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ABSTRACT 

Part I 

Potassium bis-(tricyanovinyl) amine, K+N[ C(CN)=C(CN) 2] 2 -, 

crystallizes in the monoclinic system with the space group Cc and 

lattice constants, a = 13. 346 ± 0. 003 A, b = 10. 191 ± 0. 001 A, c = 

8. 992 ± 0. 003 A, B = 114. 42 ± 0. 02 °, and Z = 4. Three dimensional 

* * intensity data were collected by layers perpendicular to b and c 

axes. The crystal structure was refined by the least squares method 

with anisotropic temperature factor to an R value of 0. 064. 

The average carbon-carbon and carbon-nitrogen bond distances 
0 0 

in -C-C==N are 1. 441 ± 0. 016 A and 1. 146 ± 0. 014 A respectively. 

The bis-(tricyanovinyl) amine anion is approximately planar. The 

coordination number of the potassium ion is eight with bond distances 
0 0 

from 2. 890 A to 3. 408 A. The bond angle C-N-C of the amine 

nitrogen is 132. 4 ± 1. 9 °. Among six cyano groups in the molecule, 

two of them are bent by what appear to be significant amounts (5. 0° 

and 7. 2°). The remaining four are linear within the experimental 

error. The bending can probably be explained by molecular packing 

forces in the crystals. 
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Part II 

1 t . f81B dl271 . The nuc ear magne ic resonance o r an rn aqueous 

solutions were studied. The cation-halide ion interactions were 

studied by studying the effect of the Li+, Na+, K+, Mg++, Cs+ upon 

the line width of the halide ions. The solvent-halide ion interactions 

were studied by studying the effect of methanol, acetonitrile, and 

acetone upon the line width of 81 Br and 1271 in the aqueous solutions. 

It was found that the viscosity plays a very important role upon the 

halide ions line width. There is no specific cation-halide ion inter-

' action for those ions such as Mg++, Di+, Na+, and K+, whereas the 

Cs+ - halide ion interaction is strong. The effect of organic solvents 

upon the halide ion line width in aqueous solutions is in the order 

acetone > acetonitrile > methanol. It is suggested that halide ions do 

form some stable complex with the solvent molecules and the reason 

Cs+ has an unusually large effect upon the halide ion line width is 

mainly due to the effect that Cs+ can replace one of the ligands in the 

solvent-halide ion complex. 
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Part III 

An unusually large isotope effect on the bridge hydrogen 

chemical shift of the enol form of pentanedione-2, 4 (acetylacetone) 

and 3-methylpentanedione-2, 4 has been observed. An attempt has 

been made to interpret this effect. It is suggested from the deu­

terium isotope effect studies, temperature dependence of the bridge 

hydrogen chemical shift studies, IR studies in the OH, OD, and 

C=O stretch regions, and the HMO calculations, that there may 

probably be two structures for the enol form of acetylacetone. The 

difference between these two structures arises mainly from the 

electronic structure of the 7T-system. The relative population of 

these two structures at various temperatures for normal acetyl­

acetone and at room temperature for the deuterated acetylacetone 

were calculated. 
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INTRODUCTION 

Bis-(tricyanovinyl)amine, NH[ C(CN)=C(CN)2 ] 2 , is a strong 

acid comparable in strength with the common inorganic acids. The 

configuration of the ion ,N( C(CN=C(CN)2] 2 - is unknown and has been 

the subject of speculation. The -C(CN)=C(CN) 2 groups themselves 

are closely related to the interesting series of recently prepared 

compounds in which most or all of the hydrogen atoms of the parent 

compounds have been replaced by the cyano groups. It has therefore 

seemed desirable to determine the structure of a salt of the above 

acid. 
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EXPERIMENTAL 

Crystals of the potassium salt of bis-(tricyanovinyl)amine 

were kindly supplied by Dr. D. W. Wiley of the Central Research 

Department, E. I. du Pont de Nemours & Company Incorporated. 

The material is dark brown in color and crystallizes in lathlike 

needles. The longest needle axis is the crystallographic c and the 

shortest needle thickness is the crystallographic a. Rotation and 

equi-inclination Weissenberg photographs taken with Cu Ka radiation 

showed the crystals to be monoclinic. A primitive unit cell was 

chosen with approximate parameters a = 13. 36 A, b = 10. 27 A, c = 
c 

9. 01 A, and B = 114°. The values were later refined by least squares 

with data primarily from photographs of crystals rotated about the b 

and c axes, taken with copper radiation and using a precision 

Straumanis type Weissenberg camera. The final cell parameters, 

based on least squares fitting to 37 and 40 equatorial reflection from 

photographs of crystals rotated about the band c axes respectively, 

are: 
0 

a= 13. 346 ± 0. 003 A 
0 

b = 10. 191 ± 0. 001 A 

c = a. 992 ± o. 003 A. 

B = 114. 42 ± 0. 02 ° 

The wavelengths used in the calculations are: Cu KO], = 1. 54051 A 
0 0 

Cu KG2 = 1. 54433 A, Cu Ka(weighted average) = 1. 5418 A. The 

observed extinctions; hkl when h + k is odd, hOl when 1 is odd, 
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showed that the space group is either Cc or C2/c. Intensity statistics 

(1) indicated that the space group is Cc (see Figure 1). The density 

of the crystal was measured by a floatation method with mixtures of 

chloroform and bromoform solution. The measured density is 1. 543 

g/cm3 and the calculated density is 1. 543 g/cm3 with Z = 4. 

Multiple-film equi-inclination Weissenberg photographs were 

taken with Cu KO:' radiation for layer lines 0 through 9 about the b axis 

and for layer lines 0 through 2 about the c axis. The intensities were 

estimated visually by comparison with intensity strips prepared from 

the same two crystals. The film factor k of any set of films with equi­

inclination angle µ is related to the film factor ko at normal incidence. 

by 

k = (ko )sec µ (1) 

Empirical film factors were obtained by averaging estimated inten­

sities for each pair of adjacent films in all sets and were corrected 

to normal incidence of the x-ray beam by equation (1). The weighted 

average of these factors gave a film factor for normal incidence of 

3. 657 . This factor, raised to sec µ power for any layer line set, was 

then used to relate the intensities on all films within the set to the 

first film of the set. 

The crystals used in the structure determination had all cross 

sections less than 0. 15 mm in maximum dimension. Only Lorentz and 

polarization corrections are necessary (in the later refinement it 

was found that the extinction correction was negligible). The 
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intensities were corrected for L. P . effects and compared with values 

obtained by oscillation about the other axis to obtain correction factors 

for the various exposure times. Finally, F 2 values were obtained on 

an arbitrary scale by taking weighted averages of the values observed 

about the two axes. Altogether, 953 reflections were collected from 

the possible 1400 reflections; of these, eight may need extinction 
I 

corrections, 77 were too faint to observe and only 868 reflections 

entered into the least squares cycles in the final refinement (see notes 

in the appendix). The final results are listed in the appendix. 
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DETERMINATION AND REFINEMENT OF THE STRUCTURE 

The x and z coordinates of potassium ion were arbitrarily 

assigned to be 0. 5000 and 1. 0000 respectively. The y coordinate of 

the potassium ion was readily determined from a three-dimensional 

unsharpened Patterson function. But the positions of light atoms 

(carbons and nitrogens) could not be deduced in tl1is way. A sharpened 

three-dimensional Patterson with the origin removed was then calcu-

lated. Atomic positions of one -C(CN)=C(CN)2 group were found. 

With these atomic positions structure factors and a three-dimensional 

electron density map were calculated. The remaining atomic positions 

became apparent; the anion was indeed approximately planar and the 

ionic plane was approximately parallel to (210). 

The trial structure was first refined through five least squares 

cycles on the 7094 computer with individual isotropic temperature 

factors. The R value was then 0 . 138 . (The R value is given by 

LllF sl - IF ill 
R = ob I lea the sum being over the observed reflections) 

L Fobs 

The quantity minimized in the least squares calculations is 

LW (I Fobs 1
2 

- I F cal J 2) 
2 with weights given from the initial data 

processing program. The values of atomic scattering factors used in 

the calculations are listed in the International Table for X-ray 

Crystallography (2). Five least squares cycles with anisotropic 

temperature factors 
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included in the refinement, were calculated next. Only the real part 

of the dispersion correction of potassium ion was considered (~ f' = 

o. 3)2
• The R value dropped from 13. 8% to 6. 78%. Finally, the 

weighting function was changed to 

1 
.fW = 

R + S I Fobs I + T I Fobs 12 + U I Fobs 13 

where R, S, T, and U were obtained by fitting the curve 

I Fobs I 2 - I F cal I 2 = R + S I Fobs I + TI Fobs I 2 + U I Fobs 1
3 

using the values of Fobs and F cal from the last least squares calcu­

lation. They are: R = 3882,. S = 716. 0, T = 756. 8, U = - 7. 046. 

Seven more least squares were run. The final R value was O. 064 for 

a total of 868 reflections . The mean shift .in the last cycle for co-
c 0 

ordinates and anisotropic temperature Bij were 0. 0004 A and 0. 00004 A 

respectively. The maximum shift in the last cycle for coordinates and 

temperature factors, Bij' were 0. 0013 A and 0. 00036 respectively. 

The coord.inates and anisotropic temperature factors as well as their 

standard deviations are listed in Tables I and II respectively. The 

calculated and observed I F I values are listed in the appendix. 
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Table I. Atomic Coordinates x 104 

x/a u;./a y/b Ui/b z/c ~/c ** Atom CJ 

.N( l) 4978 09 0248 10 7298 13 19 

N(2) 5809 10 3318 13 8436 15 23 

N(3 ) 0000 12 0640 12 12437 15 23 

N(4) 6330 12 -2358 13 10048 18 26 

N(5) 4365 11 -3113 11 6361 17 24 

N(6) 2030 11 -1129 13 2314 19 26 

N(7 ) 3)05 12 2514 13 4527 21 28 

c.;(8) 6403 09 1039 10 9667 1) 19 

c.;(. 9) 6079 09 2305 11 8971 16 22 

c.;(10) 7300 10 0799 14 11203 16 24 

C(ll) 5805 08 - 0011 11 8720 13 20 

C(l2) 6096 09 -1294 11 9425 14 20 

C(l3) 3508 08 0028 09 4780 13 18 

C(l4) 7507 09 1426 10 4604 16 21 

C(l5) 2702 11 -0688 15 3453 17 26 

c.;(16) 4289 . 09 - 0512 10 6148 14 20 

c(17) 4320 10 -1982 13 6271 17 24 

•·K+(l8)* 5000 -4657 01 10000 

* Coordinates x and z of K+ were arbitrarily assiened to 

be 0 .5000 and 1.0000 respectively. 
. 

** Standard deviations of atomic positions in A 
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* Table II. Final Thermal Parameters 

* Atom Bll B22 B33 Bl2 Bl3 B23 

N(l) .0060(04) .0117(14) .0166(16) -.0047(13) .0030(14) -.0099 (23) 

N(2) .009ll08) .0121(12) .0173(16) .0032(14) .0026(19) -.0005(21) 

~r( 3) .0106(09) .0133(13) .0190(20) -.0052(17) -.0074(23) .0065(24) 

N(4) .0104(09) .0133(13) .0241(25) -.0085(17) .0095(24) -.0002(27) 

N(5) .0097(09) .0096(11) .0244(21) .0024(13) .0054(22) .0100(23) 

N(6) .0090(09) .0162(16) .0209(19) -.0007(17) -.0035(22) -.0111(28) 

N('.l) .0113(10) .0113(12) .0295(28) -.0059(17) .0155(28) .0004(27) 

C(8) .0068(06) .0087(09) .0128(14) -.0014(12) .0031(17) .0022(19) 

0(9) .0074(08) .0090( 11) .0164(17) . • 0014(13) .0073(19) .0028(22) 

0(10) .0055(07) .0117 ( 12) .0156(17) -.0018(14) -.0038\20) -.0021(22) 

0(11) .0057(06) .0079(10) .0146(15) -.0029(11) .0028(18) -.0022(19) 

0(12) .0075(08) .0089(10) .0148(17) -.0031(12) .0045(19) -.0016(20) 

C(l3) .0069(06) .0077(08) .0151(13 ) -.0009(10) .0059(16) .0002(17) 

c(14) .0065(06) · .0092(11) .0186(17) -.0036(12) .0060(18) .0030(22 ) 

C(l5) .0076(09) .0115(11) .0194(20) -.0040(15) .0111(23) -.0073(23) 

C(l6) .0069(07) .0077(09) .0148(14) -.0011(13) .0076(16) -.0040(20) 

C(l7) .0074(08) .0125(14) .0184(19) .0041(14) .0095(22) .0047(25) 

K+(l8) .0077(01) . .0055(01) .0172(03) -.0003(02 ) .0046 (03)- .00007(05) 

*The figures in parentheses are standard deviations multiplied by 104 
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DISCUSSION 

Bond distances and bond angles of bis-(tricyanovinyl)amine ion 

are shown in Figure 2 and given in Tables III and IV. The standard 

deviation of a bond distance between atoms 1 and 2 ( a12) and the stand­

ard deviation of a bond angle between atoms 2, 1, and 3 (a213) were 

calculated from the following equations (3): 

2 2 2 
a12 = a1 + a2 

a 2 a 2 2 (s~, 1 2 
Cos•j'.213) 0'213 = _2_ + _3_ + 0'1 +-- -

s:2 s;3 2 sl3 S1z'313 

where an is the standard deviation of atom n 

Smn is the bond distance between atoms m and n. 

The normal of the mean ionic plane has direction cosines 

-0. 8985, O. 0682, and 0. 7661 with respect to the real crystallographic 

axes a, b, and c. The distances between atoms and the mean ionic 

plane are given in parentheses in Figure 2. 

Bond angles and distances of some compounds containing the 

-C==N group are given in Table V. The average carbon-carbon and 

carbon-nitrogen bond distances in -C-C=N in this compound are 
u 0 

1. 441 A and 1. 146 A respectively. These values check well with the 

values found by Kornblau and Hughes for hexacrylonitrile (see Table 

V). 



Fig. 2 Projection of the ion on the mean anionic plane 

(Figures in parentheses are heights in A of atom s above the plane .) 

NO) 
(-o.o~) 1-l 

!:\:> 
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Table III. Some Intraionic Bond Distances in N[ C2(CN)
3
J 

2 
-

Atom Atom value(1')* Atom Atom Value(~) >HI· 

1'T( l) C(ll) 1.325(27) N(l) C(9) 2.643 

N(l) C(l6) 1. 315( 30) N(l) C(l4) 2.689 

N(2) c(9) 1.133(32) C(lO) c(12) 2.750 

N(3) C(lO) 1.129(35) C(l2) C(l7) 2.931 

N(4) C(l2) 1. 201( 33) C(l5) C(l7) 2.881 

N(5) C(l7) i.155( 34) N(5) N(6) 4.203 

N(6) C(l5) 1.138(37) N(4) N(5) 3.358 

N(7J C(l4) 1.119( 36) N(3) N(4) 3.868 

c(a) C(9) l.421(29) N(l) N(2) 3.335 

G(8) C(lO) l.427(31) N(l) N(7) 3. 342 

G(8) C(ll) 1.395(27) N(4) C(lO) 3.463 

C(ll) C(l2) l.434(28) N(4) C(l?) 3.368 

c(13) C(l4) l.433(28) N(5) C(l2) 3.332 

C(l3) C(l5) l.433( 32) N(6) c(14) 3.398 

C(l3) C(l6) i.35a(27) · N(7) C(l6) 3.374 

C(l6) C(l7) 1.501(31) C(l2) C(l6) 3.043 

* The figures in parentheses are standard deviations 
multiplied by 103. 

