.3  268.4  
0.0200 3315.7  34.1  308.1  
0.0220 3315.4  34.3  349.8  
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3.13 

 

T=45℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0063 3463.6  8.8  34.3  3483.5  8.6  9.7  
0.0085 3463.6  8.8  44.4  3483.1  8.7  12.5  
0.0101 3463.6  8.7  51.1  3483.3  8.7  14.4  
0.0120 3463.6  8.8  58.5  3483.2  8.7  16.4  
0.0136 3463.6  8.8  64.6  3482.3  8.7  18.3  
0.0153 3463.6  8.8  70.5  3483.1  8.7  19.8  
0.0171 3463.6  8.7  76.0  3483.1  8.7  21.8  
0.0189 3463.6  8.8  82.6  3482.9  8.7  23.6  
0.0204 3463.6  8.8  87.6  3482.4  8.7  24.8  
0.0221 3463.6  8.8  92.8  3483.1  8.7  26.2  

 

 

 

T=45℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0063 3317.3  34.6  37.2  
0.0085 3317.0  34.3  61.2  
0.0101 3317.3  34.8  81.4  
0.0120 3316.9  34.3  106.7  
0.0136 3316.4  35.0  129.6  
0.0153 3316.9  34.7  155.0  
0.0171 3316.9  34.5  183.9  
0.0189 3316.7  34.2  213.3  
0.0204 3316.6  34.3  239.6  
0.0221 3316.9  34.4  269.3  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR
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C D
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D

D
3512.9  264.44X-  Y +=

3.59 -1cm 3512.9 D = 1
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)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.1915 0.1897 0.1879 0.1861 

obs
tν  / cm-1 3481.4 ± 0.1 3482.2 ± 0.2 3482.6 ± 0.1 3483.1 ± 0.1 

obs
Cν  / cm-1 3462.2 ± 0.1 3462.8 ± 0.2 3463.2 ± 0.1 3463.6 ± 0.1 

 

Onsager50

R  

(reaction field) 
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Cε tε dε

2 K  

    3.63 3.13

CA  (2-33) CO /   Y Ac= CA  X =

3.64 3.13

tA CA  (2-36) tO /   Y Ac= CA  X =

3.65 3.13 dA

 (2-39) dO /   Y Ac= 1/2
d  X −= A  

    3.14

1K 2 K van’t Hoff 
 

R
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TR
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OO 1
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  X =  
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H O∆−

R

S O∆ O
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O
1S∆ O

2H∆ O
2S∆  

    3.66 1 ln K
T

1 van’t Hoff 3.14

O
1H∆ O

1S∆ -1molJ  3.42k

-1-1 KmolJ  96.0 K1
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3.4.3  3,5- -1H- -2-  

    15℃ 25℃ 35℃ 45℃

molality (m) morality (M) 

41(15℃ 0.7747 25℃ 0.76613 35℃

0.7574 45℃ 0.7486 g mL-1) m = ( /mol) / (

/kg) M = ( /mol) / ( /L) ( /M) = m× (

/kg) / ( /L)

 M   ≈ m× ( /kg) / ( /L) = m
0.00 0.02 0.04 0.06 0.08 0.10

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

c OA
d-1

/ 
cm

2

Ad

- 1/2
 / cm

ρ 3.68 15℃ 0.0224

0.0182 0.0142 0.0105 0.0067 NH IR  

    3.69 15 ℃ 0.0106

NH Galatic

PeakSolve GRAMS32 AI — (Gauss-Lorentz)

 

    3.15
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3.15  3,5- -1H- -2-

 

 

T=15℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3461.2  8.6  31.4  3480.1  7.9  8.9  
0.0082 3461.0  8.7  36.6  3480.0  7.8  10.2  
0.0105 3460.2  8.6  43.6  3479.1  7.8  12.3  
0.0122 3460.8  8.4  48.4  3479.6  7.8  14.0  
0.0142 3460.3  8.6  55.4  3479.2  8.0  15.0  
0.0164 3460.0  8.4  59.2  3478.7  7.9  16.7  
0.0182 3460.9  8.4  63.4  3479.7  7.9  17.9  
0.0202 3460.0  8.3  67.9  3478.8  7.8  19.2  
0.0224 3459.9  8.3  73.0  3478.6  7.8  20.9  
0.0244 3460.3  8.3  76.7  3479.1  7.8  21.6  

 

 

 

T=15℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3312.5  36.8  85.8  
0.0082 3312.2  37.0  115.4  
0.0105 3311.3  37.1  164.6  
0.0122 3312.0  36.8  202.7  
0.0142 3311.6  36.8  249.6  
0.0164 3311.2  36.8  302.5  
0.0182 3311.0  36.8  347.9  
0.0202 3311.0  36.8  398.6  
0.0224 3311.0  36.9  458.1  
0.0244 3311.2  37.3  509.0  



162 
 

 

 

3.15 

 

T=25℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3460.6  8.7  33.5  3479.4  8.1  9.6  
0.0090 3460.3  8.7  41.8  3479.3  8.0  12.3  
0.0106 3460.8  8.7  47.2  3479.6  8.1  13.6  
0.0125 3460.8  8.7  53.3  3479.7  8.1  15.5  
0.0143 3460.8  8.7  58.4  3479.7  8.1  17.1  
0.0160 3460.2  8.7  63.4  3479.1  8.0  18.5  
0.0180 3460.8  8.8  68.8  3479.7  8.1  20.2  
0.0199 3460.9  8.6  73.7  3479.7  8.1  21.4  
0.0218 3460.8  8.8  78.3  3479.7  8.1  22.8  
0.0235 3460.8  8.7  82.1  3479.7  8.1  23.9  

 

 

 

T=25℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3312.8  37.2  71.4  
0.0090 3312.5  37.2  112.1  
0.0106 3313.1  37.1  142.6  
0.0125 3312.7  37.2  181.2  
0.0143 3312.7  37.2  219.3  
0.0160 3312.4  37.1  256.2  
0.0180 3312.7  37.1  301.8  
0.0199 3312.8  37.1  346.4  
0.0218 3312.7  37.1  391.2  
0.0235 3312.8  37.2  433.0  
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3.15 

 

