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[2(CoNHS8)*. (C,(Ng)27] crystallizes in the form of the space group of Pbcn, with four formula units in the unit
cell, and the following unit-cell dimensions: a=13.18, 5=15.40, and ¢=11.56 A. The structure was determined by
obtaining phases directly from the structure-factor magnitudes by means of the symbolic addition procedure. For
1580 non-zero reflections, the final R is 0.147. The crystal structure shows that the packing unit is an “ion-pair”
consisting of one di-valent anion and two mono-valent cations. The anion is sandwiched by two cations with weak
charge-transfer interaction between them; the closest atomic contact is 2.99 A. These units stack infinitely, forming
a column, along the a axis. Between these stacking columns, there exists a hydrogen bond (N-H..-N, 2.84 A) along
the b axis. The (C;(Ng)2~ anion has a C,-2 symmetry; cyano-substituents are tilted out of the plane formed by four
central carbon atoms, and the anion takes a propeller shape. The one arm is rotated 13° from the completely planar

conformation, while the other two are rotated 24°.

In the electronic spectra of some complexes, charge-
transfer bands between organic cation and organic
anion have been observed.® No studies have yet been
reported, however, to explain the charge-transfer bands
between organic cations and anions on the basis of
the crystal structure. ’

The electronic spectra and the electrical and other
physical properties of the salts of the 2-dicyanomethyl-
ene-1,1,3,3-tetracyanopropane anion and N-heteroaro-
matic cations have been studied by Sakanoue et al.®
Among these substances is the quinolinium 2-dicyano-
methylene-1,1,3,3-tetracyanopropanediide. =~ The ab-
sorption maximum of this salt at 410 nm has been
assumed, on the basis of the behavior of this band
in solutions, to be due to the charge-transfer interaction
between the anion and the cation. This band is also
observed in the solid absorption spectrum in 415 nm;
the polarized absorption spectrum of single crystals was
measured.? In order to establish the relationship
between the orientation of the ions in the crystal and
the polarization behavior of the band, a single-crystal
structure analysis of the salts was undertaken by means
of X-rays; the preliminary results have already been
reported.? Interest in the structure of the anion in
this crystal also prompted the present study in relation
to the structure of the anion in the calcium salt.®

Experimental

Yellow crystals were obtained from a saturated aqueous
solution by slow evaporation at room temperature. A small,
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On the other hand, the (CyNH,)* cation seems not to be planar.

regular-shaped crystal (about 0.20 X 0.22 X 0.24 mm) was se-
lected.

Oscillation and Weissenberg X-ray photographs were taken,
using nickel-filtered CuKa radiation (1=1.5418 A), around
the a and ¢ axes. The unit-cell dimensions were determined
from the Weissenberg photographs, on which powder diffrac-
tion patterns of tungsten (a=3.16535 A) were superposed for
calibration.

The crystals are orthorhombic, with the unit cell dimensions
of a=13.18, b=15.40, and ¢=11.56 A. The systematic ab-
sence of reflections, 0kl with k32n, k0l with [22n, and hkO
with A+k22n, uniquely determined the space group to
be Pbecn. The density, measured at 14°C by flotation in
a benzene-carbon tetrachloride mixture, was 1.318 g-cm™3,
whereas the calculated value, assuming four formula units,
[2(CgNH,)*+- (CoNg)2~], per unit cell, was 1.314 g-cm™3,

Using nickel-filtered CuKa radiation, the intensity data
were collected, by the multiple-film equi-inclination technique,
for the layers from 0kl through 8k/ and from Ak0 through
hk8.

The intensities were estimated visually, and were corrected
for the Lorentz and polarization effects, but the absorption
correction was ignored (£=6.6 cm™ for CuKo). In all, 2003
independent (1580 non-zero) reflections were obtained.

Structure Determination

There were considerable difficulties in interpreting
the sharpened and unsharpened Patterson maps com-
puted from the three-dimensional data. The structure
was established by obtaining phases directly from the
structure-factor magnitudes by means of the symbolic
addition procedure.”

The corrected intensity data were placed on an
absolute scale, and both the structure-factor magnitude,
|F|, and the normalized structure-factor magnitude,
|E|, were computed (Table 1). Five reflections, with
large | E| magnitudes and also involving a large number
of interactions in the >}, relationship, were selected
as a starting set. Positive signs were assigned to three
linearly-independent reflections in order to specify the

7) J. Karle and I. L. Karle, ibid., 21, 849 (1966).