** 'l'he standard deviation for the ·· non-bonded' · distances 
is about 0.03 }(. 
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Table IV. Some Bond Angles in N[ C2 (CN) 3] 2 -

Atom Atom Atom Value Standard devia tion 

C(ll) N(l) C(l6) 132.4° 1.90 

C(9) C(8) C(lO) 124.3 1.9 

C(lO) C(8) C(ll) 119. 9 1.8 

N(2) c(9) c(a) 178.5 3.2 

N(3) C(lO) c(a) 178.0 2.5 

C(l2) C(ll) N(l) 125.0 1.8 

C(l2) C(ll) C(8) 116.0 l. 7 

N(l) C(ll) c(8) 11s.3 1.8 

N(4) C(l2) C(ll) 178.3 2. 3 

C(l4) C(l3) C(l5) 116.6 1.8 

C(l4) C(l3) C(l6) 117.9 1.8 

C(l5) c(13) C(l6) 125.4 1.9 

N(7) C(l4) C(l3) 175.1 2. 2 

N(6) c(15) C(l3) 172.5 2. 9 

C(l7) C(l6) N(l) 122 .7 1.9 

C(l7) C(l6) C(l3) 117 . 3 1.8 

N(l) C(l6) C(l3) 120.0 1.9 

N(5) C(l7J C(l6) 178.5 2.5 
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Table V. Bond Angles and Distances of Some 

Compounds Containing Cyano Group 

Reference Compound 

4 .NaC-C=N 

5 P(CN) 3 

7 
8 ~Co)4 (cH2-cH-CN)Fe 
9 Hexacrylonitrile 

10 Potassium dicyano 
guanidine 

11 Dicyandiamide 
(cyanoguanidine) 

This work 

-C =N C- C Bond A.Ji.gle 
in (-C-C:N) X-C:N 

D 0 

1.13 . .A 179 . 4 

1.124 170.7 

1.165 171.9 

1.158 172 . 2 

1.25 

1.17 

1.158 1.45-1.46 

1.20 l.45 178 

1.110 1.503 177-7 

1.146 l.458 178 . 8 

1.112 l.471 178 . 5 

1.158 175.0 

1.186 175.9 

1.22 180 

1.146±0.014 l.441:!:0.016 

' '. 
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Figures 3 and 4 show how tl1e ions are packed . There are six 

potassium ions around the bis - (tr icyanovinyl)amine anion. The eight 

shortest bond distances between the potassium ion and atoms of the 

anions are shown in Fig·ure 3 and Figure 5. The average van der 

Waals bond dist~ces bet-ween potassium ion and nitrogen atoms is 

3 . 00 A. This value checks well with the values found by T akie and 
(') 0 0 (J 

Hughes (10) (3 . 07 A, 2. 93 A, 3 . 19 A, and 2 . 91 A) for potassium di -

cya.noguanidine. But it is a little larger than the value as given by 

Pauling (12) (van der Waals radii fo4 nitrogen atom and potassium ion 

. ~.r e 1 . 5 A and 1 . 33 A r espectively). The interionic bond distances are 

given in Table VI. Some interesting bond angles of the anion are quali-

tatively ex1)lained as follows : (1) Two cyano groups, [ C(12) =-N (4) and 

C(17)=::N(5)], are twisted out of the ionic plane in opposite directions 

by very significant amounts . This reduces the repulsive forces be ­

tween the groups, which are chiefly those between atoms C(l2) and 

C(l 7) . The same repulsive forces also make angles N(l) - C(16) - C(17), 

N(1) - C(11) - C(12), and C(16) - N(1) - C(11) larger than 120° . (2) Forces 
I I G _._ y-I 

acting upon atom N(G) from atoms C(9 ) , C(lO) , N(4) , and K' (:8)1 

push it towards U1e +y direction and make the bond angle N(6)==C(15) ­

C(13) 7. 5 '' loss th:.:m 180° , and the angle C(15)-C(13) - C(16) larger than 

120° . (3) Forces acting; upon atoms N(7) and C(14) from atoms 

H H H H -"-N(2) , C(9) , C(S) , C(lO) , aJ1d K ' (18) push atom N(7) away from 

the ionic plane and make the bond angle N(7)==C(14) - C(l3) 4 . 9° less 

than 180° . (4) Forces acting upon atoms N(2) and C(9) from ato1ns 

N(6)F, N(7)D, C(14)D, and K+(18) push atoms N(2) and C(9) towards 
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Structure viewed along the b axis 

() indicates the potassium ion 
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Fig. 4 Perpendicular projection onto the plane of the central anion 

O indicates atoms below the ionic plane 

O indicates atoms above the ionic plane 
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Table VI. Closest Interionic Bond Distances * 
Atom Atom Dist.(A) Atom Atom Dist . (l~) 

N(l)C C(l3) 3.540 q12)c N(7) 3.610 

N( l)C C(l4) 3.798 C(l2)C C(l4) 3. 526 

N(l )C C(l5) 3.621 C(l3)C N\6) 3.748 

N(3)C C(ll) 3. 623 c(14/ ~I( 6) 3. '('[( 

N(3)C C\12) 3.723 C(l6)C C(l4) 3.780 

N(4)C N\2) 3. 532 C(l6)C C(l5) 3. 729 

N(4) C N(7J 3.500 q17)c Nl"f) 3.493 

I~(. 4) C C(9) 3.680 C(l7 / C(.14) 3.628 

.N(4Jc C(l4) 3.744 N(5)B N(3) 3.513 

N(.5)C N(7J 3.465 N(5)B N(4) 3.751 

qe)c C(l6) 3.623 N(6)E N(4) 3. 345 

qH)c C(l7) 3.747 N(6)E N(5) 3. 386 

C( 9)C C(l7) 3.729 N\6l C(.12) 3.744 

c.; (10 )c N(l) l<"' 
N(4J 3.773 C(l5)'"' 3. 397 

C(lO)C C\11) 3.673 c(17 l N(4) 3.736 

C(ll)C C(l3) 3.567 N(2)D N(3) 3. 633 

C( ll) C C( 14) 3.758 .N(6)D N(2) 3.639 

C(ll)C C(l6) 3.576 N(7JD N(2) 3.523 

C(l2)C N(l) 3.636 .N(7)D N(3) 3. 562 

C(l2)C K+(l8) 3.a44 N(7)D C(8) 3. 313 

G( l7 / K+\18) 4.121 N(7)D c(9) 3.177 
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Table VI (continued) 

Atom Atom .LJist. l)\.) Atom Atom Dist . (A) 

N(7)D C(lO) 3.210 N(6) F C(lO) 3. 351 

t;\13)D N\2) 3.699 N( 6 ) 1~ c(s ) 3. 61) 

C(l4)D N(2) 3.319 N(7)N Nl)) 3.616 

C(l4)D C(9) 3.313 N(3)J N(7) 3. G16 

C(l5)D N(2) 3.492 C(9) K+(l8) 4.039 

C(l5)D K+(l8) 3.eo7 C(l4 ) K+\18) 3. 788 

~(5/' N(3) 3.474 C(l7)K K+(l8) 3.tJ37 

N(6)1'
1 

N\2) 3.231 C(lO)J K+(l8) 3.978 

N( 6 )1'' N\3) 3.523 C(9)M K+\18) 3.670 

N(6) 1~ c(9) 3.169 

* Absence of a superscript indicates an atom in the molecule 

at (x,y,z) with parameters listed in Table 1. A superscript 

indicates a symmetry-related atom according to the following 

code: B, (x, -y, z+1/2); C, (x, -y, z-1/2); .LJ, (x-+1/2, -y+1/2,z+1/2); 

E, \x+i/2, -y-1/2, z+1-/2); }', (x-+1/2, y+1/2, z+l); G, (x-l/2 , -y-l/2 , z-'../2 ); 

H, (x-1/2, -y+1/2, z-1/2); I, (x-1/2 ,y-1/2, z-1); J, (x-1/2 ,y-+1/2, z-1); 

K,(x,y+l,z); M,\x,-y+l,z-1/2); N,\x-+1/2,y-1/2,z+l). Some bond 

distances not listed in the table can be found from tne 

following equations: U(u)~V(v)cV(v )~U(u); U(u)~V(v)~ 
. E H D F I V( v )-U(u); U(u)-V\ v )=V( v )-U(u); U(u)-V( v )=V (. v }--U( u); 

U(u)~V(v)=V(v)~(u), where U(u)!_V(v) indicates bond distance 

between atoms U(u)B and V(v). etc. For example; when 

U(u)N=N(7)N, V(v)aNl3), applying the last equation one 

.gets N(7 ~N(3J-N(3J~N( 7). 
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atoms N(7) and make the angle C(10)-C(8)-C(9) a little larger than 

120°. 

All the calculations except the standard deviations of the bond 

lengths and angles were carried out on the Caltech 7094 computer by 

the Caltech CRYRM System. 
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APPENDIX 

Any reflection with a * on the right hand side of the observed value 

was given a zero weight in the least squares refinement. Any 

reflection with a minus sign in front of a small observed F value 

indicates that the reflection was too weak to observe and if the 

calculated I FI value is less than the observed I FI this reflection 

did not enter into the least squares refinement. 
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PART II 

Nuclear Magnetic Resonance Studies 

of 

Alkali Halide Solutions 
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INTRODUCTION 

One of the most important and complex problems in the studies 

of electrolytic solutions is that concerning the details between the 

ion-ion and ion-solvent interactions. A considerable amount of work 

has been done in this area (1-16). One method of studying the prob­

lem is by looking at the nuclear magnetic resonance line width of the 

ions. The line width is related to the spin-spin relaxation time (T2), 

which is to be distinguished from the spin-lattice relaxation time (T1), 

which denotes the time scale at which a nonequilibrium spin distri­

bution approaches thermal equilibrium via coupling with the lattice. 

Ordinarily, when the characteristic time modulating the molecular 

motions is short, T 1 and T 2 are equal and the line width is inversely 

proportional to the relaxation time (T1 or T 2) • . There are several 

interactions which can cause the relaxation of a spin. However, when 

the nucleus possesses an electric quadrupole moment the relaxation 

process becomes simpler. The interaction of electric quadrupole 

moment with the surrounding electric field gradient is so strong that, 

ordinarily, it dominates all other relaxation processes and deter­

mines the observed line width. 

The nuclei, 79Br (I= 3/2), 81 Br ( = 3/2), and 1271 (I= 5/2) 

all have spin quantum numbers greater than i . They therefore 

possess electric quadrupole moments. Presumably, one can deduce 

some valuable information about the ion-ion and ion-solvent inter­

actions via a study of the interaction of the quadrupole moment of 
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these nuclei with the electric field gradients surrow1ding these ions. 

The general theory of quadrupole relaxation in liquids has been 

given by Abragam and Pound (17), who derived the following equation 

for the relaxation time: 

2 <i 2 ) Ti -1 = _3_ 41(1 + 1) - 3 ( e~) { d :) T 

40 12 (21-1) 2 
. ti dz c 

(1) 

where eQ is the quadrupole moment of the nucleus, 

<( ::~) / is the mean square electric field gradient at the nucleus, 

and Tc the correlation time describing the molecular motions that 

modulate the electric field gradient tensor. Both 

<( ::~))and Tc may change when the nature of the solution is 

changed. Theoretical calculation of these two quantities are dif­

ficult and subject to very gross uncertainties. Experimental results 

indicate that, in general, when the concentration of electrolytic 

solution increases, the line width becomes broader. The origin of 

this broadening effect is still not completely clear. Several models, 

however, have been developed in an attempt to explain this line­

broadening. Valiev and Khabibullin (18) first assumed that the ~-.alide 

ions do not form stable complexes with the dipolar solvent molecules, 

i.e., the dipolar solvent molecules are subjected to unhinde red 

translational and rotational diffusion. · With this model, they are 

able to calculate the contributions of both the translationa l and 

rotational diffusion of dipole solvent molecules on the ha lide ion 
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line widths. The· following expression was obtained: 

T -1 = 216 1T2 ( eQ(l + y)) 2 
d

2 
N .Il_ 

1 
875 11 (2a)

3 
V kT 

(2) 

where d is the dipole moment of the solvent, a is the distance be­

tween the ions and the solvent molecules, YJ the viscosity of the 

solutions, and N, V, k, T, y are the Avogadro's number, volume, 

Boltzman constant, temperature, and the Sternheimer antishielding 

constant respectively. This model was partially supported by the 

experimental results of Itoh and Yamagata (19). Itoh and Yamagata 
-1 -

studied the dependence of T1 on temperature and viscosity for I 

ions in aqueous solutions of NaI and KI. They found that the change 

in T1 -
1 with temperature (at constant concentration) followed closely 

the temperature dependence of YJ/T. This is in complete agreement 

with equation 2. Hertz (14) later suggested that at dilute solutions, 

the field gradient arises principally from the solvent dipoles. At 

higher concentrations, however, the ion-ion interaction is presumed 

to become important. The broadening of line width was intepreted as 

an indication of these ion-ion interactions. The complete expression 

of line width as derived by Hertz is given by: 

~H = C 167T 
5r./3 

e(l + y' )PQ 

n 

2 

where y is the gyromagnetic ratio 

(3) 

P is the polarization factor and it is equal to 2
E + 3 
5€ 
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E is the dielectric constant 

z.e is the charge of the ith ion 
l 

v. is the stochiorretic number corresponding to 
l 

th 
.th. 

el lOn 

C = 1. 0 for 79Br and 81 Br resonance 

C = O. 24 for 1271 resonance 

The right hand side of equation 3 contains essentially t.wo terms. The 

first term is quite similar to the one derived by Valiev and 

Khabibullin {18), except that the constant is different. The second 

term, as suggested by Hertz, arises from the ion-ion interaction. 

This interaction is related to the number of ions in the solution as 

well as the distance between the two interacting ions. Hertz assumed 

that the increasing line width with increasing salt concentration is due 

to the change in the concentration, c, instead of the distance, a. He 

assumed that there is a vlue ~ such that T c/T CH
2
0 ~ ~ and ~ is always 

a constant for all concentrations. The "minimum approach distance" 

between halide ions and the cations were calculated based on these 

assumptions. 

Several interesting points arise from Hertz's model. First, 

the minimum approach distance, a, should be less than the value 

3.../ v /N where 3...fy /N is the distance between two ions when there are 

N ions which are equally spaced in a volume V. However, for several 

salts, such as NH4 Br, NH4I, and KBr at some concentration, the 

value of a is greater than 3.../V /N . Secondly, the basic assumption 
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in Hertz's model can be summarized as follows: 

(a) The halide ions do not form stable complexes with 

the solvent dipoles , i.e., the dipolar solvent can 

move freely. 

(b) The broadening of the line width with increasing 

salt concentration is due to a.i1 increase in the 

number o:f interactions instead of the change in 

the correlation time . 

In Richards and York's (7, 8) studies of alkali bromide and 

alkali iodide solutions, they found that the line width is related to 

the viscosity of the solution . They concluded that the ion-ion inter -

a ction between cations and halide ions is almost negligible when the 

cations are highly hydrated. This indicates that for sodium and 

lithium halides, as well as alkali earth halide solutions, the main 

contribution to the line width is from the change in the viscosity (or 

the correlation time) instead of the change in the field gradient sur -

rounding the h2.lide ions . Eisenstadt and Friedman (12), on the other 

hand, strongly objected to Richards and York's conclusion . They 

claimed that the specific ion-ion interaction is as large as for Ba++ 
. +~ + 

as for Cs', for Sr · as well as for Rb . 

