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Table 2.1 Symmetry Coordinates for Formate Ion Molecule

'

Represzntatlon Symmetry Coordinate ‘Notation Description
2v

Ay Axr v {CH) CH Stretch
(1/Y2) (AS+A4) vg (CO) Sym. CO Stretch
AB § (0CO) 0OCO Bend

Bl A T {CH) Out-of-Plane CH Rock

B, (1//2) (As-pd) vas(CO) Asym., CO Stretch
Ay Yin(CH) In-Plane CH Rock

Table 2.2 Harmonic

)

Force Constants for Formate Ion Molecule?

Diagonal B v Off Diagonal
Notation Force Constants Notation Force Constants
Stretch Stret.-stret. interaction
107 ®/N nm~t 107 k/N nm7t
K 4.283 + 0,007 k B b.845 +* 0.059
=r ~rs
Es 9.422 = 0.066 Esd 1.592 = 0.066
Bend Stret.-bend interaction
107 /8 nm 10% £/n
H 2.305 £ 0.035 £ 0.671 = 0.035
=8 —xr0
En 0.437 £ 0.001 Ese 0.433 £ 0.030
H 1.266 £ 0.002 £ -0.419 = 0.004
=Y =Sy

a) The errors shown

Table 2.3 Observed and

are standard deviations.

Calculated Fundamental Frequencies for HCOONa

. . -1
Reprecentation Assign- Freq./cm Potential Energy Distribution*
C ment Obsd. Calcd.
2v

Al vy 2830.5 2833.0 97 v {(CH)
v, 1363.1 1366.3 950 VS(CO), 20 & (0C0)
vy 774.8 781.2 84 §(0CO), 14 vs(CO), 11 v{CH)

Bl vy 1068,.2 1070.8 100 w{CH)

B, Vg 1606 1608.1 91 vas(co), 28 Yin(CH)
Vg 1371.2 1371.0 76 Yin(CH), 12 vas(CO)

* Contributions smaller

than 5% are omitted.
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Table 2.4 Observed and Calculated Fundamental Frequencies for DCOONa

. . -1
Representation Assign- Freq./cm Potential Energy Distribution*
o] ment Obsd. Calcd.
2v

A vy 2131.9 2131.9 90 v(CD), 5 vS(CO)
v, 1333.4 1332.1 89 vS(CO), 15 §(0Co)
vy 767.0 761.6 86 §{(0CO), 15 v(CD), 11 vS(CO)

By vy 914.5 913.8 100 w(CD)

52 Ve 1595 1592.9 101 vas(CO), 12 Yin(CD)
Ve 1013.4 1013.1 92 Yin(CD)

* Contributions smaller than 5% are omitted.

13,1616

a,b) and Calculated Fundamental Frequencies for H "C "0 ONa

Table 2.5 : Observed

. . -1
Representation Assign- Freq./om Potential Energy Distribution*
Cc ment Obsd. Calcd.
2v
A, v, 2817.9%)  2821.1 97 v (CH)
v, 1339.52)  1343.2 91 v_(CO), 19 6(0CO)
v 767.6%)  775.1 86 §(0CO), 12 v_(CO), 10 v (CH)
B, v, 1053.3%)  1054.4 100 7 (CH)
B, v, 1566 1565.6 89 v__(cO), 30 v, (CH)
v al 4
; 1367.6%) 1369.9 73y, (CH), 14 v, (CO)

* Contributions smaller than 5% are omitted.
a) Taken from ref. (i2).

b) Taken from ref. (i3}).

N 12,.18.18

a) and Calculated Fundamental Frequencies for H “C "0 ~ONa

Table 2.6 : Observed

. . -1
Representation Assign Freq./cm Potential Energy Distribution*
Cav ment obsd.?)  calcd.
A1 V1 not obsd. 2832.1 97 v (CH)
v, 1322.9 1326.4 87 vs(CO), 23 §(oco)
vy 741.6 746.5 82 §{ocCco), 16 vs(CO), 10 v{(CH)
B1 v4 not obsd. 1066.9 100 = (CH)
B, Ve 1587 1587.4 87 vaS(CO), 33 Yin(CH)
Ve not obsd. 1359.6 71 Yin(CH), 17 vas(CO)

* Contributions smaller than 5% are omitted.

a) Taken from ref. (i2).



b) 13,1616

Table 2.7 @ Observeda’ and Calculated Fundamental Frequencies for D "C "O "ONa

1

representation  Assign- © Freq./cm Potential Energy Distribution
C ment Obsd. Calcd.
2v o
' b)
A1 V1 2117.3 2111.4 91 v{CD)
V2 1318.0a) 1315.4 91 vs(CO), 14 8 (0CO)
v, 760.7°)  756.2 87 §(0C0), 15 v(CD), 10 v_(CO)
b)
B1 V4 885.7 894.6 100 T{CD)
a)
B2 VS 1548 1549.3 131 Vas(CO), 11 Yin(CD)
b)
Ve 1012.9 1012.7 92 Yin(CD)

* Contributions smaller than 5% are omitted.
a)} Taken from ref. (i2).

' ~ b) Taken from ref. (13).

a) 12,18 .18

Table 2.8 : Observed and Calculated Fundamental Frequencies for D "C "0 "ONa

)

1

Representation Assign- Freq./cm Potential Energy Distribution*
Cav ment Obsd.a) Calcd.
A, v 2127.8 2130.6 90 v(CD)
v, 1292.9 1289.5 87 VS(CO)' 17 §(0CO)
Vg 734.7 729.4 83 §(0CO), 14 v(CD), 14 vS(CO)
B1 vy 910.8 903.4 100 m(CD)
B, Vg 1569 1567.1 101 vaS(CO), 13 Yin(CD)
Ve 1006.4 1005.3 91 Yin(CD)

* Contributions smaller than 5% are omitted.

a) Taken from ref. (i2}.

Table 2.9 : Observeda) and Calculated Fundamental Fregquencies for D13C180180Na
, . " -1
Representation  Assign Freq./cm Potential Energy Distribution
Cavy ment obsd.?)  calcd.
A1 v, 2114.6 2110.1 91 v(CD)
Vo 1275.3 1271.8 89 vS(CO), 17 §(0C0O)
vy 728.8 724.5 85 §{oco), 14 v(CD), 12 vS(CO)
B1 Vy 891.2 890.1 100 m(CD)
B, Vg 1522, 1522.6 101 vaS(CO), 13 Yin(CD)
Ve 1006.2 1005.1 91 Yin(CD)

* Contributions smaller than 5% are omitted.

a) Taken from ref. (12).
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o

Table 2.10 Calculated Fundamental Frequenbies for TCOONa

Representation Assign- calcd. Freq./cm_l Potential Energy Distribution*
C ment
2v

Ay vy 1866.4 80 v(CT), 10 é(0CO), 10 v_(CO)
v, 1291.3 85 vS(CO), 9 §{oCco), 8 v{CT)
v, 741.2 86 §(oco), 20 v(CT), 9 vS(CO)

By vy 855.3 100 7 (CT)

B, Vg 1591.1 102 vas(co), 10 Yin(CT)
Vg 855.6 94 Yin(CT)

* Contributions smaller than 5% are omitted.

.

Table 2.1l Calculated Reduced Partiﬁion Function Ratios of Formate

Ton Molecules with respect to Hydrogen Isotopes

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
DCOO™ JHCOO 9.507 6.246 4.582 3.618 3.007
TCOO /HCOO 23.576 12.944 8.330 5.958 4.588
TCO0~ /DCOO™ 2.480 2.072 1.818 1.647 1.526

TABLE 2.12 Symmetry Coordinates for+Formic Acid Molecule

Repre;gntation Symmetry Coordinate Notation Description
s

A' ST=Ah v (OH) OH Stretch
SzzAr ) v {CH) CH Stretch
83=Ad v {C=0) C=0 Stretch
S4=As v{C-0) C-0 Stretch
SS=AE § (CoH) COH Bend
Ss=(1//6)(2A6—A¢—Aw) § {OCO} OCO Bend
S7=(1//2)(A¢—A¢) Y, p (CH) In-Plane CH Rock
§5=(1/V/3) (A8+A+0Y) Redundant

A" SS=Aﬂ 7 (CH) Out-of-Plane CH ‘Rock
S,=AT T (OCOH) 0=C-OH Torsion

9




Table 2.13 : Harmonic Symmetric Force Constants for Formic Acid

Monomer Molecule Reported by Redington

a)

Diagonal Off-Diagonal
Notation Force Constants Notation Force Constants
Stretch Stret.-stret. interaction
107 F/N nm”! 107 F/N o]
L 7.188  0.017 _ 0.911 % 0.511
3
F, 5 4.666 * 0.014
! Stret.-bend interaction
§3 3 13.345 t 0.625 8
’ 10" F/N
E4 4 6.004 = 0,354
’ F 0.471 + 0.078
=3,5
+
Bend §3,6 1.003 * 0.336
10° B/N nm . 0.721 £ 0.082
B + +
ES,S 0.696 0.011 34,5 0.092 0.065
* 4 %
26,6 1.297 0.080 34,6 0.004 0.111
& - *
37'7 0.624 0.008 54,7 0.404 0.032
EB 8 0.470 % 0.002
4 Bend~-bend interaction
g9 9 0.168 * 0.001 9
’ 10° F/N nm
o +
ES,G 0.099 £ 0.025
- +
55’7 0.044 £ 0.013
Fs .7 -0.006 * 0.028
+
Fg g 0.092 t 0.004

z) Taken from ref. (21).