TABLE 1. DISTRIBUTION OF NORMALIZED STRUCTURE
FACTORS AND STATISTICAL AVERAGES

Distribution of |E|
———

Theoretical Number of
(Centro-  Experimental reflections
symmetric) (%)
[9)
o)
|E|=3.0 0.3 0.35 7
|E|=2.0 5.0 4.9 98
|[E|=1.8 7.9 160
|E|=1.6 12.2 247
|[E|=1.5 14.3 289
|E|=1.0 32.0 33.4 675
<|E|> 0.798 0.955
<|E|*> 1.000 0.709
<|E|2—1> 0.968 0.961
TABLE 2. STARTING SET OF APPLICATION
OF >y FORMULA
h l |E| Phase
2 13 4 3.52 +
3 0 2 3.02 -+
3 3 1 2.84 -+
6 2 3 3.27 A
4 12 3 3.10 B

origin of the unit cell, and letter phases, 4 and B,
were assigned to the remaining two reflections in order
to facilitate the symbolic addition procedure (Table 2).

As a first step, the signs of 11 reflections out of 98,
(|[E|=2), were determined by hand calculations. The
determination was then carried out on a HITAC
5020E computer. After six cycles, the signs of 161
reflections were determined out of 247 reflections with
|[E|=1.6 (Table 3). From the interaction list, the
signs of the two letter phases were assigned as: 4=—

%+

+

0

Fig. 1.
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and B=+. The E-map based on these signs permitted
the approximate location of atoms, although a number
of ghost peaks were present (Fig. 1). The signs of
21 reflections out of 161 were found to be falsely deter-
mined at the end of the structure determination.
Successive Fourier syntheses led to be identification
of all the non-hydrogen atoms. At this stage, the
calculation of structure factors with a single tempera-
ture factor, B, of 3.0 A% for all the non-hydrogen
atoms gave a discrepancy factor, R, of 0.34. The
positional and thermal parameters of each atom were
then refined by the block-diagonal least-squares pro-
cedure. In the refinement, the weight was taken as
unity for all the reflections, and the hydrogen atoms
were not included. Five cycles of refinement improved
the R factor to 0.196. Anisotropic thermal parameters
were introduced at this stage. After 3 cycles the R
value converged to 0.147 for the observed non-zero
reflections (the hydrogen atoms were not included in
the refinement). The final atomic coordinates, along
with their estimated standard deviations, are listed in
Table 4. The thermal parameters are shown in Table 5,
while the observed and calculated structure factors are
given in Table 6. A composite drawing of the final
electron density distributions viewed down along the

TABLE 3. PROCESS OF THE SYMBOLIC
ADDITION PROCEDURE

Run Number of |E| Number of phases
number reflections determined
0 5 (starting set)
1 98 =2.0 11 (hand calculation)
2 160 =>1.8 33 (cycle-1)
77 (cycle-2)
100 (cycle-3)
3 247 =>1.6 142 (cycle-1)

158 (cycle-2)
161 (cycle-3)

The E-map computed by the use of 161 reflections (see text).
Only the asymmetric unit is shown.
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TABLE 4. THE FINAL ATOMIC COORDINATES ALONG WITH
THEIR ESTIMATED STANDARD DEVIATIONS WITHIN
PARENTHESES EACH MULTIPLIED By 10*

Atom X Y VA
N(1) 0.3600 (6) 0.5424 (4) 0.3445 (7)
N(2) 0.3516 (8) 0.3667 (5) 0.5104 (7)
N(@3) 0.3741 (6) 0.1554 (4) 0.2773 (6)
C(1) 0.4223 (5) 0.4994 (4) 0.3032 (7)
C(2) 0.5 0.4494 (6) 0.25
C(3) 0.5 0.3571 (6) 0.25
C4) 0.4324 (5) 0.3098 (4) 0.3241 (6)
C(5) 0.3879 (7) 0.3433 (5) 0.4267 (7)
C(6) 0.4015 (5) 0.2237 (5) 0.2963 (5)
N(11) 0.1772 (6) 0.4828 (6) 0.2130 (6)
C(11) 0.2265 (7) 0.4693 (6) 0.1145 (8)
C(12) 0.2454 (8) 0.3843 (7) 0.0754 (8)
C(13) 0.2133 (7) 0.3165 (5) 0.1409 (7)
C(14) 0.1607 (6) 0.3301 (4) 0.2461 (7)
C(15) 0.1252 (8) 0.2608 (6) 0.3184 (10)
C(16) 0.0776 (8) 0.2789 (8) 0.4201 (9)
c@17) 0.0606 (9) 0.3655 (8) 0.4569 (9)
C(18) 0.0920 (8) 0.4339 (7) 0.3878 (8)
C(19) 0.1430 (6) 0.4152 (5) 0.2824 (6)

a axis is shown in Fig. 2.