T=35℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0069 3460.6  8.7  35.5  3479.4  8.5  10.9  
0.0093 3461.8  8.7  44.7  3480.6  8.5  13.7  
0.0114 3461.0  8.8  51.8  3479.8  8.5  16.2  
0.0136 3461.3  8.7  59.5  3480.1  8.4  18.2  
0.0155 3461.3  8.7  65.4  3480.1  8.5  20.2  
0.0172 3461.5  8.7  70.5  3480.3  8.5  22.1  
0.0192 3461.7  8.7  76.2  3480.5  8.5  23.4  
0.0210 3461.4  8.7  81.6  3480.2  8.5  24.9  
0.0230 3461.6  8.7  86.5  3480.3  8.6  26.5  
0.0248 3461.5  8.7  90.8  3480.3  8.5  28.2  

 

 

 

T=35℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0069 3313.4  37.3  62.6  
0.0093 3314.6  37.3  99.8  
0.0114 3313.8  37.5  135.7  
0.0136 3314.3  37.3  176.4  
0.0155 3314.1  37.4  214.3  
0.0172 3314.0  37.4  247.7  
0.0192 3314.4  37.5  288.9  
0.0210 3314.1  37.5  328.1  
0.0230 3314.5  37.4  372.0  
0.0248 3314.0  37.5  413.4  

 

 



164 
 

3.15 

 

T=45℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0069 3460.9  9.0  37.7  3480.0  8.7  12.0  
0.0084 3461.5  8.9  44.5  3480.4  8.7  14.2  
0.0102 3461.8  8.9  52.2  3480.7  8.6  16.6  
0.0119 3461.5  9.1  59.1  3480.5  8.6  18.8  
0.0138 3461.3  9.1  66.2  3480.2  8.7  21.1  
0.0156 3461.9  8.9  73.1  3480.7  8.7  23.2  
0.0171 3461.7  9.0  78.2  3480.6  8.7  24.8  
0.0190 3461.3  8.9  84.7  3480.2  8.7  26.9  
0.0210 3461.8  8.9  91.0  3480.6  8.7  29.1  
0.0231 3461.1  8.9  98.2  3479.9  8.7  31.1  

 

 

 

T=45℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0069 3314.3  37.9  44.1  
0.0084 3315.5  37.4  61.4  
0.0102 3315.5  37.7  84.2  
0.0119 3314.9  37.9  108.0  
0.0138 3315.0  37.9  136.3  
0.0156 3315.3  37.7  165.0  
0.0171 3315.1  37.7  189.7  
0.0190 3315.0  37.8  222.5  
0.0210 3315.5  37.8  258.0  
0.0231 3314.7  37.9  297.1  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(

)1(

+
−−=

D

D
Cνν o

obs obs
ν oν

C D

 

    49

(15 ℃ 2.028 25 ℃ 2.012

35 ℃ 1.996 45 ℃ 1.980) N-H

obs
Cν

)12(

)1(

+
−

D

D
3500.1  195.33X-  Y +=

3.70 -1cm 3500.1 D = 1

N-H 0
Cν

N-H obs
tν

)12(

)1(

+
−

D

D

3521.1  205.87X-  Y += 3.71 -1cm 3521.1 

D = 1 N-H

0
tν  

    3.15

15℃ 25℃ 35℃ 45℃



166 
 

)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.2033 0.2012 0.1995 0.1976 

obs
tν  / cm-1 3479.3 ± 0.3 3479.6 ± 0.1 3480.2 ± 0.1 3480.4 ± 0.1 

obs
Cν  / cm-1 3460.5 ± 0.2 3460.7 ± 0.1 3461.4 ± 0.1 3461.5 ± 0.1 

 

Onsager50

R  

(reaction field) 

ν∆== h    U µR/2 µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager

     

     (2-19) 1K
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Cε tε
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Oc 3.72 Ct  / AA B

Oc  

     (2-22) 2K  
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     (2-33)  (2-36)  (2-39)  
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CA tA 

tC
εε / 1K

1K  (2-33)  (2-36)  (2-39) 
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2 K  

    3.74 3.15

CA  (2-33) CO /   Y Ac= CA  X =

3.75 3.15

tA CA  (2-36) tO /   Y Ac= CA  X =

3.76 3.15 dA

 (2-39) dO /   Y Ac= 1/2
d  X −= A  

    3.16

1K 2 K van’t Hoff 
 

R

S

TR

H
K

OO 1
   ln

∆+∆−= K ln  Y =
T

1
X =

R

H O∆−

R

S O∆ O
1H∆

O
1S∆ O

2H∆ O
2S∆  

    3.77 1 ln K
T

1
van’t Hoff 3.16

O
1H∆ O

1S∆ -1molJ  3.26k

-1-1 KmolJ  1.3 K1
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3.4.4   3,5- -1H- -2-  

    15℃ 25℃ 35℃ 45℃

molality (m) morality (M) 

41(15℃ 0.7820 25℃ 0.7731 35℃ 0.7641

45℃ 0.7549 g mL-1) m = ( /mol) / ( /kg) M = 

( /mol) / ( /L) ( /M) = m× (

/kg) / ( /L)  

M   ≈ m× ( /kg) / ( /L) = m× ρ

3.79 15℃ 0.0284 0.0236

0.0189 0.0138 0.0085 NH IR  

    3.80 15 ℃ 0.0263

NH Galatic

PeakSolve GRAMS32 AI — (Gauss-Lorentz)

 

    3.17
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3.17  3,5- -1H- -2-

 

 

T=15℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0085 3460.3  7.6  36.2  3478.8  7.7  14.2  
0.0112 3460.7  7.7  44.4  3479.2  7.8  17.3  
0.0138 3460.6  7.6  50.9  3479.2  7.6  20.2  
0.0165 3460.2  7.6  58.6  3478.7  7.8  22.1  
0.0189 3459.6  7.6  64.3  3478.1  7.7  25.1  
0.0212 3459.8  7.6  69.3  3478.2  7.7  27.0  
0.0236 3460.0  7.6  74.6  3478.4  7.7  29.1  
0.0262 3460.2  7.6  79.4  3478.7  7.7  31.1  

 

 

 

T=15℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0085 3312.5  36.5  114.4  
0.0112 3312.7  36.5  171.1  
0.0138 3312.5  36.7  229.7  
0.0165 3312.6  36.6  293.8  
0.0189 3311.5  36.7  352.9  
0.0212 3311.9  36.6  411.5  
0.0236 3312.4  36.8  474.1  
0.0262 3312.2  36.8  542.8  
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3.17 