* The errors shown are standard deviations.

Table 2.14 : Observed and Calculated Fundamental Frequencies for Hcoon?

)

1

Representation Assign- Freq./cm. Potential Energy Distribution*
Cs ment Obsd.a) Calcd.
Al v, 3569.4 3589.5 100 v{OH)
v, 2937.8  2939.1 98 v(CH)
V3 1773.9 1783.6 89 v(C=0), 10 v(C-0)
Vy 1379.7 1381.9 97 yin(CH)
VS 1217.6 1230.8 37 v(C-0), 34 &§(coH), 22 §(0CO)
VG 1102.8 1108.4 43 S(COH), 39 v(C-0), 24 v{(C=0)
Vg 625.9 629.4 83 &(0CO), 19 v(C~-0), 17 G&(COH)
A" v8 1035.6 1039.5 108 7(CH)
v9 637.6 642.6 110 T(OCOH)

a) Taken from ref. (21).

* Contributions smaller than 10% are omitted.

&3
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Table 2.5 : Observed and Calculated Fundamental Frequencies for HCOODa)

»‘1

Representation Assign- Freq./cm® . Potential Energy Distribution*
Cs ment Obsd.a) Calcd.
At V1 2939.4 2938.9 98 v(CH)
vy 2631.6 2618.1 99 v(OD)
vy 1770.9 1762.3 96 v(C=0), 10 v{C-0)
Vg 1368.1 1368.5 108 Yin(CH)
v5 1177.0 1173.3 63 v(C-0), 26 §(0CO)
VG 871.1 966.9 62 s(cop), 13 v(C-0), 12 §(oCO},
10 v{C=0)
v7 555.9 554.3 70 &§(CcCco), 39 §(COD), 15 v{(C-0)
A" VB 1037.4 1037.1 109 7 {CH)
vg 506.3 505.3 109 T (OCOD)

a) Tgken from ref. (21).

* Contributions smaller than 10% are omitted.

Table 2.16 : Observed and Calculated Fundamental Fregquencies for DCOOHa)

. X -1
Representation Assign- Freq./cm‘ Potential Energy Distribution*
Cs ment Obsd.a) Calcd.
Al v1 3569.5 3589.5 100 v {OH)
V2 2221.0 2215.5 87 v(CD), 10 v{(C=0)
v3 1738.7 1744.0 82 v(C=0), 13 v(C-0)
v4 1202.9 1213.0 57 &§(CCH), 16 v{C-0}), 15 &(0CO)
vg 1140.8  1147.9 53 v(C-0),. 21 vy, (CD), 19 &§(COH),
11 v(C=0)
V6 971.4 971.9 84 Yin(CD)
v7 620.4 622.2 85 6(0CO), 18 v(C-0), 17 S§(COH)
A" Vo not obsd. 873.8 111 w{CD)
v9 628.3 633.5 105 t{0COH)

a) Taken from ref. (21).

* Contributions smaller than 10% are omitted.



Table 2.17 : Observed and Calculated Fundamental Fregquencies for DCOODa) 4;5‘

. . -1
Representation  Assign- Freq./em Potential Energy Distribution
cs ment Obsd.a) Calcd.
Al V1 2632.1 2618.3 99 v (0OD)
v, not obsd. 2211.7 88 v(CD), 10 v{(C=0)
v3 1737.1 1724.8 89 v(C=0), 14 v(C-0)
v4 1170.5 1160.7 67 v(C-0}, 20 §(oCO), 15 Yin(CD)
vs 1020.4 1013.4 54 Yin(CD), 28 &(COD)
Vg 944.9 944.3 38 §{cop), 36 Yin(CD)' 12 v(C-0),
11 v{C=0)
V7 554.9 549.7 71 §(oco), 38 §{COD), 14 v{(C-0)
A" v8 874.8 873.5 112 ©{CD)
V9 490.4 489.2 103 T (OCOD)

a) Taken from ref. (21).

* Contributions smaller than 10% are omitted.

TABLE 2.i18 Calculated Fundamental Frequencies for HCOOT

Representation Assign- 1

- *
Calcd. Freq./cm Potential Energy Distribution

C ment
s
At v, 2938.7 98 v{CH)
v, 2205.0 98 v{OT)
vy 1757.0 97 v{C=0), 10 v{(C~0)
Y
: 1366.2 108 v, (CH)
Vg 1162.8 65 v{C-0), 24 §(0CO) i
Ve 906.6 50 §(COT), 24 §{0CO}, 12 v{(C~0)
v, 495.1 59 §{0CO), 54 §(COT), 12 vw{C-0),
10 v (C=0)
A" Va 1036.5 110 7 (CH)
Vo 450.0 108 T {OCOT)

* Contributions smaller than 10% are omitted.

TABLE 2.19. Calculated Fundamental FréQuencies for TCOOH

s L _ .
Representation Assign Calcd. Freq./cm 1 Potential Energy Distribution

CS ment
At v 3589.5 100 v(0OH)
Vs 1979.3 58 v(CT), 37 v(C=0)
v, 1677.1 54 v(C=0), 31 v{CT), 18 v(C-0)
vy 1194.2 72 §(COH), 10 §(0OCO)
Vg 1115.5 64 v(C-0), 12 v({C=0}, 11 &§(COH)
Ve 834.4 92 vy, (CT)
vy 614.0 85 §(0CO), 17 G&(COH), 16 v{(C-0),
11 yin(CT)
A" Vg 815.0 112 w{CT), 14 T{OCOH)
625.6 98 1 {OCOH)




TABLE 2.20 Calculated Fundamental Frequencies for DCOOT

Representation Assign- 1

- *
Calcd. Freq./cm Potential Energy Distribution

C ment
s

X v, 2222.1 54 v(CD), 38 v(OT)
v, 2193.4 61 V(OT), 35 v(CD)
vy 1719.9 91 v(C=0), 14 v(C-0)
vy 1157.1 67 v(C-0), 18 8(0CO), 17 ¥ (CD)
Vg 987.8 . 84 Yin(CD)
Vg 899.2 48 §(COT), 24 §(0CO), 11 V(C-0)
v, 492.2 60 §(0CO), 53 6(COT), 12 v(C-0),

10 v(C=0)

A" vg 873.4 112 w(CD)

vg 430.5 103 T (0COT)

* Contributions smaller than 10% are omitted.

TABLE 2.21 Calculated Fundamental Frequencies for TCOOD

Representation Assign- 1

- *
Caled. Freq./cm Potential Energy Distribution

CS ment
At v, 2618.2 99 v (OD)
v, 1966.9 62 v(CT), 36 v(C=0)
vy 1666.7 62 v{C=0), 27 v(CT), 19 v(C-0)
vy 1120.8 67 v{C~-0)}, 16 §(0CO)
ve 972.0 65 §(COD), 15 §(0CO)
P 833.3 91 v, (cT)
v, 544.7 71 8{CCO), 38 &(COD), 13 v(C-0),
10 v, (CT), 10 Vv(C=0)
A" Vg 814.9 112 T(CT), 13 T(OCOD)
Vg 478.3 99 T (0COD)

* Contributions smaller than 10% are omitted.

TABLE 2.22 Calculated Fundamental Freguencies for TCOOT

1

*
Potential Energy Distribution

Representation Assign- Calcd. Freq./cmn

C ment

s

A vy _2205.4 98 v (0T) .
vy 1963.1 63 v(CT), 36 v(C=0)
vy 1663.4 63 v(C=0), 26 v(CT), 19 v{(C~0)
Vyq 1117.5 68 v(C-0), 15 &(0CO)
Vg 900.2 51 §(COT}, 27 §&(0CO)
Vg @32.4 90 Yin(CT)
vy 489.1 60 §(0CO)}, 52 &{(coT), 11 vic-0},

10 v{(C=0)

A" Vg 814.9 112 w(CT), 13 T(OCOT)

Vg 418.0 99 T(OCOT)

* Contributions smaller than 10% are omitted.