Calculations of the symbolic addition procedure were
done with the SSGM program revised by one of the
present authors (N.Y.). Almost all the calculations
in this study were done on a HITAC 5020E computer
at the University of Tokyo. The atomic scattering
factors used in the calculations were taken from those
given by Hanson and his co-workers.®

Description and Discussion of the Structure

Structure of the Anion and Cation. The skeleton of

8)° H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman,
Acta Crystallogr., 17, 1040 (1964).

The Crystal Structure of [2(CyNHg)* - (Cy4Ng)2-]

%

Fig. 2. The composite drawing of the final electron density viewed along the a axis.

Only the asymmetric unit is shown.

TABLE 5. THERMAL PARAMETERS ALONG WITH THEIR
ESTIMATED STANDARD DEVIATIONS WITHIN PAREN-
THESES EACH MULTIPLIED By 10%

Atom By, Bee Bss it Bis Bas

N(l) 65(5) 21(3) 89(7) 23(6) 8(11)  3(7)
N() 125(8) 23(3) 60(6) 28(8) 95(13) 17(7)
N(3) 64(5) 20(3) 97(8) —20(6) 25(11) —10(7)
C(l) 46(5) 11(2) 45(6) —7(6) —7(9)  19(6)
C@2) 37(6) 7(3) 40(8) O 5(12) 0

C(3) 336) 103) 28(7) O  —1(11) O

C(4) 42(4) 14(3) 24(5) —3(6) 8(8) 7(6)
C(5) 72(6) 12(3) 57(7)  7(7) 11(12)  23(7)
C(6) 39(4) 18(3) 50(6) —1(6)  4(9) 8(7)
N(11) 62(5) 16(3) 50(5) —6(5) —24(9) 14(6)
C(11) 64(7) 42(4) 51(7) —18(9) —27(12)  38(9)
C(12) 63(6) 52(5) 48(7)  5(10) 2(13)  1(10)
C(13) 64(6) 26(3) 49(7)  10(8)—16(11) —10(8)
C(14) 43(5) 16(3) 36(5) —4(6) 7(9)  13(7)
C(15) 63(6) 25(4) 115(11) —15(8) 32(14) 57(11)
C(16) 65(7) 73(7) 76(9) —13(12) 14(14) 96(14)
C(17) 708) 83(7) 50(8)  28(13) 27(14)  48(13)
C(18) 71(7) 58(5) 39(7)  59(11) 2(12) —24(10)
C(19) 41(5) 21(3) 33(6) 8(6) —2(9) —10(6)

The expression used is:

exp {— (Brh®+Pook®+Pasl?+ Prohk+Prshl+Bosk)}

the ions, together with interatomic distances and angles,
is illustrated in Fig. 3. The estimated standard devia-
tions of the bond lengths and angles are about 0.015 A
and 1°, respectively.

The (C;,Ng)2~ anion in this crystal has a C,-2 sym-
metry instead of the C;-3 (or approximately D;-32)
in hexahydrated calcium salt.®) The four central carbon
atoms are exactly coplanar (Table 7(a)). The three
cyano-substituents, —C(CN),, are, however, tilted out
of this plane; the anion takes a propeller shape. The
one arm which lies on the 2-fold axis is rotated 13°
from the completely planar conformation, while the
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TABLE 6. THE OBSERVED AND CALCULATED STRUCTURE FACTORS