 

T=25℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0079 3460.7  7.7  34.0  3479.4  7.8  13.7  
0.0100 3460.6  7.7  40.7  3479.2  7.8  16.5  
0.0116 3460.4  7.7  45.5  3479.0  7.9  18.4  
0.0141 3460.5  7.7  52.5  3479.2  7.8  21.3  
0.0159 3460.3  7.7  57.0  3478.9  7.9  22.9  
0.0175 3460.3  7.7  61.3  3478.9  7.9  24.7  
0.0198 3460.6  7.7  66.5  3479.2  7.9  26.8  
0.0215 3459.9  7.7  70.4  3478.5  7.9  28.3  
0.0238 3461.4  7.7  75.8  3480.0  7.9  30.5  
0.0263 3459.9  7.7  81.3  3478.5  7.9  32.5  

 

 

 

T=25℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0079 3313.6  37.1  86.1  
0.0100 3313.5  37.1  123.7  
0.0116 3313.2  37.2  154.7  
0.0141 3313.2  37.3  205.3  
0.0159 3313.0  37.3  244.1  
0.0175 3312.5  37.1  279.3  
0.0198 3313.1  37.2  332.1  
0.0215 3312.7  37.1  371.9  
0.0238 3314.1  37.1  427.2  
0.0263 3312.7  37.4  488.7  
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3.17 

 

T=35℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0064 3461.0  7.9  30.0  3479.8  7.9  12.5  
0.0085 3460.9  7.8  37.3  3479.6  8.0  15.7  
0.0104 3460.9  7.9  44.5  3479.6  8.0  18.6  
0.0122 3460.4  7.8  50.2  3479.1  7.9  21.0  
0.0142 3460.9  7.9  56.6  3479.7  7.9  23.6  
0.0159 3460.7  7.8  61.8  3479.3  7.9  25.2  
0.0178 3460.6  7.8  66.8  3479.3  8.0  27.9  
0.0198 3461.4  7.8  72.3  3480.1  7.9  30.6  
0.0217 3460.9  7.8  77.3  3479.6  8.0  32.6  
0.0234 3461.0  7.8  81.9  3479.7  7.9  34.0  

 

 

 

T=35℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0064 3314.7  37.3  48.0  
0.0085 3315.0  37.5  76.5  
0.0104 3314.2  37.6  105.0  
0.0122 3314.2  37.5  135.0  
0.0142 3314.5  37.7  170.2  
0.0159 3314.7  37.6  202.1  
0.0178 3314.5  37.5  238.7  
0.0198 3314.9  37.7  278.7  
0.0217 3314.2  37.6  317.7  
0.0234 3314.9  37.7  354.2  
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3.17 

 

T=45℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0081 3461.1  8.1  36.3  3479.9  8.1  15.9  
0.0094 3461.9  8.1  40.7  3480.7  8.1  18.0  
0.0117 3460.9  8.1  49.2  3479.6  8.0  21.1  
0.0138 3460.2  8.1  56.4  3479.0  8.1  24.5  
0.0157 3460.5  8.1  62.3  3479.2  8.1  27.3  
0.0176 3461.4  8.1  68.4  3480.2  8.1  29.7  
0.0198 3461.2  8.1  74.7  3479.9  8.1  32.2  
0.0214 3461.3  8.0  79.1  3480.0  8.1  34.4  
0.0237 3461.1  8.0  85.1  3479.8  8.1  37.1  
0.0257 3461.6  8.0  90.2  3480.3  8.1  39.4  

 

 

 

T=45℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0081 3315.5  37.9  56.9  
0.0094 3316.5  38.4  72.9  
0.0117 3315.7  38.3  104.2  
0.0138 3314.8  38.1  135.5  
0.0157 3315.0  38.3  165.7  
0.0176 3315.7  38.2  197.2  
0.0198 3315.7  38.4  236.1  
0.0214 3316.0  38.2  265.4  
0.0237 3315.8  38.3  306.5  
0.0257 3316.2  38.3  347.8  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(

)1(

+
−−=

D

D
Cνν o

obs obs
ν oν

C D

 

    49

(15 ℃ 2.031 25 ℃ 2.015

35 ℃ 1.999 45 ℃ 1.983) N-H

obs
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)12(

)1(

+
−

D

D
3495.0  170.9X-  Y +=

3.81 -1cm 3495.0 D = 1

N-H 0
Cν

N-H obs
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)12(
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+
−

D

D

3523.0  217.7X-  Y += 3.82 -1cm 3523.0

D = 1 N-H

0
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    3.17
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)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.2036 0.2018 0.1998 0.1979 

obs
tν  / cm-1 3478.7 ± 0.2 3479.1 ± 0.2 3479.6 ± 0.1 3479.9 ± 0.2 

obs
Cν  / cm-1 3460.2 ± 0.1 3460.5 ± 0.2 3460.9 ± 0.1 3461.1 ± 0.3 

 

Onsager50

R  

(reaction field) 

ν∆== h    U µR/2 µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager
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Cε tε

1K  (3-7) Ct  / AA

Oc 3.83 Ct AA / B

Oc  

     (2-22) 2K  
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     (2-33)  (2-36)  (2-39)  
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2 K  

    3.85 3.17

CA  (2-33) CO /   Y Ac= CA  X =

3.86 3.17

tA CA  (2-36) tO /   Y Ac= CA  X =

3.87 3.17 dA

 (2-39) dO /   Y Ac= 1/2
d  X −= A  

    3.18

1K 2K van’t Hoff 
 

R

S

TR

H
K

OO 1
   ln

∆+∆−= K ln  Y =  
T

1
  X =  

R

H O∆−

R

S O∆ O
1H∆

O
1S∆ O

2H∆ O
2S∆  

    3.88 1 ln K
T

1
van’t Hoff 3.18

O
1H∆ O

1S∆ -1molJ  2.80k

-1-1 KmolJ  2.48 K1
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    3.89 2 ln K
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1
van’t Hoff 3.18
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3.4.5  3,5- -1H- -2-  

    15℃ 25℃ 35℃ 45℃

molality (m) morality (M) 

41(15℃ 1.6289 25℃ 1.6132 35℃ 1.5974

45℃ 1.5815 g mL-1) m = ( /mol) / ( /kg) M = 

( /mol) / ( /L) ( /M) = m× (

/kg) / ( /L)  