46



TABLE 2.23 Calculated Reduced Partition Function Ratios of Formic Acid

Molecules with respect to Isotope Substitution of Deuterium for Hydrogen

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
HCOOD /HCOOH 11.235 7.318 5.334 4.188 3.461
DCOOD /DCOOH 11.354 7.383 5.374 4.215 3.480
TCOOD /TCOOH 13.342 8.410 5.985 4.615 3.761
DCOOH /HCOCH 10.454 6.755 4.896 3.831 3.162
DCOOD /HCOOD 10.565 6.815 4,933 3.856 3.179
DCOOT /HCOOT 10.854 6.960 5.017 3.910 3.216

" TABLE 2.%4 Calculated Reduced Partition Function Ratios of Formic Acid

Molecules with respect to Isotope Substitution of Tritium for Hydrogen

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
HCOOT /HCOOH 33.492 17.824 11.199 7.851 5.937
DCOOT /DCOOH 34.773 18.365 11.476 3.012 6.041
TCOOT /TCOOH 37.572 19.552 12.087 8.371 6.272
TCOOH /HCOOH 24.648 13.450 8.617 6.143 4.717
TCOOD/HCOOD 29.270 15.457 9.669 6.769 5.125
TCOOT/HCOOT 27,650 14.754 9.301 6.550 4.982

TABLE 2.25 Calculated Reduced Partition Function Ratios of Formic Acid

Molecules with respect to Isotope Substitution of Tritium for Deuterium

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
HCOOT /HCOOD 2.981 2.436 2.099 1.875 1.716
DCOOT /DCOOD 3.063 2.488 2,135 1.901 1.736
TCOOT /TCOOD 2.816 2.325 2.019 1.814 1.668
TCOOH /DCOOH 2.358 1.991 1.760 1.603 1.492
TCOOD /DCOOD 2.771 2.268 1.960 1.756 1.612
TCOOT /DCOOT 2.547 2.120 1.854 1.675 1.549

7
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Figure 2.1 Infrared spectrum of HCOONa in KBr pellet at room temperature; 1 mg of sample suspended in
100 mg of KBr powder.
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Figure 2.2 Infrared spectrum of DCOONa in KBr pellet at roon temperature; 1 mg of sample suspended in

100 mg of KBr powder.
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FPigure 2.4 Definition of internal coordinates for

formate ion molecule. Geometry at equilibriuma):

*
r=0.1087 nm , s=d=0.1246 nm, €=126,3°, y=w=0°;

N

Y, the angle between the C-H bond and the line
bisecting the angle 6; m, the angle between the

C-H bond and the OCO plane.

a) P.L.Markila, S.J.Rettig, and J.Trotter, Acta Cryst.
B31, 2927(1975).

* J.0.Thomas, R.Tellgren, and J.AlmlSf, Acta Cryst.
B31, 1946(1975).

Eig. 2.6 Definition of internal coordinates for formic

acid monomer. Geometry at equilibriuma): r=0.1097 nm, ’ "
d=0.1228 nm, s=0.1317 nm, h=0.0974 nm, 6=125.0°,

$=124.6°, ¢=110.4°, £=106.8°, w=1=0°; 7, the angle

between the C-H bond and the 0=C-0 plane; t, the angle

between the O-H bond and the 0=C-0O plane.

a) Taken from Ref. (28).
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TABLE 3.1 Structural Parameters of

Acetate Iona

)

Bond Lengthb)/nm

Bond Angle

b}

El(C—H)=£2(C—H)=£3(C~H)
1(c-C)
s (C~0)

d(c-0)

0.1505
0.1257

0.1253

0.109

gl(HCH)=gz(HCH)=g3(HC?)

o
110.56

d)

a) Geometry at equilibrium according to Reference, [15]}.

b) Symbols are in accord with the notations given in Fig. 3.15,

c) From Reference![16].

d) Estimated values assuming that the three angles are identical.

TABLE 3.2 Symmetry Coordinates for Acetate Ion

Represen-
tation

o
s

Symmetry Coordinate

2

(l//6)(2Arl—Ar
(1//33(Arl+Ar

(1/Y2) (As+8d)

(1/7/2) (As-ad)

Al

(l//6)(2aAal~bAa2~bAa3)*

(l//6)(aAul

Ay

*
(l//ﬁ)(2pABl—qA82—qA83)

AB

(l//6)(aAa1

(l//2)(Ar2—Ar3)
(1//2)(Aa2—Aa

(l//2)(A82—A8

Aw

+bAa ., +bAc
*
l—pABl—qA82~qAB3)

+blda,+bAo
*
+pABl+qA62+qA83)

84 (CCH) 113
8, (CCH) =B, (CCH) 106
o
8 (0C0) 123.7
Y 0.55
Notation Description
Asym. CH
Vas(CHS) Stretch
Sym. CH
Vs(CHB) Stretch3
Sym. CO
VS(CO) Stretch
Asym. CO
vas(CO) Stretch
v{C~C) C~C Stretch
Asym. CH
Gas(CH3) Deform.
. Syvm. CH
6s(Cd3) Deform.
In—-Plane
Yin(oco) 0CO Rock
In-Plane
Yin(CH3) CH3 Rock
§ (CCOo) 0CO Bend
‘Redundant
v(CH3) CH3 Stretch
G(CH3) CH3 Deform.
Qut of Plane
F(CHB) CH3 Rock
out of Plane
m(0Co) " 0CO Rock
T(CH3) Torsion

+« Correction coefficients for the distorted tetrahedral

configuration around the methyl group: a=0.96645, b=1.04668,

p=1.00269, q=0.96683



TABLE 3.3 Harmonic Force Constants for Acetate Iona)

. b) Diagonal . Off Diagonal
Notation Force Constants Notation Force Constants
Stretch ) Stret.-stret. interaction
107 x/N nmt 107 k/N nmt
4,891 + 0.011 k 0.070 = 0.007
._.rl -
K 4.780 * 0.004 k 0.661 £ 0,034
=T, =1s
El 4,124 = 0.054 &Sd 2.015 = 0.063
K 9,358 £ 0.228
s Stret.-bend interaction
K 9.282 * 0.228
= 10% £/
Bend gla -0.216 * 0.007
107 B/N nm £iq -0.491 * 0.014
gal 0.513 * 0.003 £.3 0.450 = 0.006
H 0.523 = 0.002 £ ~-0.622 £ 0.006
0y =gy
.625 * 0.017 £ -0.102 * 0.095
EBl 0 ~ly
H 0.536 * 0.009
'32 Bend-bend interaction
H 2.125 £ 0.025 9
- .- 10° h/N nm
H, " 2.432 £ 0.028
- . EB -0.003 = 0.013
H 0.580 * 0.004
- h -0.021 £ 0.005
—aB
h,. -0.367 * 0.027
~0.010 * 0.022
Bay
h 0.244 + 0.029
EB“ 0.066 + 0.001

a) The errors shown are standard deviations.



TABLE 3.4 Observed and Calculated Fundamental Frequencies for

lzCH3 12 COONa

izgiiien— Assign-— Obsd. Freq./cm_l Calcd. Potential Energy
C, ment 290 K 80 K Freq./em © Distribution?’
» *
A vy 3000.9  3002.8 3006.0 99 v__(CHj)
*
v, 2933.6  2930.1 2928.8 100 v_(CH,)
*
v, 1583.7 1579.5 1583.6 86 v, (€O}, 13 v, (0CO)
1— *
v, ~1440 1423.7 1427.7 66 v_(co), 18 &, (CH,),
15 §(oco), 12 v(cC-C)
*
Ve ~1420 1407.3 1411.4 74 8__(CHy), 20 v_(CO)
* .
Ve 1333.8  1332.5 1333.7 89 §_(cHJ), 10 v(C~C)
* .
v, 1011.8  1012.8 1013.4 70 v, (CHy), 16 v, _(CO)..
*
Vg 923.6 922.8 924.9 53 v(C-C), 26 §(oco),
17 vs(CO)
. .
Yo 650.7 650.3 651.1 57 §(0CO), 25 v(C-C)
*
Yig 462.4 467.9 465.6 98 y;,(0CO), 28 v (CH,)
= . *
a” viy 2983.2  2974.4 2978.7 99 v(cH,)
EN * .
[}
Vi, ~1440 1447.3 1439.2 97 §(CH,)
*
Vi3 1044.4 1045.0 1045.4 59 mw(CHy), 25 w(0CO)
Vi4 622.1°  625.1 622.5 78 w(0CO), 39 m(CH)

12 13

TABLE 3.5 Observed and Calculated Fundamental Frequencies for CH3 COONa
zigiiien— Assign- Obsd. E‘req./cmnl Calcd. Potential Energy
CS ment 290 K 80 X Freq./cm_l Distributiona)
’ *
A v 3002.2 3002.7 3006.0 99 vaS(CH3)
*
v, 2934.8 2928.1 2928.7 i00 vs(CH3)
* .
Vi 1536.1 1543.1 1540.9 85 vaS(CO), 12 Yin(OCO)
+ %
Yy ~1420 1418.9 1416.5 82 GaS(CH3), 11 SS(CHB)
*
Ve ~1404 1393.8 1391.3 79 vs(CO), 16 §(oco),
15 v{Cc-C), 10 aas (CH3)
+ *
Ve ~1330+' 1327.5 1332.3 87 GS(CHB), 12 v(C-C)
*
vy 1013.0 1013.86 1013.2 70 Yin(CH3), 16 vas(CO)
*
Vg 916.8 916.8 917.5 56 v{(c-c), 27 d§(oco),
14 VS(CO)
*
¥g 649.1 648.2 650.4 58 §(0C0), 25 v{(C-C)
®
ng 462.3 468.4 463.9 98 Yin(OCO), 28 Yin(CH3)
» *
Vi1 2980.4 2975.4 2978.6 - 99 v(CH3)
*
" Vo ~l420+ 1432.5 1439.1 97 G(CH3)
*
Vg 1031.6 ~1033.5 1031.7 62 W(CHB), 22 T (0CO)
Vi 609.0°  611.9 611.1 80 m(0CO), 36 T(CH,)

* Frequency used for the determination of the force field.

%0

t Not resolved.
tt Shoulder

a) Contributions smaller than 10% are omitted.