The main difference between Hertz's (14) and Richards' (8) 

model is in the interpretation of the broadening of the line width when 

the salt concentration is increased. For cesium halide solutions, 

both Hertz and Richards agree that ion-ion interaction e;dsts. For . 

other salts, however , Hertz suggested that the broadening of the 
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line width is due to the change of the fie ld gr adient surrounding the 

halide ions, whereas Richards suggested that the broadening effect 

is due to the change of the viscosity or the correlation time. It is 

clear that, in view of these controversies, further studies are 

desirable before this problem can be settled. 

Both Richards and Hertz are working on a system where only 

one alkali or alkaline earth halide salt exists in the aqueous solution. 

In order to study the cation-halide ion interaction it is necessary to 

have the cation concentration as high as possible. In Her tz and 

Richards' system, the only way to increase the cation concentration is 

to increase the salt concentration. However, the viscosity of the 

solution also increases, approximately, linearly with salt concentra­

tion. Hence it is not easy to separate out the ion-ion interaction and 

the viscosity contribution to the line width if both contributions are 

proportional to the salt concentration. One can, however, compare 

the line width of solutions containing different cations at constant 

viscosity. For this reason we have studied the halide magnetic 

resonance (81 Br and 1271) as a function of solution viscosity for 

solutions containing a fixed concentration of NH4 Br or NH4I, and to 

which numerous salts such as LiCl, NaC10 4 , and MgC12 have been 

added. If ion-ion interaction is unimportant, then the halide line­

widths would be independent of the nature of the cation when the 

results are compared at constant viscosity. Any dependence of the 

resonance widths on the nature of the cation at constant solution 

viscosity must therefore reflect ion-ion interaction. 
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The importance of determining whether or not the specific ion­

ion interaction in aqueous solution does .occur does not need to be 

overemphasized. Equally important, however, are the interactions 

which occur between ion and solvent. In the earlier study by Richards 

and York (7) an attempt was made to obtain some information on the 

ion-solvent interaction from line width studies but no detailed informa­

tion was obtained. The interaction between the halide ions and the 

solvent molecules is still unlmown. There are two possible types of 

interactions which may occur . 

(1) The dipolar solvent molecules interact individually with 

the halide ions. In this case no specific ion-solvent complex is 

formed. The observed line width is dependent on the interactions 

between the halide ion and the surrounding solvent molecules. Since 

the halide ions possess a quadrupole moment, the observed line 

width is mainly dependent on the quadrupole-dipole interaction (8). 

When a solute such as methanol, acetonitrile, or acetone is added to 

the aqueous solution, these solute molecules have a chance to inter­

act with the halide ions. Since this solute-ion interaction may not be 

equal to the water-halide ion interaction, the line width may change. 

The amount of change in the line width is dependent on the difference 

between the magnitude of the solute-halide ion and the water halide 

ion interactions. As mentioned above, since the quadrupole-dipole 

interaction dominates the relaxation process, it is expected that the 

effect of various organic solutes on the line width will be proportional 

. to the square of the dipole moment of the solute. The dipole moments 
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of water, methanol, acetonitrile, and acetone are: 1. 87, 1. 71, 3. 45, 

and 2. 78 D respectively. It is expected. that the effect of these 

organic solutes on the line width of the halide ion resonances should 

be in the order: acetonitrile > acetone >methanol, and in the case 

of methanol the line width should be sharper, since the dipole moment 

of methanol is smaller than water. 

(2) The halide ion and the solvent molecules may form some 

specific complex. If this is the case, the halide ion line width is no 

longer entirely dependent on the individual solvent-halide ion inter­

action. It is dependent on the type and symmetry as well as the cor­

relation time of the complex that is formed. When a small amount of 

organic solute such as methanol acetonitrile, and acetone is added to 

the aqueous solution, the solute molecules may replace one of the 

water molecules in the first coordination sphere of the water-halide 

ion complex and form a new type of complex. This new complex has 

a lower symmetry than the water-halide ion complex. The mean 

square field gradient and, consequently, the line width is increased. 

The change in the line width is dependent on how much the symmetry 

of the complex is changed as well as the change in the correlation 

time of the new complex. The mean square field gradient of the new 

complex may be related to the dipole moment of the solute. However, 

it is not necessarily proportional to the dipole moment of the solute. 

The size of the solute molecule may have a larger effect on the halide 

ion line width, since the larger the solute molecule the more it will 

distort the symmetry of the solute-water-halide complex. 
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In the present work, a study has been made on the ion-ion . 

interaction as well as on the ion-solvent interaction in order to 

ascertain in a more definitive manner the principal factors 

responsible for the halide ion line widths in aqueous solutions . 
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EXPERIMENTAL 

Nuclear resonance measurements were carried out with a 

Varian 4200 B variable frequency spectrometer, using a 12" magnet. 
. 81 127 The resonance frequencies for Br and I were measured by a 

frequency counter. They are: 

13. 260 Mcps for 81 Br resonance for the studies of 

aqueous solutions 

8. 051 Mcps for 81 Br resonance for the studies of 

aqueous solutions with added organic solutes 

(methanol, acetonitrile, and acetone) 

8. 051 Mcps for all 127r resonance 

The viscosity was measured with an Ostwald viscometer. The 

density was measured with a 2-ml densitometer . The probe tempera­

ture was in the range of 25 ± 1. 5 ° C. The added solutes used in the 

studies were methanol, acetonitrile and acetone. These solutes were 

distilled before use through a fractional distillation column to remove 

impurities. Since the line width is not sensitive to those impurities 

in the salts, the salts bought from the stock room were used without 

further treatment. The following reagent gTade chemicals were 

used: 

NaCl, Na!, NH4Cl, LiCl, KBr, KI, MgC12 , KC104 
(from Baker and Adamson) 

NaC104 (from G. Frederick Smith Co.) 
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NH4 Br, NH4I (from Mallinckrodt Chemical Works) 

A trace of sodium thiosulphate was added to each alkali iodide 

solution to ensure the absence of free iodine which would produce 

line broadening by an exchange process (15). 
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RESULTS 

81 Br resonances 

Several series solutions contain mixed electrolytes: NaBr and 

NaC104 ; NaBr and MgCl2 ; NH4 Br and LiCl; NH4 Br and CsCl; and 

NH4 Br and KCl were prepared. In each series the concentration of 

Br- is kept at 1. 5 moles/Kg H20, whereas the concentration of other 

electrolyte changes. The 81 Br resonance line width and the viscosity 

were measured for each solution. The results are shown in Table 

I-V. A plot of line width vs. viscosity for the first three series was 

shown in Fig. 1. 

In order to study the ion-solvent interactions, three series of 

solutions were prepared. In each series, the concentration of Br -

in all the solutions was kept at 0. 427 moles NaBr per 4. 81 moles 

water-organic solute mixture whereas the water to organic solute 

ratio changes. The organic solutes used in our studies are methanol, 

acetonitrile, and acetone. The results are shown in Tables VI-VIII. 

A line width/viscosity vs. organic solute concentration plot is shown 

in Fig. 2. 

127I resonance 

Similarly, several series solutions contain mixed electrolytes: 

NH4I and LiCl, NH4I and NaC104 , NH4I and KCl, and NH4I and CsCl 

were prepared. In each series, the concentration of 127r was kept 

at 1. 5 moles/Kg H20, whereas the concentration of other electrolytes 
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Table I. Line width of Br81 in an aqu.eous solution 

which contains 1. 5 molal NH4 Br and various 

concentra tions of LiCl 

Concentration of LiCl Viscosity in units Br81 line width 
moles/Kg H20 of TJH 0 2 

(in gauss) 

0 0.99 0. 30 

2.5 1. 27 0.41 

4.9 1. 67 0. 51 

7. 3 2. 30 0.73 

9. 8 3. 24 1. 12 

13. 2 5.15 1. 78 

16. 0 8. 50 2.8 6 

18.3 10. 8 3.82 
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Table II. Line width of Br81 in an aqueous solution 

which contains 1. 5 molal NaBr and various 

concentrations of NaC104 

Concentration of NaC104 Viscosity in units Br81 line width 
moles/Kg H20 of ·17 H 0 (in gauss) 

2 

0 1. 10 0.31 

2.8 1. 28 0.41 

5. 6 1. 54 0. 52 

8.4 2. 24 0.76 

9.8 2.76 1.04 

11. 2 3.18 1. 14 

12.6 4.20 1. 52 

14.0 5.55 1. 98 

15. 4 7.35 2.47 

16. 8 9.60 3.12 
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Table III. Line width of Br81 in an aqueous solution 

which contains 1. 5 molal NaBr and various 

concentrations of MgC12 

Concentration of MgC12 Viscosity in units Line width 
(in moles/Kg H20) of r7 (in gauss) H20 

0 1. 10 0.31 

0.84 1. 37 0.43 

1. 68 1. 67 0.52 

2.50 2.04 0.69 

3.36 2.48 0.91 

4.20 3.20 1. 18 

5.05 4.15 1. 58 
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Table IV. Line width of Br81 in an aqueous solution 

which contains 1. 5 molal NH,1Br and various 

concentrations of KCl 

Concentrations of KCl Viscosity in units Line width 
in moles /Kg H20 of 1J H 0 in gauss 

2 

0 0.95 0.30 

0.77 0.96 0.31 

1. 54 0.97 0.32 

2.30 0.99 0.34 

3.08 1. 02 0.34 

3.84 . 1. 06 0.38 

4. 61 1. 09 0.39 
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Table V. Line width of Br81 in an aqueous solution 

which contains 1. 5 molal NH4 Br and various 

concentrations of CsCl 

Concentration of CsCl Viscosity in units Line width 
in moles I Kg H20 of "fJH 0 in gauss 

2 

0 0.95 0.30 

1. 3 0.95 0.40 

2. 6 0.96 0.49 

3.9 1. 01 0.56 

5.2 1. 05 0.65 

6.3 1. 09 0.79 
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Figure 1. Br81 line width for various aqueous solutions 

O Aqueous solution contains 1. 5 molal 

NH4 Br and various concentrations of LiCl 

X Aqueous solution contains 1. 5 molal Na.Br 

and various concentrations of NaC104 

0 Aqueous solution contains 1. 5 molal Na.Br 

and various concentrations of MgC12 
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AH 
(in gauss) 

0.364 

0.418 

0.486 

0. 557 

0. 601 

0. 660 

0.764 

0 .852 

0.945 

. 1. 01 

1. 08 

1. 25 

1. 35 

1. 43 
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Table VI. Line width of 81 Br in solutions which 

contain 8. 9 moles NaBr/100 moles 

CH3CN-H20 mixture 

rJ (in units moles CH3CN 
t:.H/ 17 

of iJ H 0 ) 100 moles H20 
2 

1. 48 0 0.245 

1. 52 0.8 0.275 

1. 56 1. 59 0.311 

1. 58 2.38 0.352 

1. 60 3.18 0.375 

1. 63 3.98 0.404 

1. 66 4 . 78 0.460 

1. 69 5.57 0 . 504 

1. 72 6.37 0.549 

1. 74 7.16 0. 580 

1. 77 7.98 0. 610 

1. 79 8.87 0. 698 

1.82 9.57 0. 741 

1. 84 10.35 0. 777 
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Table VII. Line width of 81 Br in solutions which 

t.H 

0.344 

0.475 

0.519 

0.700 

0.775 

1. 01 

1. 25 

1. 43 

1. 49 

1. 63 

2. 03 

2.30 

2.64 

contain 8. 9 moles NaBr/ 100 moles 

(CH3)2CO-H~O mixture 

Y} 
moles CH3COCH3 b..H/l] 
100 moles H20 

1. 52 0 0 . 226 

1. 57 0.80 0.303 

1. 62 1. 59 0.320 

l. 70 2.38 0.411 

1. 77 3.18 0.437 

1. 84 3.98 0.548 

1. 91 4.78 0.654 

2.00 5.57 0.715 

2.05 6. 37 0.726 

2.12 7.16 0. 768 

2.18 7.98 0.931 

2. 25 8 . 87 1.022 

2.30 9. 57 1 . 147 
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Table VIII. Line width of 81 Br in solutions which 

contain 8. 9 moles NaBr/ 100 moles 

CH30H-H20 mixture 

L:.H ?] 
moles CH30H 

L:i.H/ YJ 100 moles H 20 

0.38 1. 46 0 0.231 

0. 40 1. 50 0.8 0.266 

0.40 1. 54 1. 59 0.259 

0.45 1. 58 2.38 0.284 

0.495 1. 61 3.18 0.307 

0. 519 1. 65 3. 98 0.314 

0.580 1. 69 4.78 0. 343 

0.606 1. 72 5. 57 0.352 

0. 645 1. 76 6.37 0.366 

0.680 1. 80 7.16 0. 377 

0.730 1. 84 7.98 0.397 

0. 787 1. 87 8.87 0. 420 

0.824 1. 91 9.57 0. 431 

0. 861 1.95 10.35 0 44-! ........ ..i. 
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Figure 2. Br81 line width/viscosity vs. concentration plot 
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changes. The 127I line width and the viscosity were measured for 

each solution. The results were shown in Tables IX-XII. A plot of 

line width .Y.§.. viscosity for the first three series is shown in Fig. 3. 

In order to study the ion-solvent interactions, three series of 

solutions were prepared. The concentration of C in all the solutions 

was kept at 6 moles NH4I per Kg H20. To each series, the organic 

solute to water ratio was changed. The organic solute used i;: the 

studies are methanol, acetonitrile, and acetone. The results are 

shown in Table XIII-XV. The line width/viscosity vs . organic solute 

concentration plot was shown in Fig. 4. 
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Table IX. Line width of 127r in an aqueous solution 

which contains 1. 5 molal NH4 Br and various 

concentrations of LiCl 

c 7] ~H 

0 0.98 1. 24 

2.9 1. 21 1. 47 

5.7 1. 59 1. 95 

8.7 2.16 2.75 

11. 5 3.07 4.03 

14.4 4.75 6.5 

17.2 7.71 9.6 

18.7 9.75 11. 8 
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T bl X L. "dtl ~ 127r . 1 t " h" h a e . me w1 1 or 111 an aqueous so u 10n w ic 

AH 

1. 25 

1. 57 

2.18 

3.2 

5.0 

7.8 

13.2 

contains 1. 5 molal NH4I and various concentra­

tions of NaC104 

T] c 
1. 01 0 

1. 27 2. 8 

1. 64 5. 7 

2.29 8.6 

3.46 11. 4 

5.86 14.3 

10. 2 17.2 
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Table XI. Line width of 127 I in an aqueous solution 

which contains 1. 5 molal NH4I and various 

concentrations of KCl 

tiH YJ c 

1. 23 0.98 0 

1. 23 1. 00 0. 70 

1. 23 1. 01 1. 41 

1. 23 1. 03 2.11 

1. 29 1. 09 3.52 

1. 30 1. 12 4 . 22 

1. 41 1.14 4.57 
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Table XII. Line width of 127r in an aqueous solution 

which contains 1. 5 molal NH4I and various 

concentrations of CsCl 

ti.H 

1. 23 

1. 48 

1. 63 

2.01 

'17 

0.98 

0. 98 

1. 01 

1. 09 

c 

0 

1. 47 

2. 94 

4.78 
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Figure 3. 127r line width for various aqueous solutions 

X Aqueous solution contains 1. 5 molal 

NH4I and various concentrations of LiCl 

0 Aqueous solution contains 1. 5 molal 

NaI and various concentrations of NaC104 
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Table XIII. Line width of 12711 
·: ·. ::::H3CN, H20, 

1. 43 

1. 83 

2.09 

2.52 

3.28 

3.60 

4.10 

Nal mixture. CNAI = 6 moles NaI/ KgH20 

1. 00 

1. 03 

1. 05 

1. 07 

1. 09 

1.12 

1. 14 

moles CH3CN 

100 moles H20 

0 

1. 74 

3.48 

5.22 

6. 95 

8.70 

10.4 

1. 43 

1. 78 

1. 99 

2.36 

3.07 

3. 21 

3.59 
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Table XIV. Line width of 1271 in CH30H, H20, Na I 

mh .. 'iure. CNaI = 6 moles Nal/Kg H20 

.6.H 17 
moles CH30 H 
100 moles H20 .6.H/ rJ 

1. 43 0.99 0 1. 43 

1. 94 1. 01 2.23 1. 92 

2.02 1. 06 4. 47 1. 90 

2.21 1. 10 6.70 2.01 

2.52 1. 18 11. 2 2.37 

3.22 1. 23 13.4 2.62 
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solution. C - 6 moles NaI/T-<o· H 0 NaI - ... ~ 2 

moles (CH3 ) 2CO 
.6.H i7 100 moles H20 AH/n 

1. 43 1. 00 0 1. 43 

1. 94 1. 04 1. 25 1. 87 

2.46 1. 07 2.50 2 . 30 

3 .04 1. 10 3.75 2.76 

3.70 1. 17 5.00 3. 16 

4.37 1. 21 6.25 3.61 

5.15 1. 28 7.5 4 .02 



127r line width 

viscosity 
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Figure 4 

vs . solvent concentration plot 
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DISCUSSION 

As discussed in the introduction, many attempts have been 

made to interpret the broadening of nuclear magnetic resonance line 

width of halide ions with increasing salt concentration in terms of 

ion-ion and ion-solvent interactions. The results are not very 

successful. 