M   ≈ m× ( /kg) / ( /L) = m× ρ

3.90 15 ℃ 0.0207 0.0171

0.0135 0.0099 0.0099 NH IR  

    3.91 15℃ 0.0263 NH

Galatic

PeakSolve GRAMS32 AI — (Gauss-Lorentz)

 

    3.19
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3.19   3,5- -1H- -2-

 

 

T=15℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0065 3455.9  15.7  38.0  3474.5  12.8  7.5  
0.0081 3455.8  15.4  45.3  3474.6  12.9  9.2  
0.0099 3455.9  15.8  52.1  3474.5  12.7  10.2  
0.0116 3455.9  15.2  59.2  3474.4  12.6  11.4  
0.0135 3455.0  15.2  65.0  3474.5  12.6  12.8  
0.0152 3455.9  15.4  70.7  3474.6  12.9  13.9  
0.0171 3455.8  15.8  77.0  3474.5  12.9  14.7  
0.0189 3456.0  15.5  82.4  3474.5  12.6  16.0  
0.0207 3455.9  15.5  87.5  3474.4  12.6  17.2  
0.0225 3455.8  15.5  91.9  3474.6  12.6  17.9  

 

 

 

T=15℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0065 3310.1  41.2  73.6  
0.0081 3309.7  41.5  103.2  
0.0099 3309.8  40.9  139.2  
0.0116 3310.2  41.1  175.6  
0.0135 3309.6  40.9  219.8  
0.0152 3310.0  41.0  256.6  
0.0171 3310.0  40.7  303.0  
0.0189 3310.1  40.9  347.9  
0.0207 3310.0  40.9  392.0  
0.0225 3309.7  40.9  436.9  
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3.19 

 
T=25℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0071 3456.3  14.8  42.6  3474.8  13.3  8.6  
0.0093 3456.3  15.1  52.6  3474.8  13.3  10.6  
0.0114 3456.2  14.8  61.2  3474.9  13.3  12.3  
0.0135 3456.3  14.9  69.7  3474.7  13.3  14.2  
0.0156 3456.4  14.8  77.8  3474.8  13.3  15.8  
0.0175 3456.4  15.2  84.5  3474.9  13.3  17.0  
0.0195 3456.2  14.8  91.1  3474.8  13.2  18.4  
0.0216 3456.3  14.8  97.5  3474.7  13.2  19.7  
0.0235 3456.2  14.8  103.2  3474.8  13.2  21.0  
0.0257 3456.4  15.0  110.6  3474.8  13.3  22.4  

 

 

 

T=25℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0071 3310.6  41.6  67.5  
0.0093 3310.8  41.9  103.1  
0.0114 3311.0  41.5  141.4  
0.0135 3310.8  41.5  181.3  
0.0156 3310.8  41.4  224.4  
0.0175 3311.0  41.6  265.7  
0.0195 3311.0  41.3  308.9  
0.0216 3310.4  41.2  355.7  
0.0235 3310.0  41.3  401.6  
0.0257 3311.3  41.3  453.8  
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3.19 

 

T=35℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3456.7  15.3  41.7  3475.2  13.1  8.6  
0.0086 3456.6  15.0  51.1  3475.4  13.2  10.6  
0.0103 3456.8  15.0  59.2  3475.3  13.2  12.2  
0.0121 3456.7  15.3  67.3  3476.2  13.1  13.8  
0.0138 3456.7  15.2  74.3  3476.3  13.3  15.5  
0.0155 3456.8  15.2  81.3  3475.3  13.4  16.8  
0.0173 3456.7  15.1  88.0  3475.2  13.3  18.1  
0.0190 3456.8  15.0  94.5  3475.2  13.2  19.6  
0.0208 3456.6  15.1  100.7  3475.3  13.1  20.8  
0.0227 3456.6  15.1  107.2  3475.3  13.4  22.2  

 

 

T=35℃  

Oc  
 

 
  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0067 3312.7  42.4  50.5  
0.0086 3312.5  42.5  75.8  
0.0103 3311.4  42.3  101.5  
0.0121 3312.3  42.4  130.4  
0.0138 3312.1  42.2  159.8  
0.0155 3311.5  41.7  190.7  
0.0173 3312.0  41.7  225.2  
0.0190 3311.8  41.8  258.0  
0.0208 3311.9  41.8  294.3  
0.0227 3311.4  41.7  334.5  
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3.19 

 

T=45℃   

Oc  
 

 
  

 
 

  

( )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0063 3456.9  15.3  40.5  3475.5  13.3  8.6  
0.0080 3456.9  15.1  48.9  3475.6  13.1  10.4  
0.0098 3457.0  15.3  58.6  3475.5  13.1  12.6  
0.0116 3457.1  15.0  66.4  3475.5  13.2  14.5  
0.0133 3457.0  15.1  75.1  3475.4  13.2  16.2  
0.0152 3457.0  15.1  82.4  3475.5  13.2  18.0  
0.0170 3457.1  15.2  90.4  3475.6  13.1  19.7  
0.0188 3457.0  15.0  97.0  3475.5  13.1  21.3  
0.0208 3457.1  15.0  105.0  3475.5  13.1  23.1  
0.0225 3456.9  15.3  112.1  3475.5  13.2  24.0  

 

 

 

T=45℃  

Oc  
 

 
   

( )  ( cm-1 )  ( cm-1 )  ( cm-1 ) 

0.0063 3313.9  43.2  36.2  
0.0080 3313.2  42.9  54.5  
0.0098 3312.7  42.5  76.4  
0.0116 3312.6  43.3  100.5  
0.0133 3312.4  43.1  125.2  
0.0152 3312.8  42.8  154.5  
0.0170 3312.5  42.8  184.0  
0.0188 3313.1  42.6  215.0  
0.0208 3313.3  42.4  249.8  
0.0225 3313.6  42.7  280.7  
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     (gas phase) 

 (condensed phase) 

KBM (Kirkwood-Bauer-Magat) 47,48

IR

)12(

)1(

+
−−=

D

D
Cνν o

obs obs
ν oν

C D

 