TABLE 3.6 Observed

13 12

and Calculated Fundamental Frequencies for cH COONa

3
iiiigien_ Assign- Obsd. Freq./cm—l Calcd. Potential Energy
Cg ment 290 K ‘80 X ]E'req./cm«l Distribution?)
» y *
A vy 2991.0 2993.1 2992.7 99 vas(CHB)
*
v, 2931.0 2925.9 2925.4 100 v_(cH,)
*
Vi 1581.0 1583.3* 1582.7 87 Vas(CO), 12 v, (oco)
Yy ~1435+ 1421.0 1427.2 71 v_(co}, 16 § (oco) ,
13 GaS(CH3), 13 v(c-C)
*
Vg ~1416 1405.2 1407.8 80 6as(CH3), 15 v_{(co)
*
¥ 1326.9 1324.9 1323.0 91 SS(CH3), 10 v{(C-C)
*
v, 1003.4 1004.4 1005.0 71 Yin(CHB)’ 15 v, g{co)
*
Vg 917.0 917.2 917.6 52 v{c-C), 29 §(oco),
16 v_(co)
*
Vg 639.8 640.2 642.0 54 §(oco), 28 v{C-C)
*
¥ip 459.5 467.4 463.3 28 Yin(OCO), 27 v, (CHy)
* ’
¢ Yy, 2971.5 | 2967.2 2966.0 100 Vv (CH,)
+ *
Vip ~1435 l44l.0 1436.8 96 S{cH.)
*
Vi3 1036.5 1038.1 1039.2 58 m{CH4), 25 T (0COo)
*
Vig 619.7 622.9 622.4 78 W{OCO), 39 T(CH,)

TABLE 3.7 Observed and Calculated Fundamental Frequencies for 13CH313COONa
izzigien— Assign- Obsd. l’-‘req./cm'—l Calcd. Potential Energy
Cs ment 290 K 80 K I?‘req./cm“l Distributiona)
Id *
A vy 2991.2  2990.1 2992.7 99 v_(CHS)
x
Vo 2931.1  2924.2 2925.4 100 v_(CH,)
*
Vg 1542.2 1537.3 1540.0 85 v_ (co), 12 ¥, (0CO)
+ *
V4 ~1418 1416.6 1413.0 79 §__(cHy), 11 8 _(cHy),
1c v_(co)
*
vg ~1386 1390.4 1390.7 76 v_(Co), 15 8(oco),
v(C- 4 8
15 v(c-c), 14 §__(cH,)
* ~
Ve 1323.5 1321.8 1321.5 89, §_(cHj), 11 v(c-C)
*
Vg 1003.5  1003.7 1004.9 70 v, (cHy), 16 v __(CO)
*
Vg 909.8 910.4 909.9 55 v(C-C), 30 §{0CO),
14 v_(co0)
- *
vy 639.1 641.7 641.6 55 §(0co), 27 v(c-C)
*
vig | 459.2 464.5 461.5 99 v, (0CO), 27 Y, (CH,)
¢ "gll 2970.2  2964.6 2966.0 100 V(CH,)
f *
v,, ~1418'  1429.37  1436.7 96 8 (CH,)
* ‘
Vi3 1024.4  1025.6 1025.4 61 T(CH,), 23 7(0CO)
Vi, 60829"  611.5 611.1 80 T(0C0), 37 T(CH,)

* Frequency used

+ Not resolved.

for the determination of the force field.

a) Contributions smaller than 10% are omitted.

g1/



TABLE 3.8 Observed and Calculated Fundamental Frequencies for 20 12coona

- 3
Represen- N -1 e d
tation Assign Obsd. Freq./cm Calcd. o Potential Energ¥
Cg ment 290 K 80 K Freq./cm pistribution®
’ *
A vy 2255.,2 2255.3 2251.5 97 vas(CD3)
v, 'not obsd. 2105.9 98 VS(CD3)
*®
Vs 1568.4 1566.1 1564.9 94 vaS(CO), 13 Yin(OCO)
*
N 1423.2 1425.4 1420.3 88 VS(CO), 21 v(c-C),
20 §(oco)
*
Ve 1082.5 1083.4 -1o081.8 76 GS(CDB), 30 v(C-C)
*
Ve 1031.2 1027.8 ‘ 1027.3 88-5aS(CD3)
*
27 880.7 880.0 879.3 37 é(oco), 25 v(c-C),
‘ 15 6S(CD3), 14 v_(co)
*
Vg 827.8 828.7 823.9 57 Yin(CD3), 11 Yin(OCO)
10 vas(co)
*
Vg 613.4 613.1 609.3 46 S{oCco), 28 v(cC-C)
*
Y10 412.6 409.8 405.6 88 Yin(QCO)f 44 Yin(CDB)
* a
» Vi 2231.0  2227.2 2223.8 98 v (CDy)
‘ *
\ ~lO40f 1040.5 1040.2 98 S(ch,)
—-12 3
*
213 928.2 929.8 924.8 49 Tw{CCO), 36 H(CD3)
*
Via 525.5, 529.0 521.0 65 W(CD3), 53 T (0CO0)
TABLE 3.9 Observed and Calculated Fundamental Frequencies for 13CD312COONa
izgzgien— Assign- Obsd. }E’rec_:_./cm"l Calcd. Potential Energy
cS ment 290 K 80 K Freq./cm—l Distributiona)
» N *
A vy 2240.0 2240.0 2232.0 97 VaS(CDB)
v, not obsd. 2100.2 99 VS<CD3)
* 4
Vo 1564.7 1564.0 1564.5 94 VaS(CO), 13 Yin(OCO)
*
V4 1424.1 1426.1 1419.8 89 VS(CO), 21 v(c-C),
20 §(oco)
.
Ve 1065.2 1066.6 1063.6 75 6S(CD3), 27 v(c-C),
12 Sas(cn3)
* 4 Lo
Yo 1028.2 1924.6 1020.5 g4 SaS(CD3) ke
% .
vy 880.4 879.5 878.6 38 §(o0Co), 26 v(c-C),
14 5S(CD3), 14 v_(CO)
*
Vg 819.1 820.3 817.3 58 Yin(CD3)' 11 Yin(OCO),
. 10 VaS(CO)
*
Vg 605.8 606.6 603.2 45 §(oco), 30 v(C-C) -
*
Vig 411.¢9 417.6 405.1 88 Yin(OCO), 43 Yin(CDB)
: *
A" Vi1 2216.5  2212.8 2205.8 98 v(CD,)
v ~1035T 1038.9* 1036.8 98 §(cD.)
-12 3
% .
Vi3 922.7 923.7 920.9 50 w{OoCo), 35 W(CD3)
*
Vig 524.0 528.2 519.9 65 W(CD3), 53 T (0CO0)

* Frequency used for the determination of the force field.
+ Shoulder.

a) Contributions smaller than 10% are omitted.



Table 3.10 : Equilibrium Geometry of Acetate Ion Molecule

Restricted on Cs Symmetry

calcd. on MIDI4-SCF obsd.a)
1) bond length/nm - L . 7
; r (C-H) C T bless - T 0.109”
x, (c-n)¥r3(c-a) 0.1090 0.109?
1(c-C) 0.1544 0.1505
s (C-0) 0.1260 0.1257
da(c-0) 0.1256 0.1253
2} bond angle
o (HCH) 107.2° 110.6°C!
&, (HCH) =0, (HCH) 110.2° 110.6°%)
B (CCH) 111.6° 113°
8., (CCH) =8 5 (CCH) 108.8° 106°
_.-8(0C0) 128.5° 123.7°
¥ : 0.95° - 0.55°

a) X-ray diffraction data taken from Ref. (15).
b} NMR data taken from Ref. (16}.
c¢) Estimated values assuming that the three angles are identical.

Table 3.11 : Normal Vibrational Fregqguencies of Acetate Ion Molecule

Representation v/em! Vcalcd
c, Assignment 5703 on MIDI4-SCF  obsd. Vobsd
Al Vi 3256 3002.8 1.08

Vi 3148 2930.1 1.07
Vi 1794 1583.7 1.13
Ve 1456 1423.7 1.02
Vg 1596 1407.3 1.13

. Vs 1482 1332.5 1.11
Vo 1111 1011.8 1.10
Vi 928.7 923.6 1.01
Vaq 671.7 650.7 1.03
Vie 465.8 462.4 1.01
A" Vi 3226 2974 .4 1.08
Vi 1617 1447.3 1.12
Vi 1153 1044.4 ?.10

Vig 652.9 622.1 1.05
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Figure 3.1 Infrared spectrum of CHgq COONa in KBr pellet at room temperature; 1 mg sample suspended in

100 mg KBr powder. :
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Figure 3.2 Carbon-13 isotope shifts on fundamental frequencies
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Figure 3.15 Definition of stretching, bending and in-plane-rocking

coordinates for acetate ion molecule
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TaBLEL, ! Carboxylate—l3c Spin~Lattice Relaxation Times
for 0.5 mol dm-'3 Solution of Singly (1—130) and Doubly

(l,2—l3C) Labeled Sodium Acetates in DZO

8/K T, (1-c0)/s  T;(1,2-C0)/s 7, (P30 /s
273.7 78.0 65.3 401
79.8 66.7 : 406
- Ave. 404
282.6 95.0 80.8 541
94.2 80.9 573
Ave. 557
’ 287.8 103 89.3 671
101 87.4 649
< Ave. 660
293.0 106 93.2 772
303.0 112 102 1140
115 104 1090
Ave. 1120

TABLE %.2 i i i
BBLE %.,2 Effective Correlation Times (leff(cc)) and
Isotropic Rotational Diffusion Constants (D) for

l3C-—13C Dipolar

Acetate Ion in DZO Obtained from
Relaxation, and Activation Energy (Aga) for Overall

Molecular Reorientation

} 8/K 1017 1 ooy /s 10710 p/rag® 7t
273.7 8.42 1.98 .
282.6 6.11 2.73
287.8 5.15 3.23
293.0 4.39 3.79
3030 3.04 5.49

-1 *
AE /K3 mol™T 24 % 2

* The estimated uncertainty is 95 % confidence limit.
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13

TABLE #,3 Methyl-""C Spin-Lattice Relaxation Times and Nuclear

Overhauser Enhancement Factors£%¢) for 0.5 mol dm—3 Solution of
13 )

2--7C Sodium Acetate in D'Zoa
no. of runs 131

8/xK T, NOE T, (Me)/s ¢ T, (7TC-TH) /s
273.7 5 5 8.60 * 0.35 1.44 = 0.06 11.9 £ 0.9
282.6 3 7 10.3 £ 0.4 1.32 £ 0.06 15.5 + 1.3
287.8 ‘ 3 5 11.7 * 0.3 1.30 £ 0.04 17.9 £ 1.0
293.0 3 3 12.6 = 0.1 1.24 + 0.09 20.2 +* 1.6
303.0 4 11 l14.6 =+ 0.3 1.07 * 0.06 27.1 £ 2.1

a) The estimated uncertainty is 95 % confidence limit.