FO Fc X F0 FC kK Fo Fc K FO FC x fFo FcC x fo F¢

x fFO Fc x Fo Fc X FO F¢ x fo Fc 3
Helm 0 O 3 26 =22 MiLe 3 1 4 0 o 7 35 4«6 8 %4 -%2 16 0 15 9 24 =20 10 34 =23 15 35 32
2 33 -2 T A4 43 1 108 =97 5 o0 3 s 1 o0 9 30 =30 Heb® 3 3 10 9 12 11 63 =48 HiL= 9 &
4 27 =11 9 23 =22 2 % 31 6 0 =) 9 0 31 10 21 13 1121-109 11 0 0 12 30 =48 0 94 <84
6 206 273 11 21 2% 3 9% s T 0 10 10 40 31 1l 31 =28 2 2% =17 12 0 2 13105 ‘95 1 84 0
s 71 51 13 17 18 4 1s 11 6 43 47 11 67 6l 12 49 3a 3 75«68 13 0 =64 14 13 =17 2 13 =12
10 111-109 hHele® 12 0 3 118 10e 9 0 =9 12 81 T8 13 10 -15 4 19 =11 14 33 38 13 36 -73 3 0o 3
12 41 38 0 60 5 6 106 =88 melm 13 1 13 O 10 14 30 =26 5 18 7 Hete 30 3 14 O 1 4 a2 3%
14 13 1 2 %% N 7 112-107 1 0 =la 14 21 =28 1% 16 17 6 12¢ 109 1 a2 =3 17 22 <28 S 39 3
16 8 =10 4 20 16 & o0 3 2 0 11 1% 36 34 Hel= 11l 2 T 42 =29 2 19 15 Hile 3 & 6 43 a8
1 14 9 6 o 12 9 1 2 3 0-1a 16 31 <29 Qo 23 =19 e 32 =29 3 0 98 =92 7 o 3
Hele 1 0 6 8 12 10 26 24 4 0-10 17T O© 1 25 =24 9 8 -11 o 22 =19 1 148 133 6 0 =6
1 86 =14 10 27 28 11. 49 =47 5 0 1s 18 2 9 a1 10 73 =71 5 31 =30 2 3 12 9 38 =37
3 147 152 Hile 13 0 12 ¢ -a 6 0 =20 Hil= 5 2 3 19 23 11 29 30 6 39 39 3 44 26 10 36 3
5 9 2 1 13 11 13 ¢35 -6l 1T 0 =2 0 106 =91 4 29220 12 T4 15 T 0 5 4 139-182 11 o 12
7 173 155 3 24 20 14 0 8 16 =16 1 2% 1% 5 36 29 13 42 =39 8 U =18 S 50 40 12 0 11
20 =64 5 26 29 15 42 -2 9 0 5 2 19 =69 6 16 =21 14 0 =5 9 0 =3 6 37 =39 13 24 =26
1 1t 7 7T 24 23 16 vy 0 10 16 17 3 143 126 7 0 -4 15 19 =25 10 30 =34 T 1 14 18 22
13 83 =82 @ 12 15 Hik® 6 1 Hele 14 1 4 26 20 e 23 25 16 0 1 11 20 =18 8 11 T Hl= 10 &
15 73 77 Hewe 14 0O 1 31 19 1 0 -a s 97 76 9 15 19 17 0 =10 12 0 =5 9 81 =74 0 35 =271
17 0 3 0 €2 57 2 23 1 2 21 % 6 60 40 10 43 -4l 1lg 36 36 13 10 =3 10 53 52 1 79 76
19 81 2 2 0 10 3 18 5 3 0 =2 7 36 20 11 0 =9 M= 4 3 14 34 36 11 0 14 2 19 1a
Hile 2 @ 4 11 -2 ¢ 6 -4 4 0 -lg 8 16 10 12 o0 =1 1124 105 HeL= 11 3 12 42 =37 3 24 =19
0 Ta =42 6 10 9 3 136=134 5 0 o0 9 44 39 13 18 =20 2 26 =8 1 17 =18 13 a3 s 4 26 32
2 170=147 8 20 =28 6 12 =4 6 0 11 10 79 72 Helw 12 2 3 25 =5 2 14 =20 14 0 =7 3 35 33
4 19 23 A= 15 0 T 61 =% 7 0 5 11 102 100 0 30 =27 4 105 97 3 10 4 15 43 -as 6 0 =9
6 72 b1 1 39 3 8 24 17 8 22 =25 12 19 17 129 =28 5 .62 =S¢ 4 28 31 16 33 =¥ T 26 23
8 0 -8 3 o0 e 9 40 31 9 13 =15 13 sl -1 2 36 -2% 6 19 =10 5 44 =3y 17 T =9 8 22 16
10 21 =26 S 36 34 10 8 11 10 11 =13 14 a8 &9 3 16 =14 T 46 =40 6 20 =21 Hile 4 & 9 25 28
12 0 =4 dil®m 16 0 11 26 «27 HeLe 15 1 15 31 32 4 21 219 8 62 =49 7 40 38 0 134-131 10 o -11
14 83 8a 0 13 13 12 31 =26 1 0 6 16 a1 38 S 33 -3 9 8 =7 & 9 11 1 54 =51 11 27 25
16 23 20 2 0 13 27 =21 2 G =2 17 18 23 6 4T =44 10 0 8 v 29 29 2 72 %9 12 38 -8
18 24 19 4 10 =13 14 50 9% 3 ¢ 17 18 8 =2 7 20 20 11 o0 T 10 29 30 3 64 63 1 32 N
Hele 3 0 rel= 0 1 15 29 36 4 0 =9 Hil= 6 2 & 8 3 12103115 11 16 24 4 T4 T3 Hil= 11 &
1.238 242 2 347 32 16 & Y 5 26 =27 0 189=16° 9 0 6 13 46 =48 12 10 =17 s 1 1 0 26 23