    49

(15℃ 2.32 25℃ 2.30 35

℃ 2.28 45℃ 2.26) N-H

obs
Cν

)12(

)1(

+
−

D

D
3515.0  175.0X-  Y += 3.92

-1cm 3515.0 D = 1

N-H 0
Cν

N-H obs
tν

)12(

)1(

+
−

D

D

3499.0  185.0X-  Y += 3.93 -1cm 3499.0

D = 1 N-H

0
tν  

    3.19

15℃ 25℃ 35℃ 45℃
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)12(

)1(

+
−

D

D  

 

 15℃ 25℃ 35℃ 45℃ 

(D-1) / (2D+1) 0.234 0.232 0.23 0.228 

obs
tν  / cm-1 3474.5 ± 0.1 3474.8 ± 0.1 3475.3 ± 0.2 3475.5 ± 0.1 

obs
Cν  / cm-1 3455.9 ± 0.1 3456.3 ± 0.1 3456.7 ± 0.1 3457.0 ± 0.2 

 

Onsager50

R  

(reaction field) 

ν∆=µ= hR 2/U µ ν∆ ν∆

 hµR/2 R

ν∆ KBM 47,48 Onsager
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Cε tε

1K  (3-7) Ct  / AA

Oc 3.94 Ct  / AA B

Oc  
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3456.6
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ν 

C
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 / 

cm
-1

(D-1) / (2D+1)
 

3.92   3,5- -1H- -2-
obs
Cν )12( / )1( +− DD

D  
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tν )12( / )1( +− DD
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3.94   3,5- -1H- -2- 1
Ct
−AA

Oc : (- -)288K  (- -)298 K (-
-)308K (- -)318K  

0.000 0.006 0.012 0.018 0.024
0.00
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3.95  3,5- -1H- -2- 2
Cd
−AA

Oc : (- -)288K (- -)298K (-
-)308K (- -)318K  
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     (2-33)  (2-36)  (2-39)  

 

 

 
O

C

1
2O2

C

2

C

O 1

)(

2

cε

K
A

cε

K

A

c
C

++=
 

 

O
t1

1
C2O

tC1

2

t

O 1

)(

2

cεK

K
A

cεεK

K

A

c ++=
 

 

O
d

1/2
d1/2O1/2

d
1/2
2

1

d

O 2

)(

1

cε
A

cεK

K

A

c ++= −  

 
(2-33) 
 
 
(2-36) 
 
 
(2-39) 
 

     

 (2-33)  (2-36)  (2-39) 

1K

2K

1K Cε tε 2K

dε  (2-39)  (3-7)  

 

CA tA 

tC εε  / 1K

1K  (2-33)  (2-36)  (2-39) 

Cε tε dε

 

 
t

C

C

t

ε

ε

A

A
K =1  

 

(3-7) 
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2 K  

    3.96 3.19

CA  (2-33) CO /   Y Ac= CA  X =

3.97 3.19

tA CA  (2-36) tO /   Y Ac= CA  X =

3.98 3.19 dA

 (2-39) dO /   Y Ac= 1/2
d  X −= A  

    3.20

1K 2 K van’t Hoff 
 

R

S

TR

H
K

OO 1
   ln

∆+∆−= K lnY =  
T

1
  X =  

R

H O∆−

R

S O∆ O
1H∆

O
1S∆ O

2H∆ O
2S∆  

    3.99 1 ln K
T

1
van’t Hoff 3.20

O
1H∆ O

1S∆ -1molJ  2.43k

-1-1 KmolJ  4.6- K1
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    3.100 2 ln K
T

1
van’t Hoff 3.20

O
2H∆ O

2S∆ -1molJ   22.3- k

-1-1 KmolJ  42.9− 3.20

K2
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3.96    (2-33) 3,5- -1H- -2-
: (- -)288K

(- -) 298K (- -)308K (- -)318K  
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3.98    (2-39) 3,5- -1H- -2-

: (-
-)288K (- -)298K (- -)308K (- -)318K  
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4.1 3,5- -2-  

    3,5- -2- (2-Acetyl-3,5-di- 

methylpyrrole ADP) : 

 

 
 

N-H C=O  

 

 

 

N

H O

N

H O

N

H O

N

H O

N

HO
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N-H

N-H IR

N-H N-H

l
mA  

 

 

 

OO
m2m 2

 ][][ ccεccεBεBεA BmBm
l
m ′+=′+=  (4-1) 

 

mε ( :  Lmol -12−cm ) mε′ ( :  Lmol -12−cm )

N-H ][B ][ 2B

 / L1mol O =c Bc
2Bc

 (4-1)  

 

 m
O

m

2 - 
ε

cε

cε

A
c Bm

l
m

B

′
=  (4-2) 

 

 (2-15) O

2
ccεA Bdd =

O/ 
2

cεAc ddB =  (2-2) 

N

H O
N

H O
N

H O
N

H

O
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2 /    
2 BB ccK =  

 

 

2O2 / /    
2 BddBB ccεAccK ==  (4-3) 

 

 

 (4-3)  (4-2)  
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mε mε′ dε K  
l
mA dA

N-H 0≠′mε  (4-6) 

d
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A 2)(
Oc

N-H 0=′mε constant   
)( 2

=
d

l
m

A

A
。

d

l
m

A

A 2)(

2) /( l
md AA Oc 3.4 3.13 3.22 3.31 3.40

2) /( md AA Oc
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    A. T. Dubis40 2-

B3LYP/6-311++G**

51,52 41-44 H. 

E. Affsprung13 2
md / AA

2
md / AA

 

4.2  

    

KBM (Kirkwood-Bauer-Magat) 47,48  

 

Oν

obsν C

D

 (4-7)  
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 C    
O

obsO

O +
−=

ν
ν−ν=

ν
ν∆

D

D  

 

 
(4-7) 
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obs  Y ν=
12

1
 X

+
−=

D

D

Oν 4.1 3,5- -2- ADP

obs
NH  Y ν= )12 /()1( X +−= DD

Y= -116.01X+3471.4 -1cm 3471.4 D 

= 1 N-H Oν  

 

0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25

3444

3445

3446

3447

3448

3449

3450

3451

(318K)
(308K)

(298K)
(288K)
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(288K)
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(308K)
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(D-1) / (2D+1)

 ν
ob

s

N
H
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m
-1

 

4.1     3,5- -2-
obs
NHν )12 /()1( +− DD

D : (- -) (-
-) (- -) (- -)  

     
 
 

 

 

OOobs  
12

1
C-  ν+

+
−ν=ν

D

D
 

 