5 . . +
TABLE r,# Effective Correlation Times (Eeff(CH)) and

Methyl Internal Rotational Diffusion Constants (Qint)
for Acetate Ion in 'Dzo Obtained from l3C~1H Dipolar

Relaxation, and Activation Energy (AE

a(int)) for

Internal Rotational Process of Methyl Group

8/x 10" Totr (cm/® 1074 p, /raa® s
273.7 13.5 9.94
282.6 10.3 11.3
287.8 8.95 12.4
293.0 7.93 12.9
303.0.- 5.91 15.1
O
Aga(int)/kJ mol 9.8 £ 1.3

* The estimated uncertainty is 95 $% confidence limit.
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Figure 4.1 Carboxylate carbor-13 spin—latticé relaxation spectra for a
solution of 0.5 mol cim—3 containing equimolar amounts ofil— {center
line) and 1,2- (doublet lines) 13C labeled sodium acetatés at 282.6 K
obtainéd using the fast inversion-recovery pulse sequence [T-180°~-£~90°
s()], with m = 4 accumulations and 2.=:90 s. The delay time t. is
indicated below each spectrum. The first free induction decay was
excluded. {(a) The corresponding line intensity S(t)-delay time t

plots, the solid lines indicating fitted single-exponential curves,

S in arbitrary units. (b)
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Figure 4.2 Temperature dependence of isotropic rotational diffusion

3

constant, obtained from 13C—l3c dipolar relaxation for 0.5 fol dm”

sodium acetate in ?HZO.
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Figure 4.3 (a) Methyl Carbon-13 spin-lattice relaxation spectra for ‘
a solution of 0.5 mol dm—3 containing 13CH312COONa at 288.2 K obtained

using the inversion- recoverv pulse sequence [T-180°~t-90° S(t)]

with m=4 accumulations and T=59 s. The delay time t is indicated below
each spectrum. {b) The corresponding line intensity S(t)-delay tine
plot, the solid line indicating a fitted single-eprnential curve, S in

arbitrary units.

28.2

Figurélhq Temperature dependence of methyl internal rotational

diffusion constant obtained from

3

0.5 mol dm > sodium acetate in 2H20.

l3C—1H dipolar relaxation for
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H (87,07 + 2k [ (81) (Ar,y) +(8r,) (Arg) +(Ary) (Arg)] + 2kp4 (A1) (ad)
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Zle(Al)(As) + deS(Ad)(As) + Zfla(Al)(Aa1+Au2+Au3)

+

+

Zflw(Al)(Aw) + Zle(Al)(Ay) + Zfdw(Ad)(Aw) + Zde(Ad)(Ay)

+ 2f As) (Ae) + 2fS (As) (Ay) + 2fsy(As)(Ay) + ZhaB[(Aa1)(AB1)

v

SE(

+(day) (AB,) +(Aag) (AB3)] + 2hg[ (AB1) (AB,) +(AB) (AB3) +(AB,) (AB5)]

+ 2h82W(Aﬂ)(A82—AB3) + 2hw€(Aw)(A€) + ZhYE(Ay)(Ag) + Zth(AY)(QW)

+ ZhWTT(Aﬂ)(ATT) (5.3)
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TABLE 5.1 Observed and Calculated Fundamental Frequencies for lZCH312COONa
giiigien— Assign-  Obsd. Freg./cm ©  Calcd. Potential Energy
Cg ment 290 X 80 K }?req./cm_l Distribution®
’ *
A Bl 3000.9 3002.8 3006.0 29 Vas(CH3)
v, 2933.6  2930.1°  2928.8 100 v_(cH,)
* .
Vs 1583.7 1579.5 1583.6 86 VaS(CO), 13 Yin(OCO)
+ *
Yy ~1440 1423.7 1427.7 66 VS(CO), 18 GaS(CHB):
15 §(0CO), 12 v(C-C)
*
25 ~1420 . 1407.3 14131.4 74 GaS(CH3)' 20 Vs(CO)
*
Ve 1333.8 1332.5 1333.7 89 SS(CH3), 10 v(C-C)
*
vy 1011.8 i0iz.s 1013.4 70 Yin(Cd3)r 16 Vas(COL‘
*
28 923.6 922.8 924.9 53 v(C-C), 26 §(oCO),
17 VS(CO)
*
Vg 650.7 650.3 651.1 57 §(0C0O}, 25 v(C-C)
*
Y10 462.4 467.9 465.6 98 Yin(OCO), 28 Yin(CH3)
<. *
a” vi1 2983.2  2974.4 2978.7 99 v (CH,)
N )
vy,  ~1440" 144737 1439.2 97 &(cH,)
*
Y13 1044.4 1045.0 1045.4 59 W(CH3), 25 w(0C0)
CVig 622.1°  625.1 622.5 78 w(0CO), 39 w(CH,)
Vis not obsd. 204.1 100 T(CH3)
TABLE 5:2» Observed and Calculated Fundamental Freguencies for. 12CD312COONa
Ezgiiien— Assign- Obsd. Freq./cm_l Calcd. Potential Energy
c, ment 290 K 80 X Freq./cm © pistribution®’
’ . *
A 21 2255.2 2255.3 2251.5 97 VaS(CD3)
v, not obsd. 2105.9 98 VS(CD3)
]
Vq 1568.4 1566.1 1564.9 94 VaS(CO), 13 Yin(OCO)
*
24 1423.2 1425.4 1420.3 g8 VS(CO), 21 v{(c~-C),
20 §(0co)
*
25 1082.5 1083.4 -1081.8 76 GS(CD3)' 30 v{c-C)
%
0 .
Vs 1031.2 1027.8 . 1027.3 88 GaS(CDB)
* _
27 880.7 880.0 879.3 37 §({oco), 25 v(c-C),
_ 15 5S(CD3), 14 v_(co)
*
28 827.8 828.7 823.9 57 Yin(CD3)' 11 Yin(OCO)
10 vas(co)
*
Eg’ 613.4 613.1 609.3 46 8§ (0CO), 28 Vv{(C-C)
*
210‘ 412.6 409.8 405.6 -~ 88 Yin(OCO), 44 Yin(CD3)
I v, 2231.0 2227.2°  2223.8 98 v (cD,)
+ *
212 ~1040 1040.5 1040.2 98 G(CD3)
*
213 928.2 929.8 924.8 49 w(QC0), 36 W(CD3)
*
214 525.5, 529.0 521.0 65 Tr(CD3), 53 7 (0CO)
215 vnot_pbsd._» 1459.8 A 100 T(CDB)

* Frequency used for the determination of the force field.

t Not resolved,

a) Contributions smaller than 10% are omitted.
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Table 5.3 : Calculated Fundamental Frequencies forMCHZDuCOONa /23

Represen- s - : i
fation Assign Calcd. Freq./cm 1 Potential Energ¥
Cs ment Distribution
t
A vy 2954.4 60 VS(CHZD), 39 vas(CHzD)
Yy 2205.3 58 vas(CHzD), 39 vS(CHZD)
vy 1567.6 93 vaS(CO), 13 yin(oco)
Vy 1421.9 87 vs(CO), 20 v{(c-C),
20 §(oco)
Vg 1382.3 95 GaS(CHzD)
Ve 1277.5 91 GS(CHZD), 11 v{C-C)
v, 933.9 44 v{(Cc-C), 19 §(oC0O),
13 Yin(CHZD), 13 vs(CO)
Vg 852.2 44 Yin(CHZD), 11 &{0C0)
. v9 645,3 52 §(0C0O), 27 v{C-C)
4 BN
v10 421.3 89 Yin(OCO), 40AYin(CHZD)
A" V11 2978.3 99 V(CHZD)
V12 1247.3 85 S(CHZD), 16 W(CHZD)
v13 1025.7 46 “(CHZD), 27 w(0CO),
12 6(CH2D)
v14 613.6 75 m{OCO)}, 40 "(CHzD)
v
15 181.6 100 T(CHZD)

Table 5.4 : Calculated Fundamental Frequencies for 12CHD;ZCOONa

Represen-—

tation Assign- caled. Freq./cm—1 Potential Energ¥
Cs ment Distribution
At vy 2985.3 71 vaS(CHDz), 28 vS(CHDZ)
v2 2151.0 71 VS(CHDZ), 27 vas(CHDZ)
v3 1581.0 87 vas(co), 12 Yin(OCO)
vy 1421.5 88 VS(CO), 21 v(c-Q),
20 8 (oco)
Ve 1216.4 72 8_(CHD,), 18 §, ¢ (CHD,),
10 v({c-C), 10 Yin(CHDz)
v6 1033.2 78 6aS(CHDZ) v
v, 953.4 36 v(Cc-C), 32 Yin(CHDZ)
v8 862.4 27 §(0C0o), 21 Yin(CHD2)’
15 SS(CHDZ)
"’ Vg 614.8 48 §(0co), 27 v(c-C)
v10 439.9 94 yin(oco), 33 Yin(CHDZ)
n \)
A 11 2225.5 98 v(CHDz)
)
12 1281.9 98 (CHDZ)
13 924.9 49 w(oco), 37 ﬂ(CHDz)
14 525.8 65 N(CHDZ), 54 7 (0CO)
15 162.2 100 T(CHDZ)

a) Contributions smaller than 10% are omitted.