3 96 =a1 4723 214 Hile 7 1 6 o 1 1 69 %9 10 0 =5 14 0 =12 13 24 27 6 95 =81 1 26 27
3 197 177 6 119 114 1 25 =16 7 31 40 2 78 =62 11 0 10 15 0 =12 HeLe 12 3 7 8 13 2 26 3
T 48 =29 86 29 28 2 271 <26 Hite 23 2 3 a0 =30 12 0 -6 16 0 =3 1 -2 8 48 =42 3 0 =6
9 43 =22 10 74 =61 3 a1 25 G 392-474 4 80 65 13 0 26 17 0 =1 2 22 =27 9 27 =24 4 0 -1y
11 105 16C 12 100 99 4 12 =5 2 19 =64 5 88 69 14 9 =0 18 37 44 3 9 11 10 55 =49 5 34 -3
1 44 60 14 31 28 5 1% =71 4 323314 6 26 =14 Hile 13 2 Hele 5 3 4 33 3 11 54 «a8 6 34 3
15 39 =36 16 27 28 6 39 33 6 148-114 T a4 =30 0 13 =13 1 5% 50 5 26 29 12 43 =46 T 16 =15
17 1w 15 18 70 66 T 24 21 8 113 83 8 42 32 1 31 232 2 82 15 6 0 =2 13 9 ) 8 21 -20
9 19 =1% Hel= 1 1 8 0 11 10 26 =16 9 A8 34 2 0 =9 3 49 -a17 7T 18 =23 14 0 5 9 30 =36
Hete & O 2 44 =a7 9 83 46 12 122-125 10 s8¢ 51 3 0 =3 4 21 =9 6 60 =69 15 47 =51 10 29 28
0 4n3-473 3101100 10 264 =20 la 9 g 11 38 33 & 0 o 5 56 53 9 21 18 16 9 11 7 =14
2 138 119 4302 99 11 33 =14 16 16 13 12 19 =18 S 28 =27 6 27 26 10 13 20 17 18 -17 12 O 11
4 a9 =39 5 193=202 12 23 =13 13 1: =22 13 9 =2 6 0 1 7 26 =19 Helm 13 3 Hile 5 & 13 0 17
6 11 =6 6 113 112 13 19 =36 HeLw 1 2 14 39 34 7 0 -16 6 83 Ts 1 16 =16 0 4 3 14 0 =6
8 10 =20 7 53 a4 14 19 23 0103 126 15 0 3 8 15 =8 9 2¢ =15 2 o 7 1 60 57 Hie 12 &
10 89 90 8 41 34 15 8 12 1 24 =17 16 35 32 9 0=-13 10 23 22 3 Q0 7 2 62 =% 0 44 a2
12 90 =48 9 13 0 Hi= 8 1 21C3 =95 17 6 16 10 0 0 11 33 24 4 16 13 3 108 =93 1 0 10
14 a7 -84 10 25 18 1 21 14 3 161=152 MHele 7 2 12 19 21 12 10 13 5 0 =14 4 A1 =34 2 0 3
16 a1l a1 11 14 10 2 35 -3 4 66 54 0 107 =93 HL® 14 13 14 =1 6 8 =12 s 27 24 3 A3 =42
18 25 =22 12 77 8 3.0 5 40 =27 1126 116 VU 33 =33 14 42 =38 T 0 =6 6 106 =92 4 13 10
Hile 8 0 13 65 =63 4 75 61 6 99 =93 2 3 1 0 5 15 22 24 8 2% 29 T 32 23 S 40 M
1 8) =76 14 0 =4 5 Q0 =2 T 40 26 3 109=107 2 0 =16 16 9 10 9 18 =23 8 18 -8 6 41 3
3 113=106 15 12 1a 6 58 =53 8 371 =24 4 70 =65 3 0 7T 17 1 T 10 6 =9 9 55 =ab T 0 1
3 185-1al 16 26 =27 7 50 41 9 19 =10 5 24 16 4 0 18 Hi= & Hel= 14 3 10 76 =77 8 12 -8
7 159=147 17 16 =21 8 52 =45 10 77 -71 6 0 =2 5 0 115 129 1 0 3 11 3% -3 9 0 3
42 25 hl= 2 1 Y 0 & 11 17T =5 T 56 52 6 0 =5 2 251-243 2 29=31 12 0 =3 10 O =8
11 137144 1 45.%3 10 o 2 12 31 2 8 9 6 7 25 2% 3 % 52 3 0-l6 13 1315 11 0 -16
13 69 65 2 17-1%5 11 8 1 13 15 7o 9 28 25 8 15 17 4 10 =16 4 0=12 14 9 2 12 0 =2
15 10 =12 3 10 3 1¢ A4 =4z 1a 51 45 10 4l 35 Hele 15 2 5 64 %2 5 24 22 15 0 =8 13 9 O
17 0 =12 A4 9 3 13 24 26 15 70 =67 11 76 66 o 13 9 6 A1 =47 6 7 9 16 31 =33 Hi= 1) &
Hele 6 0 5251 250 14 0 =3 16 15 =21 12 133 =3 1 23 .22 T 51 &9 7T o0=10 17 21 =20 0 25 18
0 137-210 6 26 =24 13 0 =2 1T 20 =20 13 44 46 2 14 19 8 26 =3 8 0 1 Het= 6 & 1 0 21
2 118 107 7 60 =50 Hibe 9 1 18 24 20 14 26 =28 3 12 12 9 23 21 9 8 7 0 247 229 2 0 17
4 33 =41 8 9 =10 1 55 49 HeL® 2 2 15 11 g 4 12 7 10 34 =32 HiLt®= 15 3 1 79 =69 35 o 1
6 56 ah 9 60 -40 < 39 38 O 50 =49 16 12 14 5 25 =30 11 26 24 1 0-1% 2 42 2 4 0 10