. The general relationship between line width, field gradient 

surrounding the halide ions, and the correlation time was shown in 

equation 1. Both correlation time and the mean square field gradient 

was very difficult to calculate and subject to very high uncertainty. 

The correlation time is the time which describes the motion 

of molecules or ions. The major contribution of this is by the trans­

lational and the rotational diffusion of the solvent molecules. Since 

both translational and rotational diffusional is proportional to the 

viscosity, it is quite reasonable to say that the correlation time is 

proportional to the viscosity. It is generally accepted that the cor­

relation time can be approximated as: 

Tc = C 'f}/T 

where C, r1, 'I' are the constant, the viscosity, and the temperature 

respectively. 

If the correlation time can be well represented by Gq/ T then 

the problem becomes simpler, since both viscosity and temperature 

are a measurable quantity. 
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The most well-lmown models for the interpretation of halide 

ion line width broadening phenomena were proposed by Hertz (14), 

and Richards and York (7). Hertz suggested that the broadening 

effect is mainly caused by the change of the mean field gradient sur-

rounding the halide ions by a cation-halide ion interaction. Richards 

and York, on the other hand proposed that the broadening effect is 

mainly coming from the change of the viscosity of the solution. Since 

viscosity is closely related to the correlation time, Richards' propos­

al mainly means that the change of line width is coming from the 

change of correlation time instead of the field gradient surrounding 

the halide ions. 

An 81 Br line width vs . viscosity plot for several compounds 

is shown in Fig. 1. A similar plot for 1271 line width is shown in 

Fig. 3. For lithium, sodium, and alkali earth salts, the points are 

almost fallen in one straight line. Furthermore, this line passes 

through the origin. This is in complete agreement with equation 2. 

From this experimental result, it suggests : 

i. When LiCl, NaC104 , as well as MgC12 are added to 

the aqueous alkali halide solution, the change of 

the mean square field gradient surrounding the 

halide ions is negligible . The change of halide ion 

line width is mainly come from the viscosity (or 

correlation time) effect. 

ii. When cesium salt is added to the solution, both 

correlation time and mean field gradient are changed. 
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iii. The mean square field gradient is given by: 

(( ~~ l) .6.H = constant X --
IJ 

The most acceptable model of the structure of aqueous 

electrolyte solutions was proposed by Frank et al. (21). Frank sug-

gested that there are several coordination spheres surrounding an ion. 

Since the relaxation of halide ions is mainly by means of the quadru­

pole dipole interaction and the magnitude of this interaction is in­

versely proportional to r
5

, only these molecules (or ions) which are 

entering the closest sphere have significant contribution upon the line 

width. This means only the first coordination sphere needs to be 

considered in the calculation of the halide ion line width. The 

structure of this first coordination sphere has not been discussed in 

much detail. Several investigators have shown that halide ions do not 

form stable complexes with s urrounding water molecules (22). Based 

on this assumption, both Valiev and Khabibullin (18) and Hertz (14) 

had derived an expression for the halide ion line width in aqueous 

solution. The agreement between the calculated and the observed line 

width is not very satisfactory. From infrared studies, Chan and 

Iwamasa (1) had shown that halide ions _and water molecules do form 

some type of complex. It is doubtful whether this noncomplex model 

is still applicable in the calculation of halide ions line width in the 

solutions . There are sever al comments about this model and the way 

Valiev and Khabibullin (18) proved their model. 
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-1 

1. Itoh and Yamagata (19) studied the dependence of T 1 on 

temperature and viscosity for C ions in aqueous solutions 

of NaI and KI. They found that the ch2.J.:ge in T;1 with 

temperature followed closely the temperature dependence 

of iJ/ T. Valiev and Khabibullin (18) suggested that this is 

a good support of their model. This is not true. From 

equation 1, the general expression for halide ion line width 

·in the solution can be simplified as: 

T c (lb) 

Valiev and Kh.abibullin's work is mainly concerned with the 

calculation of mean square field gradient 

It has nothing to do with the value Tc . Since 

T = c 

3 
4rr rt a 

kT 
= A' I} IT (4) 

It is clear that Itoh and Yamagata's (19) r esults do not have 

any relation with Valiev and Khabibullin 's model. However, 

it does demonstrate that ·17 / T is a very good approximation 

for the correlation time. 

2. In our studies, the line width vs. viscosity plot for s everal 

electrolytes is linear, even if the cation concentration is as 
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high as 18 moles/Kg H20. The mean distance between 

halide ion and cation is about 4. 1 A at the concentration. 

It is questionable whether at such a high concentration the 

water molecules and the cations are still able to move 

freely at the surrounding of halide ions. 

3. As discussed in the introduction, if no specific kind of 

complex is formed between halide ions and the solvent 

molecules, one would expect that the effect of organic 

solute on the line width of halide ions resonance would 

be in the order of acetonitrile > acetone > methanol 

water . Furthermore, since the dipole moment of methanol 

is smaller than water, the halide ion line width should be 

sharper when methanol is added to the aqueous solution. 

A .6.H/TJ vs. concentration plot for several organic solutes 

are shown in Fig. 2 and Fig. 4. At low concentration the 

plot is linear. The slope of these straight lines is an 

indication of the ability of these solutes to change the 

mean field gradient surrounding the halide ion in the 

solution. For simplicity we shall name this ability as 

"broadening ability" in our later discussion. The 

broadening abilities of several organic solutes and water 

upon 81 Br and 127r were listed in Tabl e A"VI. For con-

venience, the dipole moment and dipole moment square 

are also listed in Table XVI. 
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Table XVI. The broadening ability of various organic 

solvents upon the halide ions. 

ion dipole 1271 
81Br 1271 moment d2 

81Br solute d 

acetone 0.0785 0.34 2.78 7.7 4.3 

ace to- 0.042 0.178 3.45 11. 9 4. 2 nitrile 

methanol 0.021 0.083 1. 71 2.9 4 .0 

water rvO rvO 1. 87 3.3 
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From Table 16, it is quite clear that the broadening 

ability of these organic solutes upon the halide ions 

(8l Br and 127r) line width is in the order of acetone 

> acetonitrile > methanol > water. This order is quite 

different from the order one would e}i..'})ect if all sol vent 

molecules are allowed to move freely and react 

individually with the halide ions. (If all solvent 

molecules are allowed to move freely and interact 

individually, then according to equation 2 and equation 

3 the broadening ability should be proportional to the 

square of the dipole moment of the organic solvent, i.e. , 

acetonitrile > acetone > water > methanol. ) 

4. The solubility of alkali halide in various solvents is 

generally in the order: H20 > CH30H >CH3CN >CH3COCH3 • 

If the solubility has any relation with the strength of the 

bonding between the ions and the solvent molecules, it is 

expected that the bonds formed between halide ions and 

solvents mentioned above s hould also be in the order as 

shown above. It seems reasonable that the stronger the 

bond the longer the correlation time. This implies that 

if only the correlation time is concerned, the effect of · 

various organic solvents upon the ha lide ion line width in 

solutions should be in the order of water > methanol 

> acetonitrile > acetone . This is also contrary to the 

experimental results. 
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5. It is well-known that the bond s tr ength between halide 

ions and water molecules are in the order of Cl-> Br-> C. 

It seems reasonable to assume that the bond strength 

between halide ions and methanol, acetonitrile , and 

acetone is also in this order. If one assumes such a 

model that halide ions do not for m stable complex with 

these solvent molecules, the iodide ions should be a 

better example of this model than the bromide ion. 

This indicates that the broadening ability of various 

dipole solvents in the case of iodine should be more 

closely proportional to the dipole moment square of 

these organic solvents than the case of bromine. From 

Table XVI, this is not true either. 0. 34:0. 178 :0. 083 

compares with 7.1:11. 9:2. 9 as badly as 0. 0785:0 . 042: 

0. 021 compares with 7. 7:11. 9 :2. 9. For these reasons, 

it is clear that the noncomplex model is not very satis­

factory. Actually this model does not need to be over­

emphasized. Equally important, however, is the pos­

sibility that halide ion may also form some type of 

complex with the solvent molecules or the cations sur­

rounding it. We shall discuss our result base on this 

model in our later discussion. 

In equation 1, the two possible variables wl:ich correspond to 

the halide ion line width are the mean field gradient surrounding· the 

halide ions and the correlation time. Since the interaction between 
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the halide ions and the surrounding solvent molecules (or cations) is 

approximately proportional to R- 5 (14, 19), only these solvent molec ­

ules or cations which can enter into the first closest coordination 

sphere have an effect upon the line width. The contribution from 

second and farther coordination spheres are neg·ligible. For this 

reason it is suggested: 

1. The mean field gradient is mainly dependent on 

the structure of the complex surrounding the halide 

ion. 

2. The correlation time is the duration time of this 

complex (diffusing away one of the components 

of the complex or the tumbling of the whole complex). 

3. The relation: 
mean square 
field gradient = constant .6.H/ 17 

still holds, since both diffusion of the solvent 

molecules and the tumbling of the whole complex 

are still proportional to the viscosity. 

When LiCl, NaC104 , as well as MgCl2 are added to the 

solution, Li+, Na+, and Mg++ are so strongly hydrated that they do 

not have a chance to enter the first coordination sphere of the halide 

ion. However, they do change the viscosity of the solution. This 

explains why the mean square field gradient surrounding the halide 

ion is unchanged and the line width vs . viscosity plot is linear. 
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X-ray diffraction studies (2, 3) indicated that when KOH is 

dissolved in water the tetrahedral water structure is almost un­

changed. However, when these salts such as LiCl, NaCl are dis­

solved in water the tetrahedral structure is no longer in existence. 

It seems that these cations such as Cs+, K+ can replace one of the 

water molecules and keep the water structure unchanged. It is 

expected that these cations will work just like water molecules and 

can replace one of the water molecules in the water-halide ion com­

plex. If this is the case, halide ion line width is expected to become 

broader when Cs+ is added to the solution, since the symmetry of 

this new cation-halide-water complex is lower than the original 

water-halide ion complex. This is exactly the result we have 

observed. 

When organic solvent, such as methanol, acetonitrile and 

acetone is added to the aqueous solution, this organic solvent has a 

tendency to replace one of the water molecules in the water-halide 

complex and form a new type of complex. Since this new complex 

has a lower symmetry than the original one, it is eA'Pected that the 

line width will be broader. The change of the line width is mainly 

dependent on how much the complex is distorted from the complex 

which has zero mean square field gradient. In view of this, the 

size of these organic solvents may be more important than the 

dipole moment. The observed ''broadening ability" for several 

solvents are in the order: CH3COC:H3 > CH3CH >CH30H >H20. This 

is in agreement with our assumption, i.e. , the larger the size of 



74 

organic solvent, the more it will distort the complex from the 

totally symmetric complex. 
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PART III 

Elucidation of the Intramolecular Hydrogen-Bond in 

Acetylacetone by the Deuterium Isotope Effect on 

the Chemical Shift of the Bridge Hydrogen 
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INTRODUCTION 

It is well-lmown that 2, 4-pentanedione (acetylacetone) exists 

in both the enol (I) and the keto (II) forms, and the interchange between 

1 1 I 
these two tautomers of this molecule is slow (1). In fact, this ex­

change is so slow that both tautomers exhibit distinct NivIR signals in 

the PMR spectrum of this compound (1). Proton magnetic resonance 

studies of acetylacetone have been investigated by several groups of 

investigators (1-8). 

The nature of the intramolecular hydrogen bond in the enol 

tautomer is, of course, of great interest. Presumably both IR and 

NivIR spectroscopy can be used to elucidate this intramoleculaT 

hydrogen bond. There is a little question that the intramolecular 

hydrogen bod is strong. The OH stretching vibration in the IR spec­

trum appears (9, 10) around 2700 cm -i; this would indicate a strong 

hydrogen bond. Additional evidence has come from the PMR studies 

(8) . The position of the bridge hydrogen occurs at approximately 

15 ppm downfield from TMS, and as shown by Reeves (1) the position 

of this resonance is independent of both the concentration and the 

solvent provided the solvent is not too basic. For example, the 

chemical shift of the OH proton relative to the enol CH3 group is 



79 

almost unchanged when the soh:.~ion is diluted with such solvents as 

cyclohexane and acetic acid . Thus, the intramolecular hydrogen 

bond is sufficiently strong that the enol tautomer exists primarily in 

the form of monomers (8 ). 

The object of this research is to obtain some information 

about the potential function for this intramolecular hydrogen bond. 

The best approach clearly is to study the energy levels of the OH 

stretching vibration by IR spectroscopy. This turns out to be more 

readily said than done. As we shall show later, even the OH ..... 0 

stretch in the vicinity of 2700 cm -i is e:h.'i:remely complicated and the 

spectrum is not readily interpretable. The chemical shift of the · 

bridge hydrogen is a sensitive probe of the average electron density 

at the proton. However, the measured shift is, in general, only a 

vibrational average over the zero point vibrational motion, and 

unless such vibrational averages are known for several vibrational 

states, it is not possible to infer much information about the potential 

well. The deuterium isotope effect on the chemical shift of the bridge 

hydrogen may, in certain cases, provide some information about the 

nature of the potential function provided the i s otope effect is large 

enough to be measurable. 

Deuterium isotope effects on hydrogen chemical shifts are 

small, typically less than 0. 05 ppm (see Table I), and can be readily 

accounted for by difference in the zero point vibrational amplitudes 

between the normal and unsubstituted molecules. It is clear that the 

isotope effect will depend upon the a.nharmonicity of the potential well. 
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Table I. Some Typical Deuterium Isotope Effecta 

H D 

Chloroform and acetone 5. 92 5.91 

Water and acetone 2.84 2.87 

Benzene and acetone 5. 14 5.08 

Benzene and water 1. 75 1. 74 

Chloroform and water 2.56 2. 61 

Chloroform and benzene 0. 82 0.86 

aP. Diehl and T. Leipert, Helv. Chim. Acta, 47, 545 

(1964). 