/24

TPe33TWO ®Iv 30l URYI ISTTRWS SUOTINGTIFUOD (B

TPOIITWO BI® §Q| URY3 ISTTLWS SUOTINGTIIUOD (B

(“amd) 2 ool £ 1vl Sta (1°HD) » 66 LTL9l Sha
(000) & zvy ‘(Camd) L 9. 9°19p A (z°H0) 2 0% ‘(0DO)L bL ¥°809 LA9N
(“amo) L 9z * (0D0) L 09 0°ves £ha (z%u0) ¢ vz
(‘D) 9 96 L'zzzL 2N ‘(0o0)r 8z ‘(ifHD)L sf 9°L00L €y
(Camo) & 6 0°8L6L Lo WY (z°B0)r gz ‘(alud)e 2L v gglLlL AN
e ur - . oL (z%m)a ool £°8L67 o oY
("oHd) "A L€ ‘(0D0) "TA 88 6°LLY o b
(“ano) %9 w1 (x%10) %9 o1
“(0-D)n Sz ‘(0DO) 9 §E 7' 9LS 64 “@luo) " 6y (0001 "FA 1B b 98¢ Ol
Cauo) %% €1« (Como) VTA g1 . (9-0)a 1z ‘(000)¢ 9 £'8€9 6a )
“(C1uo) %9 oz ‘(000)¢ et L*96L 84 . (000) “Fa gt a
(*zu0) °%5 69 0°206 Ly “(000)9 st ‘(x%mD) "TA 6t 6°98L 8a
(00)°a 1L ‘ (000} 9 ¥l (00) % g1
*(®zuo) A gL ‘ (0-D)a 05 v 976 9 ‘(000) 9 ZT ‘(D-D)a 8 S LE6 Lo
(o-0)a 11 (aud) 5% z1 (0-0)a oL ‘(2% %y 18 670521 %
“Cauo)"Th L1 v (Cano) Bo g9 8 sLLL Sa (2%80) %% L8 brzLEL Sa
(000} 9 07 (000) 5 07
‘(0-D)a 1z ‘(0D) A g8 8 ozyl Ta ‘(0-D)a 0z ‘(0D)°n g8 polzvl 7o
(000) "FA 11+ (00) %%n L8 S 55l o (000) “FA z1 (001 %% g6 6°1951 €a
ANBmovmm> 9z ~Amemovm> 9g zLzel [ HBNmoum> g€ \Aammuvmm> SS 8 z68L [N
(“oo) ®a 6z ¢ (Camo) %Fa oL 8°¥862 Lo N : (2°80) %%a g * (1%mD) 5 29 8 €562 ta R
(eUOTANATIISTA Jusu 5 (eUOTINATIISTA _ Jusu 5
Abroug Tetjusjoq -0/ TPIXI TPOTRD_yprgey _ussarden Abasug Ter3usioq  (-UO/TPIIL TPITRD_ypigqy —uosordon
MZOOUNFNBmUNF 103 sotousnbaxg Tejuswepung peleINOIER) 95 aTqel mZOOUNPBNmUNF 103 satousnboxg Tejuswepung pe3lBINOTED : §°§ S19el



Table 5.7 : Calculated Fundamental freguencies for MCDzT"COONa
125
Represen- s _ .
tation Assign Calcd. Freg./cm 1 Potential Energ¥
Cs ment Distribution®
i
A v1 2172.4 _ 57 vas(CDZT), 40 vs(CozT)
v, 1865.5 57 vS(CDzT), 37 vas(CDZT)
V3 1559.8 94 vaS(CO), 12 Yin(OCO)
Yy 1419.8 88 vs(CO), 21 v(c-C),
20 §(oCo)
VS 1053.8 70 SS(CDZT), 37 v(C-C)
Ve 1014.6 92 Sas(CDzT)
V7 871.4 38 §(oco), 19 6S(CD2T),
19 v(Cc-C), 13 vs(CO)
v
8 764.0 48 Yin(CDzT), 17 Yin(OCO)
i Vg 603.5 42 §({oco), 29 v(C-C)
v
10 376.5 81 Yin(OCO){ 51 Yin(CDzT)
n v
A 11 2223.4 98 v(CD,T)
v
12 948.0 96 G(CDZT)
V13 924.4 50 w{0OC0), 34 n(CDZT)
V14 517.5 64 w(CDzT), 53 7 {0OCO)
v
15 141.3 100 r(CDzT)
Table 5.8 : Calculated Fundamental Frequencies for 12CDT212COONa
Represen- C _ .
tation Assign Calcd. Freq./cm Potential Energ¥
Cs ment Distribution
A' v1 2219.0 80 vaS(CDTZ), 17 vS(CDTZ)
v, 1804.0 79 vS(CDTZ), 15 vaS(CDTZ)
vy 1561.6 93 vaS(CO), 12 Yin(OCO)
Vg 1419.6 88 vs(CO), 21 vi{c-C),
20 $§(oCo)
Vg 1032.5 62 és(CDTZ), 42 v(C-C)
Ve 890.9 76 Gas(CDTz)
v, 863.9 30 §(oco), 18 5S(CDT2),
15 v(C-C), 12 Yin(CDTz)
Vg 771.7 38 Yin(CDTZ), 17 Sas(CDTZ)
. 13 $(0CO0)
Vg 570.6 36 §(oco), 26 v{c-C),
8
15 S(CDTZ)
V10 391.2 85 Yin(OCO), 47 Yin(CDTZ)
At V11 1913.6 96 V(CDTZ)
V12 970.1 94 S(CDTZ)
V13 881.5 57 w{0OCO), 26 n(CDTZ)
V14 459.6 76 ﬂ(CDTZ), 43 w{0CO0)
v
15 132.8 100 T(CDTZ)

a) Contributions smaller than 10% are omitted.



Table 5.9 : Calculated Fundamental Frequencies for 12CT312COONa
Represen-— sy _ s
fation Assign Calcd. Freq./cm 1 Potential Energ¥
Cs ment Distribution
Al vy 1945.6 93 vaS(CTB)
v, 1755.1 96 VS(CTB)
v, 1557.7 95 vas(CO), 12 v, , (0C0)
vy 1418.9 88 vS(CO), 20 v(c-C),
20 §(0oCo)
vs 1005.6 51 v(C-C), 50 és(CT3)
V6 877.1 79 6aS(CT3)
v7 832.9 44 §{oCoO), 31 GS(CT3)
V8 728.5 44 Yin(CTB)' 17 Sas(CT3),
14 Yin(OCO)
V9 565.2 34 §(oco), 27 vi{c-C),
17 GS(CT3)
v10 367.0 80 Yin(OCO), 54 Yin(CT3)
A" v11 1912.5 96 V(CT3)
Vis 894.6 48 m(0CO), 24 $(CT,},
15 W(CT3)
Vis 856.1 74 §(CT;), 12 W(CT,),
12 m {0CO)
V14 458.1 75'“(CT3), 43 m (OCO)
v
15 126.7 100 T(CT3)

a) Contributions smaller than 10% are omitted.
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TABLE 5.10 Calculated Reduced Partition Function Ratios of Acetate Ion

Molecules with respect to Isotope Substitution of Deuterium for Hydrogen

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
CHD,CO0™ /CH,DCOO™ 10.368 6.720 4.883 3.827° 3.162
CHZDCOO_/CHBCOO— 10.285 6.701 4.884 3.835 3.172
CD3coo"/CHD2000' 10.269 6.677 4.861 3.816 3.156
CDTZCOO_/CHTZCOO— 10.954 7.016 5.055 3.938 3.240

N

TABLE 5.1f Calculated Reduced Partition Function Ratios of Acetate Ion

Molecules with respect to Isotope Substitution of Tritium for Hydrogen

Pairs of Temperature /K
Isotopic Species 300 350 400 450 - 500
cuTzcoo"/chzTcoo" 26.020 14.086 8.974 6.370 4.874
CH2Tcoo"/CH3coo" 25.751 14.056 8.999 6.405 4.908
cozTcoo“/cunzcoo' 27.428 14.719 9.315 6.578 5.012
CT3coo“/cuT2coo‘ 27.909 14.890 9.389 6.614 5.032

0y

TABLE §5.{2 Calculated Reduced Partition Function Ratios of Acetate Ion

Molecules with respect to Isotope Substitution of Tritium for Deuterium

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
cnzmcoo‘/CHzncoo" 2.504 2.098 1.843 1.670 1.547
CDT,C00™ /CD,TCO0™ 2.510 2.096 1.838 1.664 1.541
CD,TCO0 ™ /CD4C00™ 2.671 2.204 1.916 1.724 1.588
2.548 2.122 1.857 1.679 1.553

CT3COO /CDTZCOO

¥

/

27
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Table 5.13 Structural Parameters of Acetic Acid Monomer?