2 % =22 10 28 =21 3 37 33 1112109 17 1 9 6 613 12 35 28 2 0 1 3 12¢ 118 S o0 O
10 79 =80 11 0 =5 4 21 24 2 39 =17 Hil® 8 2 Hel® O 3 13 9 18 3 0 -4 4 49 =47 6 0 &
12 0 11 12 66 =67 3 52 =39 3 116 11s 0 53 =45 2 191 194 14 37 =34 4 o0 9 S 713 =65 T 0 14
14 37 =31 13 15 =6 ® 26 23 4 44 26 1 21 =16 4 150-142 15 37 =3 5 28 29 6 3 3 s 16 -13
16 22 =27 14 56 =55 122 11 5 167 152 2 62 33 6 3825 16 0 5 6 0 =10 7 15 =11 9 o0 1
18 38 =31 15 24 =24 8 12 =2 6 31 23 3 37 30 A 28 =20 11 29 T 21 =24 8 37 =27 10 0 =5
Hal= 1 Q@ 16 3 9 51 47 T 146 131 4 55 46 10 A% 43 Helk= T 3 Hele 0 4 9 9 -14 11 0 =25
1100 91 17 1a =13 10 ¢ 8 40 =24 5 22 =19 12 80 =69 1127 101 0121 117 10 48 =40 Hil= 14 &
3 7 -a 18 29 =30 11 29 =32 9 95 =77 6 81 65 14 10 12 2 1 =2 4 45 =44 11 31 =23 o o 6
S 37 =33 mHel= 3 1 12 0 1 10 22 1% T 69 =60 16 22 =23 3 16 =11 « 210-191 12 19 24 1 0 =1
T 23 -17 1192216 13 0 =5 11 70 65 8 13 11 18 31 234 4 40 =34 6 114 103 13 57 -62 2 0 10
9 21 =21 2 337=367 14 9 =l4 12 46 45 9 19 11 Hee 1 3 5 45 A1 8132 126 14 9 =1 3 0 -7
11 138-1a9 3 144 152 15 a1 %1 13 40 =73 10 80 83 1 174=1g9 6 0 [] 10 31 -3 13 s 16 4 35 =29
13 67 =67 4 76 64 HiL® 1C 1 14 It =24 11 51 =56 2 183-186 T 0 =T 12 45 47 Hele 7 & Helw 15 &
15 0 -1 5 178 173 1 4037 15 o 6 12 0 6 3 31 .22 8 13 -13 14 71 77 0 127 129 0 1p -12
17 19 =17 6 30 11 2 14 =12 16 26 =26 13 9 8 4 a3 32 9 5] -48 16 17 =13 199 -8 1 0 -1
Hile 8 T 136 129 3 16 =17 27 7T =5 14 A =14 5 60 =45 10 10 =11 Hel= 1 & 2 9 2 2y -2
0121 86 8 13 =15 4 3y 35 13 6 =3 15 O =8 6 62 =46 11 10 11 0 165=169 3 27 =28 3 0-10
1 -3 9 31 32 % 25 2) Hete 3 16 33 232 7 0 =1 12 17 -1 112 6 4 31 3 4 0 =8
4 104 =9C 10 2¢ =24 6 17 13 0 606 738 Hie 9 2 8 162-155 13 A4 &9 2 11 S 61 =55 s 0 13
6 a8 =75 11 29 26 T 0 =1 1 Jol=366 0 AT =35 9 52 =& 14 0 =% 3 65 95 6 9 <5 6 17 =16
s 0 12 0 =% & 6 62 2 40 =34 1 37 =31 10 86 =82 15 8 11 4 o0 7 35 31 Hile O
10 127-13¢ 13 60 57 9 0 =8 3 227 233 2 15 17 11 0 <10 HeLt® 8 3 S 54 =51 s 65 60 2 153 10
12 13 =16 14 0 3 10 0 & 4115 79 3 86 =50 12 13 =13 1 91 =81 6 124 100 9 37 &8 4 110 101
14 8 =8 135 22=23 11 ¢ 1 5 b6 =55 4 0 6 13 85 93 2 0 12 7 28 -18 10 9 13 6 64 =3
16 49 =52 16 0 =4 12 0 =12 6 60 51 5 20 1 1s 10 2 3 0 =1 8 38 =34 11 59 =63 a8 1
Hite 9 0 17 33 3> 13 o 1 7 1452128 6 6 15 9 1 4 39 =33 9 37 24 12 o0
1 21 9 Mile &4 1 14 27 =3 8 26 =21 7 13 =16 1§ 12 =9 5 9 =y 10 0 3 13 13
3 & - 1151 144 He= 11 3 I a4 32 8 21 =19 17 12 7 6 15 =5 11 57T =35 14 O
S 60 =49 2 117 107 1 3a 47 10 8 =9 9 30 33 18 O 2 T 13 =19 12 9 1% 15 40
7 36 34 3 1 s1 2 17 14 11 15 7 10 37 =35 Helt= 2 3 8 57 52 13 0 =3 Hike 8
9 a6 =39 A 16 =12 3 15 1) 12 13 9 11 9 =7 17 13 9 10 =4 14 0 0 29
11 3% 6 5 3 .13 4 26 =26 13 I3=-T3 12 0 > 2 66 <49 10 10 2 15 a5 &9 1 0
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O N N(2)
(a)
O ¢
(c) Non-bonded distances in the anion (A)
N(1)-N(1")  4.29(2)
N(1)-N(2) 3.32(1)
N(2)-N(3) 4.24(1)
N(3)-N(3’) 3.38(2)