81 

However, there exists no theory to predict both the direction and 

magnitude of this isotope effect. The intramolecular hydrogen bond 

in acetylacetone is strong. The 0-0 distance is, for example, only 

,...., 2. 5 A. Thus, we expect the potential function describing the motion 

of the bridge hydrogen to be extremely anharmonic. It is, then, con­

ceivable that the hydrogen-bond shift would exhibit an unusual isotope 

effect. With this concept in mind, we have measured the deuterium 

isotope effect on the chemical shift of the bridge hydrogen in acetyl­

acetone and several other related molecules. This part of the thesis 

also summarizes the results of several other experiments directed 

toward a more detailed description of the nature of the intramolecular 

hydrogen bond in the enol form (or forms) of the acetylacetone . We 

have, for example, also studied the temperature dependence of the 

chemical shift of this bridge hydrogen. We shall show that the results 

of these experiments together with a more careful examination of the 

IR spectra in the region of the OH, OD stretch and the C-0 and C=O 

stretch enable us to make some definite conclusions regarding the 

nature of the intramolecular hydrogen bond in acetylacetone. 
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EXPERIMENT AL 

Materials 

CC14 and acetylacetone were obtained from Matheson Coleman 

& Bell, D20 from Columbia Organic Chemical Company, Inc., and 3-

methylpentanedione-2, 4 from Kand K Laboratories, Inc., CD 3COOD, 

CD 30H were purchased from Merck Sharp and Dohme of Canada 

Limited, Co., and CH3 COOH from Van Waters and Rogers, Inc. A 

sample of CH30 D was kindly supplied by J. H. Nelson. 

Preparation 

The partially deuterated acetylacetone was prepared by adding 

D20 to acetylacetone, warming up the mixture until it became homo­

geneous, and then separating the partially deuterated acetylacetone 

from water by fractional distillation. Partially deuterated 3-methyl­

pentanedione-2, 4 was prepared in a similar way. 

In the partially deuterated 3-methylpentanedione-2, 4 an 

unassigned resonance was observed at 3. 41 ppm downfield from keto 

methyl group in P11R spectrum and 3. 55 ppm downfield from CD 3 

group in the deuteron magnetic resonance spectrum. This resonance 

is probably due to some impurity which we were not able to remove by 

normal fractional distillation. Since it does not affect our results, no 

further attempts were made to remove this impurity. 
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Ins tr um en tation 

All the proton magnetic resonance measurements were made 

using a Varian HA 100 spectrometer. The deuteron magnetic reso ­

nance measurements were carried out on a Varian DP 60 spectro ­

meter operating at the frequency of 6. 5358 Mcps. In order to improve 

the signal to noise ratio and to facilitate more accurate measurements 

of the chemical shifts, the deuteron resonance spectra of partially 

deuterated acetylacetone and 3- methylpentanedione-2, 4 were taken 

employing the dispersion mode. The deuteron chemical shifts were 

measured using the s t andard sideband technique. The deuteron 

resonance spectra of the other compounds were taken using the ab­

sorption mode. All tl1e deuteron resonance spectra were obtained at 

the probe temperature of 27. 5° C. 

The temperature dependence of the bridge hydrogen of par­

tially deuterated acetylacetone was carried out on the HA 100 spectro­

meter operating in the frequency lock mode. The separation of the 

two ethylene glycol peaks was used to determine the probe tempera­

ture. For each temperature, two spectra were taken: one locked at 

the enol methyl group, the other locked at the keto methyl group. 

After the spectra were taken, the probe temperature was remeasured 

to ensure that the probe temperature remained constant during the 

measurements. 

All IR spectra were taken on the Beckn.1an IR-7 spectrophoto­

meter employing double beam operation. A set of nearly matched 

0. 1 mm sodium chloride cells was used. 
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RESULTS AND DISCUSS~ONS 

Deuter ium isotope effect 

The deuterium magnetic resonance spectra of partially 

deuterated acetylacetone and partially deuterated 3-methylpenta.i."1e­

dione-2, 4 are shown in Fig. 1 and Fig . 2 respectively. The chemical 

shifts of these two compounds are summarized in Table II and Table 

III. For comparison, the corresponding proton chemical shifts are 

a lso listed in Table II and ':cable III. It is interesting to note that 

while the deuterium isotope effect is small for a hydrogen bonded to 

carbon, of the order of 0. 05 ppm, it is extremely large for the bridge 

hydrogen in the enol tautomers. The magnitude of these isotope 

effects is of the· order of 0. 65 ppm and the resonances are shifted to 

higher fields in the deuterated molecules. 

In order to ascertain the origin of this unusually large isotope 

effect on the chemical shift of the bridge hydrogen, we have m easured 

the deuterium isotope effect for other related compounds. If the iso­

tope effect arises m erely from the difference in the vibrational 

amplitude of the zero point energy, then the r esults indicate that the 

deuterium isotope effect is a strong function of the anharmonicity of 

the potential well and that the potential function describing the vibra­

tion of the bridge hydrogen is extremely anharmonic. The later con­

clusion is probably not une:h.-pected since the intramoleculai~ hydrogen 

bond is strong. If this is the correct interpretaEon of the deute:: ium 

isotope effect, then it will be appropriate to make similar 
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T abl e II. The Proton and Det:.teron Chemical Shifts 

of Partially Deuterated Acetylace tone 

Group Chemical Shifta 

CH3 (enol) 0 

C H3 (keto) - 0.16 

- CH2 - - 1 . 58 

= CH- - 3.54 

-OH -1 3.56 

aChemi cal shift in ppm. 

bNot resolved. 

Group Chemical Shift a 

CD3 (enol) b 

0 
CD 3 (keto) 

- CD2 - - 1. 60 ± 0. 03 

=CD - - 3. 55 ± 0. 03 

- OD -12. 9 0 * 0. 04 
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Table III. The Proton and Deuteron Chemical Shift of 

Partially Dcuterated 3-Methylpentanedione-2, 4 

Group Chemical Shifta Group Chemical Shifta 

CH3 (keto) 0 CD3 0 

- C(CH3)H- 1. 64 -C(CH3)D- -1. 68 ± 0. 03 

3.41 3. 55 ± 0. 05 

OH 14.32 OD 13. 69 ± 0. 13 

aChemical shift in ppm. 
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measurements on other compounds for which the potential functions 

have been well-characterized. 

The hydrogen bond potential function for the 0-H· · · · · 0 

system has been subjected to numerous investigations (10, 12, 13). As 

e:h.'})ected, the potential function is a strong function of the relative 

acidity of the donor and the basicity of the accepter of the hydrogen 

bond. Recently, Chan and Fung (10) carried out a systematic investi­

gation of the energy levels of the hydrogen bond system. Thes e 

workers examined the IR and near IR spectra of H20, HOD, HC OOD, 

DCOOH, HCOOH, CH3COOD, CD3COOD, CH30H, and CH3COOH 

hydrogen- (or deuterium)-bonded to such bases as acetonitirle, acetone, 

dioxane, tetrahydrofuran, and dimethylsulfoxide. From t..'le determi­

nation of these energy levels they obtained some rather definite infor­

mation about the anharmonicity of the potential well. For example, 

the potential function for methanol and water hydrogen bonded to the 

various solvents was shown to be: 

The corresponding potential function for the stronger ca.rbo:h.7lic acid 

solvent complexes were of the fo llowing form: 
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These workers also determined the potential function for the hydrogen 

bond in the biacetic acid anion . Here, as expected, the potential 

function is symmetrical double minimum. The potential function of 

biacetic acid anion is shown as follows: 

It is clear that the hydrogen bonds in the above systems are all 

e}..'tremely anharmonic . It will be ideal if similar deuterium isotope 

experiments can be carried out for these systems. However, due to 

low sensitivity of detection, this was not possible. For this r eason, 

we have chosen instead to examine the deuterium isotope effect for two 
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systems which we feel are reasonable approximations to the above 

better characterized systems . 

The deuterium magnetic resonance spectra of acetic acid and 

methanol are shown in Fig. 3 a.rid Fig. 4, respectively. The proton 

and deuteron chemical shifts for these two compounds are listed in 

Table IV. As shown in Table IV, the isotope effect for acetic acid 

and methanol is small. We therefore conclude that the anha::: m onicity 

of the potential function is not the primary cause of the large isotope 

effect observed in acetylacetone and 3-methylpentanedione- 2, 4. 

The potential function for the intr amol ecular hydrogen bond in 

acetylacetone is probably not drastically different from those which 

have been proposed for some of the systems mentioned above. In 

acetylacetone and its derivative, conjugation of the rr system should 

play an important role in determining this potential function. For 

example, if the electronic structure is such that there is no conjuga­

tion of one of the lone pairs on the terminal oxygens, i.e., if the lone 

pair is strongly localized at one of the oxygen atoms, then from 

chemical knowledge we would write the structure of the enol form of 

acetylacetone as: 

CH3 CH CH3 '\. / . .... \_. / 
c ... ·. c 
I f I 
0 0 

H / 

Structur e I 
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Table IV. The Proton and Deuteron Chemical Shifts 

of Methanol and Acetic Acid 

Acetic acid 

Methanol 

a 
Chemical shift in ppm. 

proton a 

9.238 

1. 54 

deuteron a 

9. 165 ± 0. 04 

1. 545 ± o. 03 
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In this case , the two oxygen donors and accepters are not equivalent 

and the potential function should be like that of an alcohol hydrogen-

bonded to a ketone . However, if the electrons are completely de -

localized, then the two oxygen atoms will be equivalent, in which case 

one would characterize the structure of the enol form of acetylacetone 

as follows : 

CH., c. H Ct-i3 ..,"- ~-····~I 
c.~·· ··. C 
v ':.1 

o... ..o 
" H·' 

Structure II 

In this case the potential function will be similar to the symmetric 

double n.1.inimum suggested by Chan and Fung (10) for the biacetate 

anion. 

It is important to note that these structures are not resonance 

structures, since the geometry of the O· · · · H · · · · 0 bond is different 

in these two structures . In structure I the H-0-C angle is probably 

,....., 110°, whereas in structure II the O· · · · H· · · · 0 linkage is appro:h.'i. -

mately colinear . These structures, therefore, correspond to distinct 

electronic states, since the motion of the hydrogen between the two 

structures is long compared with the time scale of the electronic 

motion. 

From these considerations, we feel we could rule out the pos ­

sibility that the isotope effect arises from the change in the zero point 

vibrational amplitude in structure I. However, we cannot rule out 
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structure II completely. Theoretical calculations indicate that the 

ground level for symmetric double minimum potential wells is almost 

doubly degenerate when the potential barrier is very high. As the 

potential barrier becomes lower, the anharmonicity of the potential 

function increases and as a consequence, the degeneracy is removed. 

Therefore, we have to consider inversion doubling and changes in the 

energies of the inversion states with isotope substitution. It is a 

good approximation to assume in this case that only the ground 

inversion doublet is thermally populated at room temperature. Thus, 

if the average chemical shift in the two inversion states is somewhat 

different in the two lowest inversion states, which implies of course 

that the chemical shift is strongly depended on the vibrational ampli­

tude, a large isotope effect will be expected. However, if this is the 

case, then the chemical shift would be temperature dependent and 

lowering the temperature would have the same effect as the isotopic 

substitution. We shall now show that the temperature studies enable 

us to rule out this possibility. 

Temperature studies 

Lowering the temperature will populate the lower energy 

states . Since the measured chemical shift is an average over all the 

vibrational states, lowering the temperature should have a similar 

effect upon the chemical shift as the deuterium substitution. The 

effect of temperature upon the bridge hydrogen chemical shift in 

acetylacetone is shown in Table V. As shown in Table V, a tempera-



97 

Table V. The Proton Chemical Shifts of Partially 

Deuterated Acetylacetone at Various 

Temperatures 

Temperature Ethylene OH CH CH2 
CH3 CH3 glycol (keto) (enol) 

-14.0° c 200.la 1372.9 355.5 164. 1 0.0 
199.9 1355.2 146.8 0.0 

- 5. 5 191. 8 1368.8 355.3 163.2 0.0 
191. 6 1352.6 338.7 146.1 0.0 

7.0 179.2 1365.1 355.2 162.3 0.0 
179.0 1347.1 338.4 145.5 0.0 

16.2 170.3 1360.8 354.9 164.4 0.0 
169.5 1444. 2 338.3 . 144.7 0.0 

24.5 160.9 1356.4 354.8 160.9 0.0 
160.7 1339.6 338. 3 144. 2 0.0 

34. 5 152.6 1351. 6 354.6 160.5 0.0 
151. 4 1334.5 338.2 144.1 0.0 

43.8 142. 5 1347.5 354.7 159.9 0.0 
142.5 1330.6 337.9 143.5 0.0 

54.3 132.4 1342.5 354.1 159.4 0.0 
132.l 1326.5 338.0 143.0 0. 0 

64.0 122.7 1337.6 354.2 159.1 0.0 
122.9 1322.4 337.9 142.5 0.0 

73.2 113.6 1334.0 354.1 158.7 0.0 
113.5 1318.8 337.6 142.0 0.0 

82.7 "104. 2 1330.3 354.1 157.9 0.0 
104.3 1314.8 337.5 . 141. 7 0.0 

93.0 93.9 1326.5 353.7 157.7 0.0 
93.6 1310.0 337.4 141. 4 0.0 
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Table V (continued) 

Temperature Ethylene OH CH CH2 
CH3 CH 

glycol (keto) (enol) 

102.7 84.6 1321. 8 353.8 154.4 0.0 
84.3 1306.5 337.3 140.7 0.0 

112.5 75.3 1318.7 353.6 150.7 0.0 
74.3 1302.5 337.3 140.7 0.0 

122.5 64.3 1314. 7 353.4 156.6 0.0 
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ture effect is indeed observed. However, the temperature effect is 

opposite in direction to the deuterium isotope effect. (Lowering the 

temperature has a downfield shift effect, whereas the deuterium iso­

tope effect observed is upfield. ) This result is quite different from 

what one would expect, if the isotope effect arises from the difference 

in the zero point vibrational amplitude, since both lowering the tem­

perature and the deuterium isotope substitution tend to emphasize the 

same part of the potential well, and therefore should lead to changes 

in the same direction. On the basis of this observation, we can 

therefore rule out the second possibility raised in the previous section. 

However, the existence of the temperature effect is interest­

ing. It suggests that there are at least two states which are populated 

at room temperature and the chemical shifts of the bridge hydrogen is 

quite different in these states. The above discussion, however, 

enables us to eliminate the possibility that the other state corresponds 

to the upper inversion level of structure II. Thus, these states must 

either be those of another species, or the potential function for the 

intramolecular hydrogen bond is considerably more complicated than 

we have assumed it to be. Physical and chemical intuition indicate 

that the latter is probably more unlikely. 

IR studies 

It is clear from the previous section that there are at least 

two energy states which are thermally populated at room temperature 

and which are associated with the motion of the bridge hydrogen. The 
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chemical shift moves downfield with decreasing temperature; this 

would indicate that the proton is less shielded magnetically for the 

lower energy states . However, deuterium substitution apparently 

increases the population of the upper state . As we concluded in the 

previous section, these results tend to suggest that the enol form of 

acetybcetone exists in two or more forms. The species which 

immediately come to mind are the intra- and inter - molecular hydro ­

gen bonded molecules. However , there appears to be sufficient 

evidence to rule out any appreciable concentration of intermolecular 

hydrogen -bonded complexes. The intramolecular hydrogen -bond is 

strong, and both the IR and the PNIB data, as we have indicated before, 

are inde1~ndent of concentration and solvent provided the sol vent is not 

too basic. The question is then, whether there may be two or more 

intra.molecular hydrogen bond species which are electronically dif ­

ferent. We have already indicated two possible structures for the 

hydrogen bond in the enol tautomer. There is, of course, no!:!: priori 

reason why these two structures cannot coexist as distinct tautomers . 

Nuclear magnetic resonance by virtue of its slow time scale of 

observation cannot usually distinguish species which are rapidly ex­

changing. In fact, when the exchange rate between various species is 

fast, the measured chemical shift is an average of all Ulese species. 