Bond Lengthb) Bond Angleb)
r1(C-H)=r2(C—H)=r3(C—H) 0.1102 a1(HCH)=a2(HCH)=a3(HCH) 109.47°
1(Cc-C) 0.1520 81(HCC)=62(HCC)=B3(HCC) 109.47°
d (C=0) 0.1214 1] 110.6°
s (C-0) 0.13641 € 107.0°
h {0-H) 0.097 Y 1.9°

a) Geometry at equilibrium according to Reference [9q ].

b} Symbols are in accord with the notations given in Figure 5.1,

Table 5.4 : Symmetry Coordinates for Acetic Acid Monomer
: Represen-
tation Symmetry Coordinate Notation Description
) °
_ _ Asym. CH
Al (1//6)(2Ar1 Ar, Ar3) vaS(CHB) atretch 3
Sym. CH
(1//3) (br g+ by +Axg) Vg (CH3) Stretch
Ah v (OH) OH Stretch
Ad v (C=0) C=0 Stretch
As v (C-0)} C-0 Stretch
AL v(C-C) C~C Stretch
_ B Asym. CH
(1//5)(2Aa1 A“z AGB) sas(CH3) Deform.
(1/1/6) (Aa1+Aa2+Aa3 65 (CH3) §Zz§ér§H
—AB1~A62—A63)
In-Plane
B (1//6) (248,-48,-48) Yin“®3) cH, Rock
' e - §{CcoH) -  COH Bend
Ay § (0-CC) OCC Bend
In-Plane
A =
Y Yin(C o) C=0 Rock
(1//6)(Aa1+Aa2+Aa3 Redundant
+AS1+A82+AB3)
A (1//2) (br,~br 4) v (CHj) CH, Stretch
(1//2)(Aa2—Aa3) 6(CH3) CH, Deform.
(1//2) (88 ,-48 -) m (CH,) Qut-of-Plane
2 3 3 CH3 Rock
_ Qut-of-Plane
amw T (C=0) C=0 Rock
AT1 T (OH) OH Torsion
AT2 T(CHB) CH3 Torsion




/29

Table 5.15 : Harmonic Force Constants for Acetic Acid Monomera)

. Diagonal . Off-Diagonal
Notation Force Constants Notation Force Constants
Stretch Stret.-stret. interaction
107 K/N am t 10’ k/N am L
5.057 £+ 0.021 k 0.050 + 0.013
=5 Zr
X, 4,823 + 0.008 Eds 0.832 £ 0.277
Eh 7.135 £ 0.007 Eld ' 1.123 £ 0.343
Ed 12.512 + 0.024 Kls 0.€34 * 0.064
K, 5.381 + 0.060
Stret.-bend interaction
K, 4.876 + 0.032 g
10° £/N
+
Bend §dw 1.257 £ 0.181
9
10° H/N nm Loy -0.231 £ 0.114
H 0.531 = 0.004 £ 0.0%4 = 0.049
= —sy :
. + . =0, * .070
Eﬁl 0.705 0.033 £5Y 451 0.0
EBz 0.566 * 0.017 Ese ~-0.346 + 0.020
H - - 0.704 £ 0.007 £ -0.324 + 0.007
—€ i =lo
. £ 0. £ 0.943 £ 0.070
EW 1.822 0.015 L1y 9
H 2.543 = 0.018 £ -0.894 £ 0.079
=Y =1y
H 0.676 £ 0.009
= Bend-bend interaction
H 0.161 % 0.001 9
1 * 10° h/N nm
H 0.0150
2 hg 0.009 * 0.026
h 0.002 £ 0.009
=B
- £
EBZW 0.084 0.002
. .
By 0.216 * 0.022
’ h ~0.132 * 0.016
—YEe
-0.383 * 0.043
By
h 0.005 = 0.002
=TTy

a) The errors shown are standard deviations.
* Derived from a three-fold Vs barrier for acetic acid ( ref. (13)).
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Table 5.30 : Calculated Fundamental Frequencies for CT ,CO0T
Represen- s Calcd. Freq.
tation Assign - Potential Energy Distributiona)
C ment cm
s
A'. vy . 2209.8 95.v (0T}
.“2 .1958.4 95 vas(CT3)
vy 1773.3 88 vS(CT3)
vy 1754.3 87 v (C=0)
vg 1264.1 58 v{C-0), 35 v(C-C}, 15 §(0-CC),
11 Yin(C=O)
Vg 989.1 59 GS(CT3), 50 v{C-C)
Vg 915.2 38 &(coT), 18 y(C—O), 14 Yin(C:O),
13 §_(CT,)
vg 864.6 94 das(CT3)
Vg 707.9 39 Yin(CT3), 11 v(C-C)
- Vi 644.3 31 Yin(CT3), 22 SS(CT3), 20 v({Cc-C)
Viq 484.9 65 v,;,(C=0), 31 §(coT), 11 Y, (CT3)
\)12 354.3 91 §(o-CcC}, 19 &(coT), 14 Yin(CT3)
A" Vq3 1921.0 96 v(CTB)
Vig 875.0 46 mw(C=0), 22 n(CT3), 17 G(CT3)
Vs 852.6 81 G(CT3), 10 ﬁ(CT3)
V6 469.9 60 1T(CTB), 35 m(C=0), 23 T(OT)
Vg 344 .1 76 T(OT}, 16 w(C=0), 12 n(CT3)
\)18 56.4 100 T(CTB)

a) Contributions smaller than 10% are omitted.
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Table 5.31 : Calculated Reduced Partition Function Ratios of Acetic Acid

Monomer with Respect to Isotope Substitution of Deuterium for Hydrogen

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
CH3COOD/CH3COOH 12.361 7.900 5.678 4.411 3.616
CD3COOD/CD3COOH 12.014 7.720 5.571 4.341 3.567
CT3COOD/CT3COOH 13.367 8.417 5.985 4.612 3.757
CHD2COOH/CH2DCOOH 9.778 6.414 4.701 3.708 3.079
CHZDCOOH/CH3COOH 10.905 7.035 5.089 3.973 3.271
CD3COOH/CHD2COOH 12.194 7.677 5.459 4.209 3.433
CDTZCOOH/CHTZCOOH 11.853 7.485 5.337 4.124 3.371

Table §5.32 : Calculated Reduced Partition Function Ratios of Acetic Acid

Monomer with Respect to Isotopé Substitution of Tritium for Hydrogen

Pairs of Temperature /K

Isotopic Species 300 350 400 450 500

CH3COOT/CH3COOH 36.198 18.954 11.770 8.179 6.144
CDBCOOT/CDBCOOH 36.177 18.928 11.749 8.163 6.132
CT3COOT/CTQCOOH 37.678 19.573 12.085 8.363 6.262
CHT, COOH/CH,, TCOOH 23.983 13.204 8.516 6.100 4.700
CH2TCOOH/CH3COOH 28.166 15.136 9.576 €.754 5.138
CDZTCOOH/CHDZCOOH 30.612 16.101 10.040 7.009 5.2984
CT ,COOH /CHT,,COOH 31.180 16.300 10.124 7.051 5.316

Table §.33 : Calculated Reduced Partition Function Ratios of Acetic Acid

Monomer with Respect to Isotope Substitution of Tritium for Deuterium

Pairs of Temperature /K
Isotopic Species 300 350 400 450 500
CH3COOT/CH3COOD 2.928 2.399 2.073 1.854 1.699
CD3COOT/CD3COOD 3.011 2.452 2.109 1.880 1.719
CT3COOT/CTBCOOD 2.819 2.325 2.019 1.813 1.667
CHZTCOOH/CﬂzDCOOH 2.583 2.151 1.882 1.700 1.571
CDTZCOOH/CDZTCOOH 2.453 2.059 1.812 1.645 1.526
CDZTCOOH/CD3COOH 2.510 2.097 1.839 1.665 1.542
CT3COOH/CDT2COOH 2.631 2.178 1.897 1.710 1.577
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Fig. 5.1 Definition of stretching, bending and in-plane rocking coordinates

for acetic acid monomer
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Table 6.1 : Methyl—13c Spin-Lattice Relaxation Times

(T1(Me)) and Nuclear Overhauser Enhancement Factors ()

for 0.5 mol dm_3 Solution of 2—13C Acetate in DZOa)
no. of runs
8/K T, NoE T, (Me) /s $
273.7 5 5 8.60 * 0.35 1.44 * 0.06
277.7 4 5 9.43 = 0.13 1.36 £ 0.09
282.6 3 7 10.3 £ 0.4 1.32 £ 0.06
287.8 3 5 11.7 £ 0.3 1.30 £ 0.04
293.0 3 3 12.6 £ 0.1 1.24 £ 0.09
298.2 2 6 13.4 1.09 £ 0.08
303.2 4 11 14.6 £ 0.2 1.07 £ 0.06

a) The estimated uncertainty is 95 % confidence limit.