 
(4-8) 
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    4.2 4.3 3,5- -1H- -2-

(Ethyl3,5-dimethyl-1H-pyrrole-2-carboxylateEDPC) 

N-H obs

tν obs

Cν )12 /()1( +− DD

Y= -170.5X+3514.1 Y= 

-151.7X+3491.4 -1cm 3514.1 3491.4 -1cm D 

= 1 N-H

0
tν 0

Cν  

 

0.18 0.20 0.22 0.24
3474

3476

3478

3480

3482

3484

3486
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ν t,N
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NHν

)12 /()1( +− DD D

: (- -) (- -) (- -) (- -)
(- -)  
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4.5  15 3,5- -1H- -2- EDPC
N-H )12 /()1( +− DD

D : (- -) (-
-) (- -) (- -) (- -)  
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    N-H

51,53 D. Sajan54

O-H O O-H

O O-H abσ

O-H O-H

55 4.14 O-H

N. W. Alcock56 O-H

4.15  
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4.14  O-H O O O O
O O 55 

[ Figure 8.12 in ref. 55, P. Schuster, G. Zundel and C. Sandorfy, The 
Hydrogen Bond Vol II (North-Holland, New York, 1976), p. 411.] 
 
 
 
 
 
 
 
 
 
 
 



 

 
4.15   (a) O-H

O

abσ
O-H

[ Figure 7.10 in
Structural Principles In Inorganic And Organic Chemistry
Horwood Limited, New York, 1990), p 192.
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H (b) O-H
O-H O-H
(d) O O-H

abσ 56 
in ref. 56, N. W. Alcock, Bonding And Structure 

Structural Principles In Inorganic And Organic Chemistry
Horwood Limited, New York, 1990), p 192.] 

 

 

(c)

Bonding And Structure 
Structural Principles In Inorganic And Organic Chemistry (Ellis 
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4.3  

    3,5- -2-  (2-Acetyl-3,5-di-methylpyrrole ADP) 

3,5- -1H- -2- (Ethyl3,5-dimethyl-1H-pyrrole-2- 

carboxylate EDPC)

K

K van’t Hoff

Onsager50 D

3)12(
)1(2

aD

D
R

µ
+
−=    U µR/2=

0

PBE1PBE/6-31++G**

4.2 4.16

4.16

D : D( )> D( )> D( )> 
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D( )> D( ) 4.3

O
2H∆ ( )< O

2H∆ 酚( )< O
2H∆ ( )< O

2H∆ ( )< 

O
2H∆ ( )  

 
4.2   PBE1PBE/6-31++G** 3,5-

-1H- -2- EDPC
MP2/6-311+G(2d,p)

 
 

酚  
 

 
 

 
 
 

 酚 µ/ debye µ/ debye酚  酚  µ/ debye 

 1.41  3.80  ---- 
 1.72  4.09  0.005 
 1.63  4.08  0.003 

 1.74  4.20  0.003 
 1.65  4.13  0.003 
 1.69  4.22  0.004 

 
 
 

4.3    B3LYP/6-31+G** 3,5- -1H- -2-
EDPC

MP2/6-311+G(2d,p)  
 

 2H∆ O / kJ mol-1  
 酚   
 ----  -43.05 
 -28.7 ± 3.5  -27.19 
 -32.1 ± 4.6  -27.41 

 -25.9 ± 3.6  -26.04 
 -23.7 ± 1.1  -26.05 
 -22.3 ± 0.4  -23.48 
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4.16    3,5- -2-
:  
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4.4  

     (polarity) 

2/1ν∆ 57  

 
 
 π

Γ=ν∆
22/1  

(4-9) 
 

Γ  (decay rate)58  

 
 
 

)()
2

(
2

)m(E
,

m

ω−ρπ=Γ ∑
<

ℏ
ℏ

k
E

EMmk EV
k

 

 

(4-10) 
 

EMmkV , ρ

intV Onsager

R

µRV
2

1
-int =

 (4-10)  

 
 
 )()

2
(

2

)m(E
int,

m

ω−ρ+π=Γ ∑
<

ℏ
ℏ

k
E

EMmk EVV
k

 

 

(4-11) 
 

 (4-11) 
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    D( )>D(

)>D( )>D( )>D( )

3,5- -2- ADP  N-H

2/1ν∆ ( )> 2/1ν∆ ( )> 2/1ν∆ ( ) ≈ 2/1ν∆ ( ) ≈  

2/1ν∆ ( ) 4.17-4.20  

 

0.004 0.008 0.012 0.016 0.020 0.024
0

5

10

15

20

25

30

m
on

om
er

 h
al

f w
id

th
 / 

cm
-1

c
O
 

 

4.17   15 3,5- -2- N-H

Oc : (- -)
 (- -)  (- -) (- -) (- -)
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4.18   25 3,5- -2- N-H

Oc : (- -)
(- -) (- -) (- -) (- -)  
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4.19   35 3,5- -2- N-H

 : (- -)  
(- -)  (- -) (- -) (- -)  
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4.20  45 3,5- -2- N-H

 : (- -)  

(- -)  (- -) (- -) (- -)  

 
     

4.17-4.20 N-H

D( ) ≈D( ) ≈D( )

3,5- -2- ADP  N-H

ADP  N-H

: 2/1ν∆ ( )> 2/1ν∆ ( )> 2/1ν∆ ( ) ≈ 2/1ν∆

( ) ≈ 2/1ν∆ ( ) 4.21-4.24  



237 
 

0.004 0.008 0.012 0.016 0.020 0.024
0

10

20

30

40

50

60

70

80

90

100

di
m

er
 h

al
f w

id
th

 / 
cm

-1

c
O  
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    3,5- -1H- -2- EDPC N-H

2/1ν∆ ( )> 2/1ν∆ ( ) ≈ 2/1ν∆ ( )

≈ 2/1ν∆ ( ) ≈ 2/1ν∆ ( ) 4.25-4.32  
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4.25   15 3,5- -1H- -2-
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4.26  15 3,5- -1H- -2-
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 (- -) (- -) (- -)  
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4.32  45 3,5- -1H- -2-
 : (- -)  (- -)

 (- -) (- -) (- -)  
     