Hence, it is very difficult to deduce much information about each 

species from the NRM results. IR spectroscopy, on the other hand, 

by virtue of its considerably fas ter time scale of observation is often 

a more powerful method for deciding structure questions. For this 
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reason, we have decided to reexamine the IR spectra of acetylacetone. 

The IR spectra of acetylacetone and several derivatives have been 

investigated by several groups of investigators (9, 14). 

The IR spectra of partially deuterated acetylacetone in the 

region of OH and OD stretch are shown in Fig. 5 and Fig. 6 respec­

tively. The IR spectrum was determined to be concentration independ­

ent and was also invariant upon dilution in other solvent. As shown in 

Fig. 5 and Fig. 6 the OH stretch in the vicinity of 2700 cm -l and OD 

stretch in the vicinity of 2000 cm-
1 

regions are quite complicated. The 

band around 2700 cm - 1 is extremely broad; in fact it appears to con­

sist of a superposition of several bands . This feature , which was 

reproducible in all of our spectra, has apparently never been discussed 

in the literature prior to the present work. - 1 The OD band at 2000 cm 

exhibits no evidence of fine structure and was somewhat narrower than 

the corresponding band of the normal molecule. 

It is difficult to deduce definite information from these spectra. 

However, it also appears that these data are not inconsistent with the 

existence of two or more enol tautomers, since the spectra are indeed 

more complicated than one would expect. 

The IR spectrum of acetylacetone in the region of C-0 and 

C=O stretch was shown in Fig. 7. Band a (v = 1727 cm - 1
) and band b 

(v = 1707 cm - 1
) were previously assigned by Mecke and Funck (9) to 

the symmetric and antisymmetric keto C=O stretch. Band d (v = 

1455 cm - 1
) was assigned to the C-0 stretch of the enol form. Band 

e was assigned to be a superposition of two unresolved bands: one at 
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-1 . 
v = 1419 cm for the C-OH bending mode of the enol tautomer and 

-1 
the other at v = 1420 cm for the CH3 bending mode in the keto tauto-

_1 
mer . There is a shoulder at ,...,1545 cm , this band probably corres-

ponds to the C=C stretching vibration of the enol tautomer. The 
-1 

strong band c (v = 1616 cm ) was assigned to the stretching vibration 

of the C=O in the enol form. Thus, there is the strong IR evidence 

for the existence of an enol tautomer with electronic structure I. The 

assignments of these bands seems clear cut enough and beyond ques­

tion. It may be recalled, however, that the existence of this struc­

ture alone would not account for both the temperature dependence and 

deuterium isotope effect. 

We now wish to comment on the band at 1616 cm - 1
• As we 

mentioned previously this band has been assigned by other workers to 

the C=O stretching stretching vibration of the enol tautomer. There 

are some difficulties connected with this assignment: First, the band 

appears to be unusually broad. Secondly, we feel that it is also 

unusually intense. Thirdly, one might argue that this band should 

appear at a somewhat higher frequency. Even though the hydrogen 

bond is strong, the C=O group in the enol form , as depicted by 

structure I, is still to a good approximation that of a strong alcohol 

hydrogen-bonded to a ketone. Thus , it is possible that the broad 

band at 1616 cm-
1 

is a superposition of a number of bands. In fact, 

we propose that this broad band consists of superposition of three 

bands; the C=O stretch of the structure I, and the symmetric and 

antisymmetric stretch of C=O in structure II. The C=O stretching 
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frequency for the structure I, we feel, is located on the higher 

frequency side of this unresolved band, while we assigned the 

remainder to the two C=O stretching vibrations of structure II. 

The center of the C=O stretching vibration in enol tautomer II should 

appear at a lower frequency than the C=O stretch in the enol struc­

ture I. This follows because we expected the C==O bond in structure 

II to be between a double and a single bond, if the electronic structure 

of this species is that indicated in structure II. 

Summary 

In summary, the deuterium isotope effect on the chemical 

shift of the bridge hydrogen and the temperatur.e dependence of bridge 

hydrogen chemical shift suggest that there are two enol structures for 

acetylacetone. The basic difference between these tautomers is in 

the electronic structure of the 1T system. Apparently the OH· · · 0 

bond plays an important role in determining the electronic structure 

of the rr system. 

The temperature studies indicate that structure II is the lower 

energy structure, since the proton chemical shift of the bridge hydro­

gen is expected to be the least shielded in this tautomer . The deu­

terium isotope effect indicates that the difference in the zero point 

energies between these two structures is decreased upon deuterium 

substitution. This is, of course, expected when the potential function 

for structure I is symmetrically double minimum while that for 

structure I is asymmetric. Because of the central barrier in the 
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potential function of structure II, the change in the zero point energy 

with deuterium substitution here is expected to be less than that in the 

asymmetrical form. To a good approximation, we can ignore the 

higher vibrational states of the OH (or OD) stretch in both forms, 

since these higher vibration levels lie ~ 2000 cm -i higher. However, 

the energy difference between the two enol forms is apparently only 

of the order of kT. 
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MODEL 

In this section, we shall attempt to place the above results 

on a somewhat more quantitative basis. We propose the following 

model: We assume that there are only two enol structures. The 

vibrational potential function for structure I is asymmetric, while 

that for structure II is symmetrical double minimum. For the 

normal molecule, we shall denote their zero-point energy difference 

by A Eg, and for the deuterated molecule, we shall denote the dif­

ference in their zero point energies by AE~. A schematic repre­

sentation of energy levels is given in Fig. 8. We shall assume an 

equilibrium between these two structures. This equilibrium will be 

rapid on NMR (or PMR) time scale; however, it will be slow on the 

IR time scale. It is clear from the previous discussion that the 

equilibrium constant, K, will be isotope dependent. In fact , we shall 

show that the deuterium isotope effect is merely a reflection of the 

change in the free energy difference between the two enol tautomers 

in the normal and deuterated molecules. 

If we ignore the higher vibrational states of both structures, 

then there will be two "ground" vibrational energy states for struc­

ture II and for structure I. The two vibrational states for structure 

II are the well-known symmetric and antisymmetric vibrational 

states. It should be pointed out, however, that only half of the pos­

sible rotational-nuclear-spin states are allowed by Pauli principle in 

these two vibrational states. For structure I there is only one 
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vibrational state of interest. Here, of course, all the nuclear spin 

states are symmetry allowed. There is, of course, another way of 

looking at the problem. We can, for example, include in the dis­

cussion that there are two structures I; e.g. , the one depicted in 

Fig. Sa and its mirror image. The reason why we can ignore one of 

these is that we assume that the potential barrier to go from one to 

another is very high and the resonance between two wells has no 

effect on the energy. Clearly, if resonance is included in the treat­

ment of the problem, the Hamiltonian has C2v symmetry, and again, 

we have to bring in nuclear spin statistics. In this representation, 

the energy levels are doubly degenerate and only half of the rotational 

and nuclear spin states of the symmetric and antisymmetric states 

are allowed. In any case, the above discussion clearly indicates that 

there is no entropy difference between these two structures I and II, 

if we ignore the minor differences in the structure of these two 

molecules. Then, 

6. Fo = 6.Ho = 6.Eo 

and 

The exchange-averaged chemical shift can be expressed as 

(1) 

where P 1 and P 2 are the mole fraction of structure I and structure II 

respectively, and 61 and 62 are the chemical shifts for structure I and 

structure Il respectively. Equation 1 can be rewritten as: 
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1 e 
AE/ kT 

(2) 

0 0 
For the normal compound AF = AEH and for deuterated compound 

AF
0 

= AE~. 

We shall use this model to show that the temperature 

dependence of bridge hydrogen chemical shift, the deuterium isotope 

effect, and the IR results are all consistent with one another, thus, 

suggesting that our model may not be very far from reality. We 
0 

shall first extract a AH from the temperature measurements of the 

bridge hydrogen chemical shift. On the bases of the IR data, we 

shall estimate AE~ - AE~, from which AE~ will be obtained when 

combined with A E~ . The deuterium isotope effect can then be 

calculated and can be compared with experiment. 

Estimation of AE~ from temperature dependence of 

the bridge hydrogen chemical shift 

According to our model 

1 
(3) 

H H o There are three unknowns, 01 , 02 , and AEH, and two measurable 
H . 

quantities, oobs and Tin equation 2. If one measures three sets of 

o!s and T and plugs these values into equation 2, then theoretically 

all o~, o~, and AE~ can be solved since there are three 
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simultaneous equations and only three unknown parameters. Fifteen 

sets of data were collected for this purpose. Theoretically, it is 

possible to fit these three unknown parameters from these 15 sets of 

data. However, this turns out to be more readily said than done. 

Instead of trying to fit all these three unknown parameters at once, 

the following procedure was applied: 

(1) Pick a particular value of AE~. 

(2) Plug this value into equation 3. 

(3) Do a least square fitting for values 01H and 02H. 

(4) Calculate the standard deviation, a. 

(5) Pick another value of AEH. 

(6) Repeat procedures 2-5. 

(7) Make a a vs. A EH plot. 

0 
The a .Y.§.. AEH plot is shown in Fig. 9. There is a minimum at 

AE = 673 k (467 cm - 1
). The set of parameters which gave the best 

fit between the measured and calculated chemical shifts were: 
o -1 H · H 

AEH = 467 cm , ~1 = 7. 30 ppm, ~ 2 = 14. 21 ppm. The observed 

and the calculated chemical shifts for this set of parameters are 

shown in Table VI. 
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Table VI. The chemical shift of OH proton in 

acetylacetone (refer to enol CH3 group) 

at various temperatures. 

o;1 = 1421 . 4, 62 = 730, ~E = 672 k 

Temperature °C 0obs 6cal 6obs - ~cal 

122.5 1314.7 1314.5 -0. 19 

112.5 1318. 7 1318. 4 -0.27 

102.7 1322.3 1322.3 -0.04 

93.0 1326.5 1325.3 -0.19 

82.7 1330.3 . 1330. 6 0.28 

73.2 1334.0 1334.6 0.59 

64. 0 1338. 4 1338. 5 0.13 

54.3 1342. 5 1342. 7 0.24 

43.8 1347.0 1347.4 0.36 

34.5 1351. 3 1351. 5 0. 19 

24.5 1356. 4 1356. 0 -0.42 

16.2 1360. 8 1359.7 -0. 08 

7.0 1364. 7 1363. 9 -0.83 

- 5.5 1368. 8 1369. 5 0.71 

-14. 0 1372. 9 1373. 3 0. 43 . 

Standard deviation O. 487 Cps. 
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Potential function for the two enol structures and the 

estimation of isotope effect on the zero point energy. 

The two potential functions for the two enol form structures 

of acetylacetone have been shown in Fig. 8. In this section we shall 

calculate the energy levels of these two potential functions from the 

data obtained from the IR spectra in the OH and OD stretching 

vibration regions. 

As shown before, the potential function for structure II can 

be approximated by 

( ) 
4 1 2 

Vx =ax-2kx (4) 

where xis the vibration coordinate. Using the linear transformation 

Chan et al. (15) were able to rewrite equation 4 as following: 

V(x) = ( :~r (X' _ '1 x2) 

= (5) 

where 

T/ = 

and µis the reduced mass. 

As shown in Fig. 5 and Fig. 6, the ffi spectra in the OH and 

OD stretching vibration regions are very complicated. There may 
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be four bands in the OH stretching vibration region. Only two of 

these four bands are to be ascribed to the 1-4 and 2-3 transitions. 

One or two of these four bands may arise from the 0-1 transition for 

structure I. There are 6 possible combinations from .these 4 bands; 

2830 cm -l and 2800 cm - 1 , 2830 cm -l and 2720 cm -i, 2830 cm - 1 and 

2630 cm - 1
, 2800 cm -l and 2720 cm -l, 2800 cm -l and 2630 cm - 1 , and 

-1 -1 2700 cm and 2630 cm . Only one of these combinations may be 

due to the 1-4 and 2-3 transitions. 

Theoretical calculations indicate that the closer the O· • · 0 

distance in the system, the lower the energy barrier (10), i.e. , the 

shorter the O· · · 0 distance the larger the separation between the 1-4 

transition band and the 2-3 transition band. Chan and Fung (10) in 

their studies of biacetic anion indicated that the distance between the 

two minima is 0. 82 A. The separation between the 1.-:4 and 2-3 

transition bands here was 90 cm -l. Assuming OH distance in 

biacetic acid anion is 0. 9 A, then the O· • · 0 distance in biacetate 
' 

anion is 2 x 0. 9 + 0. 82 = 2. 62 A. The O· · · 0 distance in acetyl­

acetone calculated from the following model is 1. 43 x .f3 = 2. 48 A. 

Z.'1-8 A---

This value is much less than the O· · · 0 distance in the biacetate anion. 

It is, therefore, expected that the separation between the 1-4 and 
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;:!.nd 2- _3 transitions is larger th2.n 90 cm - i. On this basis, we only 

consider Gd the :i.'ol.low1ng fom· p~drs in our calculations . '1'hcy are: 

2830 cm - l 2~nd 2630 cm - i, 2830 cm - l and 2720 cm - 1
, 2800 cm - 1 and 

2630 cm - i, and 2800 cm- land 2720 cn1 - i . 

The calculation of energy levels for the potential function as 

shown in equation (5) l1as been treated by Chan et al. (15) . In general, 

the separation between the 1-~ and 2- 3 tTansition bands is dependant 

upon t 1e value YJ. A band separation vs . YJ plot is shown in Fig. 10. 

Fig. 10a indicates the case that the 1- 4 transition band is at 2830 

cm - 1
, whe1·eas Fig. lOb indicates the case when the 1-4 transition 

- 1 
is assig;;.1ed to be 2800 cm . From Fig 10, the parameters A a.'1d 

'f] are obtained. The potential functions for the four pairs are : 

V(x) = 171. 7(x'1-11. 05x
2

) for the 2830 and 2630 pair 

V(x) = 168. 2(x
4 
- 11. 26x

2
) for the 2800 and 2630 pair 

V(x) 
4 2 = 165. 2(x - 11. 80x ) for the 2830 and 2720 pair 

V(x) = 160. 9(x'1- 12 . 10x2
) for the 2800 and 2700 pair 

The first four energy levels corresponding to these potential functions 

are listed in Table Vil. 

For the calculation of the potential function and the corres -

ponding energy levels of the deuterated acetylacetone U1e following 

relations were applied: 
2 
3 
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TABLE VII 

77 11. 05 11. 25 11. 8 12.15 

E(O) -3698 3795 4208 4365 

E(l) -3695 3791 4207 4364 

E(2) -1064 1160 1484 1645 

E(3) - 869 994 1378 1565 

a 171. 7 168.2 165.2 160.9 

0-3 2830 2800 2830 2800 

1-2 2630 2630 2720 2720 

TABLE VIII 

E(O) -4134 4226 4646 4798 

E(l) -4134 4226 4646 4798 
E(2) -2077 2184 2570 2741 
E(3) -2068 2178 2569 2741 

A 108.19 105.97 104. 1 101.37 

0-3 2066 2050 2077 2057 

1-2 2057 2042 2076 2056 

TABLE IX 

E(O) -4010 4134 4480 4666 
E(l) -4010 4134 4480 4666 
E(2) -2015 2137 2479 2665 
E(3) -2006 2131 2478 2665 
A 104.94 103.67 100. 28 98.57 

0-:·3 2004 2003 2002 2001 
1-2 1998 1997 1998 2001 
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where '1n and ~ are the reduced masses of the deuterium and the 

proton respectively. The values of AD and T]D calculated from these 

relations and the first four energy levels based on these AD and 7JD 

values are listed in Table VIII. In all these calculations, 11nl ~ = 

2. O was assumed. The observed OD stretching vibration frequency 

is ....... 2000 cm -
1 

(see Fig. 8). As shown in Table VIII, the calculated 

1-4 and 2-3 transitions are always a little high. For this reason, 

AD was adjusted so that the 1-4 and 2-3 transitions for the deuterated 
-1 molecule fall at 2000 cm . The energy levels calculated from these 

new values are shown in Table IX. 