Table 6.2 : Dipolar Spin-Lattice Relaxation Times

13,1

(T1( C- H)) and ngective Correlation Times (Teff(CH))
for Acetate in DZO

. 13,1 13
-."8/K T1( C- 'H)/s 10 Teff(CH)/s
273.7 11.9 £ 0.9 13.5 £ 1.1
277.7 13.8 = 1.1 11.6 £ 1.0
282.6 15.5 * 1.3 10.3 £ 0.9
287.8 17.9 £ 1.0 8.95 = .53
293.0 20.2 £ 1.6 7.93 =+ 0.68
298.2 24.4 £ 1.9 6.57 £ 0.55
303.2 27.1 £ 2.1 5.91 + 0.49

a) The estimated uncertainty is 95 % confidence limit.

Table 6.3 : Deuterium Spin-Lattice Relaxation Times

and Effective Correlatlona?lmes (Teff(CD)) for
Deuterated Acetate in DZO
no. of 13

8/ runs T1/s 10 Teff(CD)/S
277.7 4 1.306 *# 0.034 13.8 + 0.4
282.6 4 1.527 * 0.020 11.8 = 0.2
287.8 4 1.755 + 0.031 10.3 £ 0.2
293.0 3 1.994 + 0.053 9.04 £ 0.25
298.2 3 2.205 £ 0.010 8.17 = 0.04
303.2 4 2.396 * 0.066 7.52 = 0.21

a) The estimated uncertainty is 95 % confidence limit.

/6/
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Table 6.4 : Hydrogen Isotope Effects on Correlation Times
for Normal and Deuterated Acetates in Dzoa)

6/ 1013 Teff/s

CHBCOO CD3COO
273.7 13.5 1.1 _—
277.7 11.6 £ 1.0 13.8 * 0.4
282.6 10.3 £ 0.9 11.8 + 0.2
287.8 8.95 £ 0.53 10.3 £ 0.2
293.0 7.93 £ 0.68 9.04 £ 0.25
298.2 6.57 + 0.55 8.17 = 0.04
303.2 5.91 £ 0.49 7.52 + 0.21

a) The estimated uncertainty is 95 % confidence limit.

Table 6.5 : Deuterium Spin-Lattice Relaxation Times

% and Effective Correlation Times (Teff(CD)) for
Deuterated Acetate in Hzoa)

8/x Mine Ty/s 107 e ooy /5
277.7 4 1.569 ¢ 0.010 11.5 = 0.1
282.6 4 1.795 £ 0.025 10.0 ¢ 0.1
287.8 4 2.031 + 0.008 8.88 = 0.04
293.0 4 2.274 £ 0.013 7.92 ¢ 0.05
298.2 4 2.528 £ 0.010 7.13 + 0.03
303.2 4 2.743 £ 0.050 6.57 * 0.12

a) The estimated uncertainty is 95 % confidence limit.

Table 6.6 : Solvent Isotope Effects on Correlation

Times Obtained from Quadrupolar Relaxation of Deuterium for

Deuterated Acetate in sz and Dzoa)

0/x 1077 Tt (en)/®
in HZO in D20
277.9 11.5 £ 0.1 13.8 £ 0.4
282.9 10.0 £ 0.1 11.8 £ 0.2
287.9 8.88 + 0.04 10.3 £ 0.2
293.0 7.92 * 0.05 9.04 * 0.25
298.2 7.13 £ 0.03 8.17 £ 0.04
303.2 6.57 *0.12 7.52 £ 0.21
AE./kJ mol”' 16.6 * 0.5 18.9 * 0.3

a) The estimated uncertainty is 95 % confidence limit.

+

* Apparent activation energy between 277.9 and 293.0 K.
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Table 6.7

Correlation Times

*
: Comparison of Viscosities with

8 /K 10 n/ s m? "p,0 Tef£(D,0)

Hy0 Dy0 "H#,0 Teff (H,0)
277.9 1.4971 1.982  1.32 1.20
282.9 1.3003  1.681 1.29 1.18
2879 1.1397  1.442  1.27 1.16
7 293.0 1.002 1.248  1.25 1.14
298.2 0.890 1.097  1.23 1.15
303.2 0.7992  0.972  1.22 1.14

* Taken from Ref.

(36) .
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a) The estimated uncertainty

is 95% confidence limit.

* Numbers in parentheses indicate number of runs.

TABLE 6.1 Effectiwe Correlation Times (Ieff) Obtained from

Quadrupolar Relaxation of deuterium for Hz

0 - D,0 Mixtures

3

deuterium atom fraction (n)

2

8 6.8%107°  6.8x10" 0.250 0.500 0.997
X 12 o
1077 Topg/®

278.2 4.99 5.03 5.42 5.62 6.38
283.2 4.21 4.27 4.55 4.69 5.30
288.2 3.63 3.63 3.90 3.99 4.48°
293.2 3.14 3.15 3.35 3.43 3.79
298.2 2.74 2.76 2.92 2.99 3.27

* -
Ef/k mol™d  20.6:0.4 20.8:0.4 21.230.4 21.8:0.5 23.020.4

* Activation energles of molecular reorientational processes;

the errors shown are standard deviations.

TABLE 6.8 Deuterium Spin-Lattice Relaxation Times (gl) of HZO - D2O Mixturesa)
deuterium atom fraction (n)
2 §.8x1073 6.8x1072 0.250 0.500 0.997
K
21/5
*
278.2 0.295%0.002(4) 0.293i0.0q4(4) 0.272+0.003(4) 0.262+0,003(4) .231£0.002(5)
283.2 0.35020.002(4) 0.345+£0.005 (4) 0.324+0.001(4) 0.314+0.002(4) .27810.002(5)
288.2 0.40620.004(4) 0.406+0.004 (4) 0.378t0{001(4) 0.369£0.002(4) .329+0.001(5)
293.2 0.469+0,004(7) 0.468£0.005(4) 0.440+0.004(4) 0.430+0.003(5) .389+0.003(7)
. 298.2 0.537£0.005(4) 0.534+0.002(5) 0.504+0.003(4) 0.49350.006(5) .45020.,003(5)
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TABLE 6.10 Empirical Relationship between Correlation Time and Viscosity of ﬁzo at Various

Temperatures.
3+ -2 7 -1 ,.-1 2 -1 -1
s/k 107 ny /N s 107 Togg8ily o/N 7m0 K (Tegs 80y, 01/ e 2 g ol1sec
278.2 1.520 9.12 0.995
283.2 1.307 9.10 0.992
288.2 1.138 9.16 1.000
293.2 1.002 9.17 ' 1.000
298.2 0.890 9.16 1.000
* & — -
average 9.14 + 0.04 0.997 ¢ 0.004

* Taken from Ref. {i8].

b

*#% The estimated uncertainty is 95% confidence limit.

7ABLE 6.1l Empirical Relationship between'Correlation Time and Viscosity of D,0 at Various

Temperatures. o
3 % -2 7 -1 ,.-1 2 -1 -1
8/k 10 ,EDZO/N s m 107 T 68 QDZO/N n” K (Toee-8 QD201/{1eff 8 QDZO]lSoC
278.2 1,982 8.98 1.000
% 283.2 1.681 8.95 0.998
288.2 1.442 8.97 1.000
293.2 1.248 " 8.92 v 0.994
298.2 1.097 8.92 0.994
k% —
average 8.95 ¢t 0.03 0.997 + 0.004

* Taken from Ref. ([18].

** The estimated uncertainty is 95% confidence limit. -



(b)

t/s

30 Hz

=
Jp,ﬁ_JL J_.L.H—

SR TTTT TV

Figure 6.1 (a) Deuterium spin-lattice relaxation spectra for a solution
of 0.5 mol dm—3 containing CD3COONa at 298.2 K obtained using the
inversion-recovery pulse sequence [T-180°-t-90° S(t)]m with m=4 and

T=12 s. The delay time t is indicated below each spectrum.

(b) The corresponding line intensity §(t)-delay time plot, the solid

line indicating a fitted single-exponential curve, S in arbitrary units.
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[=]

t/s

50 Hz
lk ’ B
L e
. . .2 0.9 0.7 0.55 0.4 0.3 ~\(—~-\(——

0.22
0.16
0.12
0.08
0.06

0.04

0.02 s

Figureé.étpeuterium spin—-lattice relaxation spectra for a mixture of

.Hzo - DZO with a deuterium atom fraction of 6.8!10‘3ﬂat 298.2 K

obtained using the inversion-recovery pulse sequence [2—180°—Ef90° §(g)]m
with m = 4 accumulations and T = 2.3 s, the delay time t indicated

below each spectrum {a); the cerresponding line intensity S{t)- delay

time t plot, the solid line indicating a fitted single exponential cuxrve,

S in arbitrary units (b}.
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Inf10 Yéff(n)/S]

1.9 (a) Ny

1.8}
(D)

(c)

(d)
1.6

1.4

Ler 0.997

0.50
0.25

1.0 6.8 X 1073

3.4 3.5 3.6
10 o7t
Figure 6.7 Arrhenius plots of correlation times obtained from quadru-
polar relaxation of deuterium for H20~D20 mixtures: deuterium atom

fraction {(n) = 0.997{a), 0.50(b), 0.25(c), and 6.8 10_3(d).

The error bars correspond fo tha wmcertointy ok S % comfidemes.
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