Fig. 3.
in parentheses.

C(1)-C(1")  2.39(2)
c()-C(5)  2.83(1)
C(5)-C(6)  2.39(1)
C(6)-C(6") 2.81(2)
C(2)-C(4)  2.48(1)
C(4)-C(#) 2.47(2)

Interatomic distances and angles in the anion and the cation, together with the e.s.d.’s

TABLE 7.

(a) Equations of the least-squares planes through atoms in the ion pair

Least-squares plane®) Ato! Dc‘{‘f)tlon Least-squares plane®) Atom De‘&‘;‘)t 1on
(C1oNg)?~ ion: C(6) —0.008
1) —0.6934X —0.0000Y —0.7205Z C(2) 0.000 N(3) 0.008
+6.6499=0 C(3) —0.000 C(3) 0.007

C4) 0.000 (CoNH,)* ion:
C4) 0.000 4) —0.8794X —0.0007Y —0.4762Z N(11) —0.016
2) —0.5109X —0.0000Y —0.8596Z N(1) 0.003 +3.2136=0 c(1) —0.045
+5.4854=0 c()  —0.006 C(12) —0.048
C(2) 0.000 C(13) —0.036
C(3) 0.000 C(14) —0.006
C(19) 0.006 C(15) 0.008
N(1") —0.004 C(l6) —0.001
3) —0.7732X +0.3597Y —0.5224Z N(2) 0.001 C(17) —0.001
+4.6323=0 C(5) 0.006 C(18) 0.009
C4) —0.014 C(19) —0.002
(b) Dihedral angles

between the planes 1) and 2): 13.2° between the planes 1) and 3): 24.2°

a) X,Y, and Z are the coordinates corresponding to the crystal axes a, b, and ¢, respectively.

rest are 24° (Table 7(b)). In the calcium salt® all
the tilt angles are reported to be 24°. Each bond
distance and bond angle show an accordance, within
the limits of error, with the corresponding distance
of the same anion in the calcium salt,® except for the

C(2)-C(1)-N bond angle, where the difference slightly

exceeds three times the estimated standard deviation.
The non-bonded N---N distances show a shortening
due to the above-mentioned tilt of the cyano-sub-
stituents: the N(1)---N(2) distance is 3.32(2), and the
N(3)---N(3') distance, 3.38(2) A, while 3.48 and 3.48 A
are the corresponding distances in the calcium salt.