From the zero point energies for the normal molecule and 

the deuterated molecule, we can calculate the zero point energy dif­

ference between the normal and the deuterated molecule. For 

structure II, we denote this energy difference as ti.Eu. From Table 

VII and Table IX, the following ti.Err values were obtained: 

ti.Err = 312 cm - 1 for the 2830 and 2630 pair 

ti.Ell -1 = 339 cm for the 2800 and 2630 pair 

ti.EH = 272 cm-1 for the 2830 and 2720 pair 

AE· -1 = 301 cm for the 2800 and 2720 pair II 

Since no further information is available, any one of these four values 

is possible. However, these values do not vary too much. We shall 



122 

assume ~En ~ 300 cm -i in our later calculations. 

The potential function for the asymmetric form can generally be 

approximated as 

or 

(a) (b) 

Structure a is quite similar to the potential function for methanol 

hydrogen bonded to most solvents, whereas structure bis quite simi­

lar to the stronger carboxylic acid-solvent hydrogen bonded com­

plexes. In the former case there is only one band in the fundamental. 

OH stretching vibration region while in the later case there are 

generally two bands in the fundamental OH stretching vibration region. 

However, for the ground vibrational state it is adequate to assume in 

both cases. that the isotope shift is given by: 

1. 4' 4 

If we denote the energy difference between the zero point energy of 

normal and deuterated molecules as ti.E11 then from Fig. 8a it is ./ 
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clear that 

I { , r V. ) _ I ( v: _ -' _ v") = o. 146 UH 
i!. v H - 1) - T ,.. 1.'tl'f-

-1 
If the fundamental frequency for the OH stretch, 2/H is ....... 3000 cm , 

then 

AE
1 

= 0. 146 x 3000 ~ 440 cm 
-1 

The isotope effect is therefore 

-1 -1 
AE1 - A.Ell ~ 440 cm - 300 cm 1 

-1 
f:::I 40 cm (6) 

Calculation of the deuterium chemical shift 

From equation 2, the deuterium chemical shift is given by: 

oD oD 
1 D 

eAEhfkT 
= + 92 obs 1 0 

1 + eAED/kT 1 + e AED/kT 

We shall assume that 

oD 
1 

,.., oH 
"" 1 = 7. 30 ppm 

oD 
2 

""a.H ...... 2 = 14. 21 ppm 

since the changes in the chemical shift due to the changes in the 

vibrational amplitude are usually less than 0. 05 ppm. Since 

(7) 

(8) 

(9) 

.; 



and 
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0 0 AE ~ 140 cm -l AEH + AED = AE1 - II 

AE0 

H 
-1 = 476 cm , 

therefore, 

AE0 = 476 cm -i 
D 

-1 -1 
140 cm R$ 336 cm 

From equations 7-10, the chemical shift of the bridge deuterium at 

27. 3 ° C in deuterated acetylacetone is then 

7.3 
+ 

14.214 

1 + e336/207 1 + e336/207 

= 12. 99 ppm, 

in good agreement with the observed chemical shift of 12. 90 ppm. 

Molecular Orbital Calculations 

It has been shown that there are two different electronic struc-

tures of the enol form of acetylacetone. The basic difference between 

these two structures is in the electronic structure of the 1T system. In 

structure I, one of the oxygen lone pairs is localized at the hydrogen 

bonded oxygen, whereas in structure II these two electrons are also 

delocalized into the _TT-system of the acetylacetone molecule. The 

electronic structure for these two forms are shown as follows: 
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3 

15 

I II 

It seems that structure I might be energetically unfavorable. 

However, one should be reminded that the Coulomb energy for oxygen 

atom is larger than that of carbon atom. The gain of this Coulomb 

energy may be large enough to compensate the loss due to the delocal­

ization energy. A calculation of energy difference for these two 

electronic structures would therefore be appropriate. In this section, 

we present a simple HMO calculation for these two structures. 



Structure I 

Point group: C1 

Basic assumptions: 

ll'.i = as = G'c + 2J3 
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{3 .. = s .. {3 = {3 if i and j are neighboring atoms, 
~ ~ . 

except {3 4 5 = 0. 
' 

Energy levels: 

energy = a + {3x 

x = -2. 496, -1. 220, -0. 220, and 1. 496. 

Eigenvectors: 

x = -2. 496 l/I A = 0. 873</>i + O. 433~ + 0. 208% + 0. 083¢4 

x = -1. 220 l/IB = 0. 354</>i- 0. 276¢2 - 0. 691~ - O. 566¢4 

x = -o. 220 <Pc = o. 294</>i - o. 652% - o. 153% + o. 683¢4 

Total 1T electron energy: 

4a + 2(2. 496 + 1. 220) = 4a + 7. 432 {3 

Total energy for 6 electrons = total 1T electron energy 

+ localized electron energy 

= 6a + 11. 432{3 



Structure II 

Point group: C 2 

Basic assumptions: 

01 = as = a + 2/3 c . 
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{3 .. = s .. {3 = /3, if i and j are neighboring atoms. 
lJ lJ 

Energy levels: 

Energy= a+ {3x 

x = -2. 562, -2. 414, -1. 000, 0. 414 and 1. 44. 

Eigenvectors: 

x = -2. 562 °I/IA= 0. 595<J:>.i. + 0. 334¢..i + 0. 261¢-J + 0. 334¢4 

+O. 595¢., 

x ~ -2. 414 t/IB = 0. 653<J:>.i. + 0. 271% - 0. 271¢.4 - O_. 653¢5 

x = -1. ooo _<Pc= o. 354<J?i - o. 354~ - o. 707 ~ - o. 354cp4 

-0. 354~ 

x = 0. 414 'lb = O. 271 <Pi - O. 65~-~· + o. 653¢4 - _o. 271 ¢.5 

Number of electrons : 6 

Number of atoms considered: 6 

Total rr electron energy: 

6x + 2(2. 562 + 2. 414 + 1. 00) = 6a + 11. 952 ~ 

It is very interesting to note that the total energy for the two 

structures is almost the same. From these calculations, it is not 

surprising that the two structures co-exist. 
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CONCLUSIONS 

The intramolecular hydrogen bond in acetylacetone has been 

studied in detail. Our results suggest that there are two electronic 

structures for the enol form of acetylacetone. The difference be­

tween these two structures presumably arises from differences in the 

1T -electronic distribution. Some properties of these two structures are 

shown in the following table. 

Structure 

Vibrational coord. 

Symmetry 

Zero point energy of 
normal acetylacetone 

Structure II Structure I 

CH3 O. cH~ 
- c ~- ... -:-,.._. <" 

I { II 
o .... H •.... o 

m 

0 

Relative population 90. 53 . 9. 5% 
at room temperature 

Zero point energy of 
deuterated acetyl- 0 300 cm - i 

acetone 
- - - - - - - - - -· - - - - - - - - - - - - - - - - - - - - - -

Relative population 
at room temperature 

The chemical shift of 
the bridge hydrogen 
at room temperature 
(ppm downfield from 
the enol form methyl 
group) 

80. 8% 

14.21 

19. 2% 

7. 30 
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PROPOSITIONS 
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P1·oposition I 

It is proposed that for organic molecular crystals there may 

be a relationship between the thermal ene1~gy gap derived from the 

conductivity measurements and foe energy gap between the highest 

occupied molecular orbital 2.nd the lowest unoccupied molecular 

01·bit2.l calculated from the HMO theory. 

Proposition II 

A very interesting property about the spacing of the energy 

levels in the HN.'.:O calculations was found. It can be proved mathe­

ma.tically that for a conjugated organic compound, (1) t he average 

s pacing of ene:q:;y levels becomes smaller when the number of 

rn.olecular orbitals is increased, and (2) the average spacing of 

energy levels becornes larger when the number of rings in the 

system is increased. 

Proposition :i:rI 

It is proposed that: 

(1) The an10unts of ionic character of AB t:n_)e (B the halogen 

ato;:n) molecules with electronegativity XA (atom A) and XB (atom B) 

are given by 

where m and b are consta.i.1ts arid depend upon the cation only. 
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(2) The amount of ionic character of alkali metal halides 

are given by 

(0 . 97XA - 0. 72)(XB - XA) - 2. 27 XA + 2. 24 

Pronosition IV 

An em.pirical equation similar to Badger 1s formula for the 

calculation oi bond bending force constants is proposed. It is found 

that th2 value 6/1112 (where 6 is the bond bending force constant and 

11 a....'1d 12 ar e the length of the two edges of the ang1e) is directly pro ­

portional to the electronegativity and inversely proportional to the 

covalent radius of the central atom. 

?roposition V 

It is proposed that the equation log K = log Ko + aP + bP
2 

(wl1ere Kand Ko are the reaction rates at pressure P and 1 atom, 

a and b are const ants) will probably give a better relationship 

between pressure and t.11e reaction rate than the equation proposed 

by Benson and Berson. 
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PROPOSITION I 

It has been found for a long time that certain types of organic 

crystals exhibit a weak form of semiconductivity. This continues to 

be actively and successfully explored (1). More recently, some quite 

spectacular conductivity has been found in some of the charge transfer 

complexes of the TCNQ types (2). The conductivity of these types of 

compounds approaches that of some of the metals. The present state 

of organic semiconductors is comparable to that of inorganic research 

in the 1930's. The greatest barrier toward advancement in this field 

lies in the lack of understanding of the mechanism by which conduction 

occurs in organic substances. 

The most acceptable conducting mechanism in molecular crystal 

was proposed by Eley (3). This model is explained schematically in 

Fig. 1. Eley's model is quite similar to the band model in the 

inorganic solid. 

From band theory of solid it is clear that the smaller the gap 

between the highest occupied orbital and the lowest unoccupied orbital 

the easier the solid will conduct current. Therefore, the conductivity 

and the energy gap are quite related. 

In free electron gas models the energy gap of n electron system 

(3) is 

-
h2 

(n + 1) 
8ma2 

for an open path, length a (1) 
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Figure 1. An electron can only move into an energy level 

which already contains less than two electrons . In fig. la 

an electron denoted by a cross received energy .6.E to excite 

it to an upper (n/2 + l)th level from which it can pass 

(dotted arrow) to the next molecule. The empty space set 

free in the lower (n/ 2)th level is taken up by an electron 

from-the next molecule. In fig. lb the interaction between 

the excited (n/2 + l)th states in the neighboring molecules 

broadens the upper level into a band, hence lowering the 

energy gap .6.E . In le, a solid free radical, the electron 

can pass directly (dotted line) into the corresponding level 

of the next molecule (3). 



/ 

h2 

4ma2 
n 
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for a close circular path of circumference a (2) 

Eley (3) assumed that for ordinary n 'IT-electron system the energy 

gap is between these values calculated from equation 1 and equation 

2. A correlation of the thermal energy gap determined by conduc­

tivity measurements and the number of 1T electrons is shown in Fig. 

2. Beyond this correlation there is apparently no further attempt 

made to calculate the thermal energy gap theoretically (2). 

Htickel molecular orbital theory has been well developed. There 

are many applications of this method. The applicability of this meth­

od to the area of organic semiconductors has not been explored. It · 

seems very desirable to correlate the thermal energy gap determined 

from the conductivity measurements and the energy gap calculated 

from the molecular orbital theory. 

This proposition is an attempt to study the thermal energy gap 

for various molecular crystals from HMO point of view. Unfortun­

ately,there are only few compounds where both the HMO calculation 

and the thermal energy gap measurements were carried out. Data of 

eight compounds are collected. They are shown in Table 1 . From 

Table I it is clear that the agreement between the energy gap cal­

culated from the HMO theory and the conductivity measurement is 

very good. The agreement may be better if other factors are con­

sidered. However , this made the calculation more complicated. At 

present it seems a simple replacement of the electron gas model 

with the simple HMO calculation is ideal. More calculation of HMO 
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Figure 2. A correlation of thermal energy-gap deter­

mined by conductivity measurements and the 

calculated values on electron gas theory. 

Lower curve: for an open conjugation path; 

Upper curve: for a closed conjugation path 

or ring (3). 



Compound 

Perylene 

Pyrene 

Pyrunthrene 

Anthan thr ene 

Pentacene 

Meso-naphtho-
dianthrene 

Ovalene 

Coronene 
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TABLE I 

Energy gap calculated 
from the HMO theory a 

1. 75C 

2.25 

1. 30 

1. 45 

1.1 

0. 9 

1. 6 

2. 5 

areference 4 and reference 5 ((3 ,...., 2. 5 ev) 

breference 2 

cin units of ev 

Thermal ·energy gapb 
derived from the 
conductivity 
measurements 

1.9-2. 0c 

2.02-2.4 

1. 07 

1. 67 

1;5 

1. 2-1. 48 

1. 13-2. 0 

2.3 
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for heterogeneous molecules seems desirable. The results of these 

calculations may prove to be very fruitful. It is believed that a more 

detailed study of the relationship between the HMO results and the 

value derived from the conductivity measurements may give some 

very valuable information about the conducting mechanism in the 

metal free molecule crystals. 
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PROPOSITION II 

As shown in proposition IV, it seems very probable that one can 

deduce some very valuable information about the thermo energy gap 

from the spacing between the lowest unoccupied molecular orbital and 

the highest occupied molecular orbital. The purpose of this proposi­

tion is to find some general information about these spacings from the 

Hi.ickel molecular orbital calculations. As it will be shown later, it 

can be proved mathematically that for a conjugate organic compound 

(1) The average spacing of energy levels calculated 

from the HMO calculations becomes smaller when 

the number of molecular orbitals is increased. 

(2) The average spacing of energy levels becomes 

larger when the number of rings in the system is 

increased. 

From these two conclusions , it is suggested that if the band 

theory is applicable in the organic semiconductors, the long open 

chain polymers will probably give better electric conductivity than 

others. 

In HMO calculations, if there are n orbitals the polynomial 

expanded from the secular determinant generally has the form: 

~ + alxn-1 + a~-2 + aaX11-3 .... 

The highest order in the polynomial is n and the coefficient of the ~ 

term is 1 . In general it is very tedious to expand the secular 
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determinant. Several methods have been developed in an effort to 

simplify this computational problem (1-5). Heilbronner (1) has 

shown how the secular polynomials for a complex system may be 

derived from those of component parts. If~' ~-l' and Kn_2 are 

the secular polynomial for chain of n, n-1, and n-2 atoms 

respectively, then 

~ = x ~-1 - ~-2 (1) 

and if Rn is the polynomial for a ring of n atoms, then 

Rn = ~ - ~-2 - 2(-1) 
n (2) 

It will show later some very interesting properties about the energy 

levels that can be derived from these two recruiting equations. 

The secular polynomial of a chain of n atoms 

In general one can express the secular polynomial in the 

following way: 

(3) 

for the case of n = 2, and n = 3 

~ = x2-1 (4) 

3 
K 3 = x - 2x (5) 

It is very interesting to note from equations 4 and 5 that in the secular 

polynomials a1 is always zero and a 2 is always equal to n-1. As we 
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shall show, this is also true for the case of ~· 

If n-2 ( ) n-4 1<)
1

_ 2 = x- - n-2 x + 

n-1 ( ) n-3 ~-l = x - n-1 x + 

then from equation 1 it can be proved that: 

~ = x~-1 - ~-2 

= x(~-1 - (n-1)~-3] - ~-2 

= ~ - (n-1)~-2 

(6) 

(7) 

(8) 

Thus we have proved that the secular polynomial of a chain of n atoms 
. n n-2 is x - (n-l)x + 

The secular polynomial of a system which has n atoms and m rings 

From equation 2, it is clearly seen that any time a ring is formed 

the coefficient of xn - 2 in the secular polynomial decreases by 1. 