    3,5- -1H- -2- EDPC N-H

2/1ν∆ ( )> 2/1ν∆ ( ) ≈ 2/1ν∆ ( ) ≈ 2/1ν∆ (

) ≈ 2/1ν∆ ( ) 4.33-4.36  
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    4.37-4.41 4.42-4.46 3,5- -2- ADP

N-H

N-H
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4.37  3,5- -2-
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    4.47-4.56 4.57-61 3,5- -1H- -2-

EDPC N-H

N-H
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4.47  3,5- -1H- -2-
 : 

(- -)288K (- -)298K  (- -)308K (- -)318K  

0.004 0.008 0.012 0.016 0.020 0.024
0

2

4

6

8

10

12

14

16

tr
an

s 
m

on
om

er
 h

al
f w

id
th

 / 
cm

-1

c
O
 

 

4.48  3,5- -1H- -2-
 : 

(- -)288K (- -)298K  (- -)308K (- -)318K  



253 
 

0.000 0.004 0.008 0.012 0.016 0.020 0.024
0

2

4

6

8

10

12
ci

s 
m

on
om

er
 h

al
f w

id
th

 / 
cm

-1

c
O
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4.51  3,5- -1H- -2-
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4.5  

    

C. M. Huggins59 R. E. Asfin60

G. C. Pimentel61

( / )

4.4  
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4.4    ( / ) 61 
[ Table 3-VII in ref. 61, G. C. Pimentel and A. L. McClellan, The 
Hydrogen Bond (W. H. Freeman, New York, 1960), p. 102.] 

 

ACID  BASE  
B (H bond)×10-3 

 
B (H bond) 

  
( L cm-2mole-1) 

 
B (monomer) 

phenol 
 

benzene 
 

16 
 

2.1 
phenol 

 
ethyl acetate 

 
84 

 
7.2 

phenol 
 

acetonitrile 
 

50 
 

4.3 
phenol 

 
diethyl ether 

 
80.3 

 
6.9 

phenol 
 

hexamethylene 
    

  
tetramine 

 
124 

 
10.7 

n-butyl alcohol 
 

diethyl ether 
 

38 
 

5.3 
sec-butyl alcohol 

 
diethyl ether 

 
32 

 
5.5 

t-butyl alcohol 
 

diethyl ether 
 

26 
 

6.2 
γ-butyrolactam 

      
dimer 

   
41 

 
14 

acetic acid dimer 
   

74 
 

37 
methanol 
polymer    

24 
 

5 

H2O polymer 
   

--- 
 

12 
N-ethylacetamide 

      
polymer 

   
44 

 
19 

CDCl3  
benzene 

 
0.31 

 
6.2 

CDCl3  
ethyl acetate 

 
--- 

 
9.5 

CDCl3  
acetone 

 
0.54 

 
10.8 

CDCl3  
N-ethylacetamide 

 
1.7 

 
34 
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     G. C. Pimentel61 T. Ebata62 B

O- q A-H H Oq B O- q H

Oq 4.67

4.62 ) /( drdµ I 2) /( drdµ

 

 

 

 

4.62    61 
[ Figure 8-7 in ref. 61, G. C. Pimentel and A. L. McClellan, The 
Hydrogen Bond (W. H. Freeman, New York, 1960), p. 248.] 
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    N-H

M. I. Nasser63

N-H N-H

1)(2 /)1( +− DD 4.5 N-H

1)(2 /)1( +− DD 4.63  

 
4.5   N-H AS D

63 
[ Figure 2 in ref. 63, M. I. Nasser, Appl. Spectrosc. 28, 545 (1974).] 
 
 

solvent 
AS×10-8 
(N-H) 

(D-1) / (2D+1) 

1.n-Hexane 24.51 0.183 
2.cyclohexane 25.27 0.205 
3.carbon tetrachloride 28.50 0.225 
4.carbon disulfide 32.76 0.261 
5.chloroform 34.53 0.360 
6.methyl iodide 43.21 0.400 
7.ethyl bromide 53.01 0.424 
8.dichloroethane 46.90 0.428 
9.benzene 46.83 0.229 
10.toluene 48.07 0.239 
11.bromobenzene 42.95 0.373 
12.nitrobenzene 72.08 0.478 
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4.63  N-H AS

1)(2 /)1( +− DD 1. 2. 3.
4. 5. 6. 7.

8. 9. 10. 11. 12. 63 
[ Figure 2 in ref. 63, M. I. Nasser, Appl. Spectrosc. 28, 545 (1974).] 
 

    4.63 N-H

AS D N-H

3,5- -2-

ADP N-H 1)(2 /)1( +− DD

4.64  
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4.64  3,5- -2- ADP N-H
1)(2 /)1( +− DD

(- -) (- -) (- -) (- -)
(- -)  

 

    4.65 4.66 3,5- -1H- -2- EDPC 

N-H 1)(2 /)1( +− DD
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4.65  3,5- -1H- -2- EDPC 

N-H
1)(2 /)1( +− DD (- -) (- -)

(- -) (- -) (- -)  
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4.66  3,5- -1H- -2- EDPC 
N-H
1)(2 /)1( +− DD (- -) (- -)

(- -) (- -) (- -)  
 

E. Hirota64
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[(D+2)/(D
r
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ADP N-H

:(- -) (- -) (- -) (- -)
 (4-15)  
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4.68 4.69 EDPC N-H
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    M. I. Nasser63 E. Hirota64

4.64-4.71 N-H
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    3,5- -2- (2-Acetyl-3,5-di- 

methylpyrrole ADP) 3,5- -1H- -2- (Ethyl3,5-di- 

methyl-1H-pyrrole-2-carboxylateEDPC)

 

: 

1. ADP N-H

 (2-13) N-H  (2-17) 

mε dε dK

 (2-13)  (2-17) dK  dK

dK van’t Hoff OH∆

OS∆  

2.  EDPC

 

(2-33) CP CQ  (2-36) tP tQ   

(2-39) dP dQ  dε

dQ CP tP dP CQ tQ

Cε tε 1K
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2K CP tP CQ tQ Jacobian

PBE1PBE/6-311++G**

N-H

tC  / εε tA CA

t

C
1

ε

ε

A

A
K

C

t= 1K  (2-33) CP CQ  (2-36) tQ

 (2-39) dP Cε tε 2K 1K

2K van’t Hoff O
1H∆

O
1S∆ O

2H∆ O
2S∆  

3.  ADP

 (4-6) dm AA  /)( 2
Oc dm AA  /)( 2

Oc

dm AA  /)( 2
Oc

ADP ADP

E. Affsprung13

 

4.  KBM47,48  (4-7) 

N-H
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N-H

 

5.  ADP EDPC N-H

N-H

1 150 −cm D. Sajan54

O O-H

abσ

O-H O-H

 

6.   Onsager50 D

3)12(
)1(2

aD

D
R

µ
+
−=    U µR/2=

0

D  

7.    (4-11) 

 

8.  
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G. C. Pimentel61 T. Ebata62

C=O O- q N-H H Oq C=O

O- q ) /( drdµ

I 2) /( drdµ N-H

N-H M. I. Nasser63 E. 