Therefore, the secular polynomial of a system which has n atoms and 

m rings is 

Rm = ~ - (n-1 + m) ~-2 
n 

The average spacing of the energy levels 

If one denotes the root of the following equation 

=0 

as x11 ~' x3 , • • • ~ • • • ~' then 
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Ex. = a1 
i l 

E x. x . = a2 
i, j 1 J 

i:t=j 

Since a1 = 0 

therefore Ex. = 0 
l 

xj E~ = 0 

Ex.x. = 0 
. . l J 
l, J 

E x. 2 + E x. x. = 0 
i l i, j l J 

i±j 

therefore ~~ 
2 E = x.x. = -~ 

l . i, j l J 

i±j 

= (n-1-M) (8) 

where n is the number of atoms in the system and mis the number 

of rings in the system. 

It is well-known that ~ is also the i th energy level in the 

molecular orbitals calculations. The average spacing of energy 

levels can generally be approximated by 

2 I 2 
~ ~ n ' 
l 



that is, the average spacing 
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~x~ 
a--1-

n2 

(n - 1 + R) a----
n2 

(10) 

From equation 10 it is concluded that the average spacing will be 

the smallest for these open-chain polynomers . 
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PROPOSITION III 

It is proposed that : 

* (1) The amounts of ionic character of AB type (B the 

halogen) molecules with electronegativity XA (atom A) 

and XB (atom B) are given by+ 

where m and bare constants and depend upon the 

cation only. 

(2) The amounts of ionic character of alkali halides are 

. b + given y 

(1) 

(0. 97XA - 0. 72)(XB - XA) - 2. 27XA + 2. 24 (2) 

Pauling (1) related the ionic character of a single bond between 

two atoms A and B with electronegativity XA, XB, respectively by 

the equation 

Amount of ionic character = 1-exp( -0. 25(XA-XB)
2

] (3) 

According to this equation HF has 60% ionic character, but the value 

calculated from dipole moment is 45%. Hannay and Smyth (2) pro­

posed the equation 

which holds for hydrogen halides only. Oskan E. Polansky and 
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G. Derflinger (3) proposed another equation 

XA - XB 
Amount of ionic character = (4) 

The amounts of ionic character of alkali halides and hydrogen halides 

calculated from equation 3 are listed under column 13 in Table -I. 

The amounts of ionic character of alkali halides and hydrogen halides 

calculated from equation 4 are listed under 14 in Table I. Experi­

mental values of dipole moment and amount of ionic character cal-

* culated from these dipole moments are listed in Table l under 

columns 2 and 5 respectively. Comparing the values between columns 

5 and 13 , 5 and 14 in Table l indicates that both equation 3 and 4 are 

not satisfactory. 

Figure 1 ++shows a plot of percentage ionic character vs . AX 

(difference in electronegativity) for various alkali halides and hydro­

gen halides. If one connects all the points for the same cation togeth­

er, a straight line is always obtained. Based on this, equation 1 is 

proposed. The parameters m and b for each cation were calculated 

by a least squares method. The amounts of ionic character of com­

pounds calculated from equation 1 are listed in Table I under the 

column 11 • The agreement is excellent (average error 0. 6%). 

The second object of this proposition is to try to find a simple 

general equation which gives the amounts of ionic character of any 

alkali halides from the electronegativity of the two atoms involved. 

Such an equation .is found (equation 2). The amounts of ionic character 
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TABLE I 

Compound Obs. dipole d AX % 11 12 13 l4 moment in A ionic 

LiF 1. 452 3,0 90. s++ 90. 5 93 
Li Cl 2. 013 2. 0 66.0 68 
Li Br 6.19 0.15 2.170 1. 8 59. 5 60. 6 61 55 47 
Lil 6. 25 0.20 2. 392 1. 5 54.5 53. 5 55 ·44 43 
NaF 1. 799 3. 1 89 
NaCl 8.5 0.4 2. 361 2. 1 75. 0 73 66 54 
NaBr 2.502 1. 9 70 
NaI 2.712 1. 6 65 
KF 8.62 2.105 3.2 85.2 85.2 82 92 67 
KCl 10. 0 ** 2.667 . 2. 2 78.4 78 . 6 77 70 58 
KBr 10. 60*** 2.821 2.0 77.8 77. 4 ·75 63 56 
KI 11. 05 3.048 1. 7 75.5 75.5 74 51 52 
CsF 7.87 2. 345 3.3 69.9 70.0 72 94 70 
Cs Cl 14.40 2. 906 2.4 74.5 73.9 75 75 62 
Cs Br 3. 072 2. 1 71. 3 77 
Cs I 12. 1 3.315 1. 8 76.0 76.0 78 55 56 

* 0. 926+ HF 1. 91 1. 9 43 . 0 43.2 59 30 
* 1. 284+ HCl 1. 08 0. 9 17.5 17. 2 19 18 
* 1. 423+ HBr 0. 79 0.7 11. 6 12. 1 12 14 

HI 0. 38 * 1. 61 5+ 0. 4 4.9 4. 4 4 9 

Data taken from refer ence 5 unless specified. 

** Take average value of 9. 53 (reference 7) and 10. 48 (reference 5) 

*** . Take average value of 10. 8 (reference 7} and 10. 4 (reference 5) 

*' +, and ++indicate data are taken from reference 4, 6, and 
1 respectively. 
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of alkali halides calculated by this equation are listed in Table I 

under the column 12 • 

*The amount of ionic character (y), bond length (d), dipole moment 

(µ), and the charge of an electron (e) are related by the following 

equation (1). 

µ=yed 

+These equations obviously hold only in the range where experimental 

points exist and can not be extrapolated to all AX values . 

++rn Fig. 1 the straight lines are extrapolated to AX = 0. The 

purpose of this is only to show the intercepts and the slopes of the 

experimental straight lines. It does not imply that equations 1 and 

2 hold when AX= 0. 
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PROPOSITION IV 

Accordin:; to the valence force theory the internal potential 

ene;:gy of a molecule can be calculated approximately by the equation 

2 ,, 1 Q2 ,~ 0- . /'\1.2 V=L.J\:. · . +L.J u. 
i l l j J J 

i3'=123···· 
' ' ' 

w her 2 Q. 'ls the change of the i th bond length and CL the change of the 
l ] 

j th bond angle, 1\ and oj are the stretching and bending force con -

stants of the i th bond length and j th bond angle respectively. The 

bond stretching force constants can be calcul:1ted from the well- known 

Badger formula (1) . The1-e is as yet no way to predict the bond bend-

ing ior12c const2.nts . 

Some values 01' o/l" L (where 6 is the bond bcndin~~ force con -

stanl, 111 12 arc the lcnc~th 01' the two edges o.f the angle) arc Hstcd in 

Table I. A simple equation similar to Badger's formula for the bond 

bending; force constants cannot be obtained. But if we define a p~u-a-

rncter y A for each atom by the equation 

where 

y fa_ = 

XA - the electronegativity of atom A 

rA = the covalent radius of appropriate 

multiplicity for atom A 

then some quite interesting relations between y values are found. 
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TABLE I 

Atom y~ Bond Compound (1,~:) exp ~l,~J cal 
-F 4.7 H-C-H CH4 0.46 0.47 

-Cl 3.0 F-C-F CF4 0.71 0.71 
-Br 2. 6 Cl-C-Cl CC14 0.33 0.29 
-I 2.2 Br-C-Br CBr4 ·0.24 0.22 
-0 4.0 H-C-F CH3 F 0.57 0.58 
=0 4.5 H-C-Cl CH3Cl 0.36 0. 37 
-S 2.5 H-C-Br CH3Br 0.30 0. 32-
=S 2.7 H-C-I CH3l 0.23 0.26 
-N 3.6 
=N 3. 8 H-C==N HCN 0.20 0.23 . 
==N 4.1 Cl-C==N ClCN 0.20 0.18 
-H 3.8 Br-C==N BrCN 0.17 0.16 
-C 2. 9 I-C==N ICN 0.12 0.13 
=C 3.1 P-C==N 0.12 
=c 3.1 As-C==N 0. 11 
-As 1. 8 Se-C==N 0. 13 
-P 2.0 S-C=N 0. 13 
-B 2.2 
-Se 2.3 F-B-F BF3 0.37 0.39 

Cl-B-Cl BC13 0.16 0.16 
Br-B-Br BBr 3 0.13 0.12 

H-0-H H20 0.69 
H-S-H HJ> 0.43 
H-N-H NH3 0.4-0.5 
H-P-H PH3 0. 33 
F-0-F F 20 0. 69 
Cl-0-Cl Cl20 0.41 
0-C-O C 20 0.57 
S=C==S CS2 0.23 
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Table I footnotes 

# Values of x and r are taken from reference 7. 

*Data are taken from reference 8. 
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(i} Qualitatively, if y A> y A, then the values of 6/1112 

for bonds A....£"-C and B.-....A.-....C are greater than the 

values of bonds A' .-....B,.,..,C and B"'A' "'C respectively. 

(The symbol ,...., indicates single, double, or triple 

bond.) The y values of 13 elements and bond 

bending force constants for 27 bonds are listed in 

Table I. 

(ii) Quantitatively, the ratio of the bond bending force 

constants for similiar types of bond A' -B-C and 

A' -B-C' or A' -B==C and A' -B==C is approxi­

mately equal to 

that is, 

where CB is a constant. Some 6/1112 values calculated 

from equation 1 are listed in Table I rmder the column 

(i1~J cal " 

According to statements i and ii above, it is predicted that all 

these bond A-C==N where A is As, P, Se, or Shave a low value of 

bond bending force constant, i.e. , those bonds are easily bent. X­

ray diffraction data show that this is true. + 

•. 
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Another application ol equation 1 is that one can use it to get 

some information of the crystal structure. For example, Se (SeCN) 2 

2.nd Se(SCN):? are isomorphic . Since the y value of S and Se are approx-

irnately equal and the bond Se- C==N is bent 16 ° (2) it is predicted that 

the bond S - C==N in the structure Se(SCN) 2 will be bent. Caxeful 

studies of the model of Ohlberg and Vaughan for Se(SCN) 2 (3) show 

that the van der Waals distances between N and S and N and Se are too 
-L' 

short· T and bending of the bond S - C ==N, as s uggested, will lengthen 

the above two van der V/aals dista.t1ces and r educe the r epulsive forces 

between N and S and Se and N . 

+The following values of the bond angle AC N have been obtained by 

the x - ray diffraction method. As - C==N = 170° in As(CN) 3 (4), 

P - C==N = 172° in P(CN) 3 (5), Se - C==N = 164° in Se(SCN) 2 (2), 

S - C==N = 163° in [ Hg(SCN)J[ Cu(en) 2j (6) . 

...L_!.. 

· ·According to the model of Ohlberg and Vaughan the obsc::rved van 

der Waals distances between N and S and N and Se 3.re 2. 89 and 
0 

3. 03 A respectively. The van der Waals radii of Se, S, and N as 

given by Pauling (7) are 2 . 0, 1. 85, and 1. 5 A respectively which 

correspond to the van der \7i/aals bond distanc es between N and S 

and N ai1d Se 3. 35 and 3 . 5 A respectively . 
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PROPOSITION V' 

It is proposed that the equation log K = log Ko + aP + bP2 

(where Kand Ko are the reaction rates at pressure P and 1 atm., 

a and b are constants) will probably give a better relationship be­

tween pressure and the reaction rate than the equation proposed by 

Benson and Berson (1) (equation 1 below). 

Benson and Berson proposed that the reaction rate and the 

pressure can be related by the following equation: 

log K/Ko 0 523 
= A+ DP · (1) 

p 

where A and D are constants. 

A plot of log K/Ko vs. PO. 523 for the decomposition of azo-bis­
P 

isobutyronitrile in the solvent toluene in the presence of iodine at 

62. 5 ° is shown in Fig. 1. A similar plot of the Diel-Alder dimeriza­

tion of isoprene in bulk at 60° is shown in Fig. 2. Both figures 

show that equation 1 is not satisfactory. 

A brief description of Benson and Berson's work is as following: 

Assuming that the Tait equation holds (2), 

v~ = v~[ 1- cu log(l+~)] · 
Bu 

where u can be 1, 2,· · · · and t (1 implies reactant 1, 

2 implies reactant 2,- · · · and t implies the transition 

state), cu and Bu are constants 

(2) 
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Figure 1. Decomposition of azo-bis-isobutyronitrile 

in solvent toluene in the presence of 

iodine at 62. 5 ° (1). 
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Figure 2. Diels-Alder dimerization of isoprene 

in bulk at 60 ° (3) . 



for non-ionic system 

-RT (.o ln K) 
\oP T 

= t:,,.y* 
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= vP - L vP 
t r r 

where V~ = partial molar volume of component u at 

pressure P 

V~ = partial molar volume of component u at 

1 atm. 

Equations 2 and 3 can then be combined to give 

(3) 

(4) 

-RT {_6 ln K\ ; (V; -EV;) - ctv~ 1nf1+.R.\ + lcr v r lnl1+L ~ 
\op ) T 2. 3 \ Btj r[ 2. 3 \ Br ·~ 

Integration of 4 gives (assuming all the constants Cu are the same and 

are independent of the pressure) 

log KP /K
0 

= 
p 

c 
2. 3 RT 

T(X,.) = (~ + 1 log(l + X,.) - 0. 4343 

(5) 

(6) 

In the range 2 < X < 16, T(X) can be approximated by the following 

equation: 

T(X) = 0. 2 x0· 523 + 0. 008 (7) 
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Equations 5 and 7 can then be combined to give equation 1 

t:. v! 
= - -- (1 - 0. 008 C) 

2. 3 (8) 

_ ~ r [voB 2. s23 ,..,o B o. s23 _ V B o. 3d~po .s2s 

2 
1 1 + V2 2 t t j 

. 3RT · . 

= A + DPO. 523 (1) 

The validity of equation 7 is based upon the value X, not P. 

Table I in Benson and Berson's work shows that constant Bis very 

sensitive to the temperature and its values cover a range from 

160 Kg/cm
2 

to 1340 Kg/cm2
• A serious error will be introduced when 

the values of B, say Bv B2 , and Bt, are not approximately equal. 

The following table shows that if a system has three components 1, 2 
2 . 2 . 2 

and t with B1 = 300 Kg/cm , B2 = 500 Kg/cm and Bt = 1000 Kg/cm 

then the region of pressure in which equation 7 is applicable to all 
2 

three components is 2000-4800 Kg/cm . It is not the region 1000-
2 

16000 Kg/cm as proposed by Ber_son and Benson. Therefore, the 

range of pressure to which equation 1 is applicable is severely 

restricted. 

Value of P 
Range of P to 

Value of P which eq. 7 is 
Component B when X=2 when X=16 applicable 

1 300 600 4800 600-4800 

2 500 1000 8000 1000-8000 

t 1000 2000 16000 2000-16000 
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Besides, even in this region each component in equation .9 may have 

an error of 0-6%. The sum of them may go up to as high as 18%. 

There are also two possible errors in the derivation of 

equation 1. The Tait equation may not be accurate enough and the 

constants Cu in the Tait equation may not be equal. Since so many 

possible errors occur in equation 1, it is better to choose a simple 

equation in the form of log K ==log K
0 

+ aP + bP
2 

to substitute for it. 

A plot of log K vs. 0. 62 + 0. 647 P - 0. 02 P 2 for the Die ls-Alder 

dimerization of isoprene at 60° is shown in Fig. 3. The fitting is 

much better. 
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