Hirota64

drd /µ  
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 (A-3)  
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B  

B.1  

    3,5- -1H- -2- (Ethyl3,5-dimethyl- 

1H-pyrrole-2-carboxylate EDPC)  

(2-33)  (2-36)  (2-39) 

Cε tε 1 K

2 K

 (2-46)  

 

 
t

C

C

t

ε

ε

A

A
K =1  

 

 
(2-46) 

    

tC / εε

NH CA tA

1K 1K  (2-33)  (2-36) 

 (2-39) 
C
ε tε

2 K dε

 (2-39)  

    

Gaussian 0365 Ab inito 
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 (Density functional theory) B3LYP

 (basis sets)6-31+G**  (geometry optimize)

Hartree-Fock MP2

 (basis sets) 6-311+G(2d,p)  

    N-H

 (Density functional theory) PBE1PBE

 (basis sets) 6-311++G**  

     (dipole moment) 

 (Density functional theory) PBE1PBE

 (basis sets) 6-311++G**  (geometry 

optimize) Hartree-Fock MP2

 (basis sets) 6-311+G(2d,p)

 

    

 (Self-Consistent Reaction FieldSCRF) 

66
ε

 (cavity) SCRF

(cavity) B.1 B.2  
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B.1   Onsager  

    SCRF Onsager

oa

 

 

B.2   Tomasi´s  

    Tomasi´s  (Polarized Continuum ModelPCM)

(cavity) 
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B.1.1  (Density Functional Theory DFT) 

    Hatree-Fock 

Hatree-Fock

ρ(electron density)

ρ 1964 Hohenberg  Kohn

Hohenberg-Kohn  

     (close shell) Kohn  Shan67

n )(E ρ  
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(exchange-correlation 
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B.1.2  

    1934 MØller-Plesset

 

 (B-2) Hamiltonian Ĥ 

 

 

Ĥ = Ĥo+ Ĥ´ 
 

(B-2) 
 

    Ĥo Hamiltonian Ĥ Hamiltonian

Ĥ´ Hamiltonian  

     (B-2) Schrödinger  
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B.2  3,5- -1H- -2-  

    3,5- -1H- -2-  (Ethyl3,5-dimethyl- 

1H-pyrrole-2-carboxylateEDPC)

B3LYP/6-31+G** EDPC

B.3-B.6 B.7

 

 

 
 
 

B.3  B3LYP/6-31+G** 3,5- -1H-
-2-  
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B.4  B3LYP/6-31+G** 3,5- -1H-
-2- ( )  

 
 
 

 
 

 

B.5   B3LYP/6-31+G** 3,5- -1H-
-2- ( )  
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B.6   B3LYP/6-31+G** 3,5- -1H-
-2-  

 

 

 

 
 

B.7  B3LYP/6-31+G** 3,5- -1H- -2-
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MP2/6-311+G(2d,p)//B3LYP/6-31+G**

B.1

O
1H∆ O

1G∆

O
2H∆ O

2G∆  

 
 

B.1   MP2/6-311+G(2d,p)//B3LYP/6-31+G**
3,5- -1H- -2-

 
 

 
  

 1H∆ O / kJ mol-1酚 1G∆ O / kJ mol-1酚
 3.31 4.52 
 5.07 6.28 
 5.15 6.86 

 4.99 6.59 
 4.99 6.55 
 4.87 5.92 

 

酚     
 2H∆ O / kJ mol-1酚 2G∆ O / kJ mol-1酚
 -43.05  4.46  
 -27.19  18.88  
 -27.41  18.86  

 -26.04  20.10  
 -26.05  20.05  
 -23.48  22.58  
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MP2/6-311+G(2d,p)// PBE1PBE/6-31++G**

EDPC B.2

 

 
B.2   MP2/6-311+G(2d,p)//PBE1PBE/6-31++G**

3,5- -1H- -2-
 

 

酚     
 酚 µ/ debye µ/ debye酚  µ/ debye 
 1.41  3.80  --- 
 1.72  4.09  0.005 
 1.63  4.08  0.003 

 1.74  4.20  0.003 
 1.65  4.13  0.003 
 1.69  4.22  0.004 

 

PBE1PBE//6-311++G** EDPC
N-H B.3  

 
B.3   PBE1PBE/6-311++G** 3,5-

-1H- -2- N-H
 

 

    

 
  

/ cm-1 
 

/ cm-1 
 

/ cm-1 
 3487.4  3455.7  3325.2  
 3485.5  3458.6  3326.2  

 3473.0  3449.0  3326.2  
 3476.2  3453.1  3328.0  
 3460.5  3438.5  3325.0  
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 (frequency scale factor)

J. P. Merrick68 PBE1PBE

0.9594  

 

    PBE1PBE/6-311++G** 3,5- -1H-

-2- N-H

B.4  

 

B.4   PBE1PBE/6-311++G** 3,5-
-1H- -2- N-H
 

 

酚
酚 酚 酚 酚

酚
N-H Cε 酚N-H tε 酚N-H dε 酚N-H tC/εε 酚

酚 /(km/mol熵酚 /(km/mol熵酚 /(km/mol熵酚
酚

酚 154 142 2272 1.08 
酚 156 143 2198 1.09 

酚 159 149 2276 1.07 
酚 163 151 2212 1.08 
酚 176 165 2161 1.07 
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B.3   

    PBE1PBE/6-311++G** 3,5-

-1H- -2- NH C
o/ t

o

A. Milani69 PBE1PBE/6-311++G**

NH C
o/ t

o 15%

15% AC At

K1 K1  (2-33) CP CQ  (2-36) 

tQ Cε tε K2 B.5 C
o/ t

o

15% K1 K2  
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