January, 1971]

The Crystal Structure of [2(CoNHg)* - (C,oNg)27] 7

TABLE 8. INTERATOMIC DISTANCES WITHIN THE ION-PAIR (LESS THAN 3.8 A),
ALONG WITH THEIR E.S.D.’s IN PARENTHESES
N(1)-N(11) 2.99(1) A can G
C(6)-C(13) 3.38(1)
N(1)-C(11) 3.38(1)
C(1)-N(11) 3.40(1)
c()-C(11) 3.41(1) N()
Q p N(2)

N(1)-C(19) 3.54(1) o Z\JCC((IS))
C#)-Gas) 3.58(1) o \\ C(3)~ C(2) (2-fold axis)
C(6)-C(14) 3.62(1)
N(3)-C(13) 3.62(1) C(S’C)j @)
C(5)-C(14) 3.66(1) N@) §(>1~) D NE)
N(3)-C(15) 3.69(1)
C(6)-C(15) 3.69(1)
C(4)-C(14) 3.71(1) O N
C(5)-C(19) 3.80(1) o C

C(16') Oc(17')

TABLE 9.

INTERATOMIC DISTANCES BETWEEN THE ION-

PAIRS (LESs THAN 3.8 A) ALONG WITH THEIR

E.S.D.’S IN PARENTHESES

C(19)-C(18)! 3.68(1) A

C(14)-C(17)*
C(15)-C(15)!

.78(2)
.66(2)

C(14)-C(16)! .76(2)

N(I)-N(3)¥ .63(1)

N(I1)-C(15) .38(1)

C(19)-N(3)" L71(1)

N(I11)-N(3)i .84(1) (hydrogen bond)
C(11)-N(3)1

N(I)-C(11)i .59(1)

N(I)-C(12)H .27(1)

N(2)-C(11)i .25(1)

C(18)-C(11)1
C(16)-C(4)"
C(16)-C(5)"
C(17)-C(6)"
C(13)-C(5)"

.50(2)
.78(1)
.59(2)
.80(2)

3
3
3
3
3
3
2
3.68(1)
3
3
3
3
3
3
3
3.74(1)

Key for superscripts:

i
ii
iii
iv
v

—x, 9, 12—z
1/2—x, 124y, =z

X, 1—y, 1124z
—1/24-x,1/2—y, 1—2z
12—x, 12—y, —1/2+2z

From these facts, it may be concluded that the steric
repulsions between cyano-groups in adjacent arms are
considerably increased by the reduction of the tilt
angle of the arm which lies on the 2-fold axis from
24° to 13°, while the m-overlap is increased a little,
and that these effects may be due to weak interaction
between the anion and the cation.

The quinolinium cation, (C{NHg)*, was expected to
be planar, but an intersting tendency is observed for
the C(11), C(12), and C(13) atoms to deviate slightly
toward the anion from the least-squares plane (Table
7(a)). Of these deviated atoms, C(11) makes close
contact with N(1) and C(1), which belong to the arm
of the anion having the smallest tilt angle. G(13) is
also located close to C(6), C(4), and N(3) of a different
arm of the anion (Table 8).

Crystal Structure. The crystal structure viewed
down the a and b axes is shown in Fig. 4. The packing
unit of the crystal is an ion pair consisting of one di-
valent anion and two mono-valent cations, and the
anion lies on a crystallographic 2-fold axis between
two cations forming a sandwich structure. The tilt
angle of the plane of the cation to the a axis is about
60°. The N(1)-N(11) distance is 2.99(1) A (Fig. 5),
which is the closest atomic contact between ions in
this unit. These sandwiched units stack infinitely,
forming a column, along the a axis (Fig. 4(b)). The
polarized absorption spectra of a single crystal of this
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Fig. 4(a).
are shown by thin solid lines.

Crystal stustructure viewed down along the a axis.

Hydrogen bondings

1';*'%

Fig. 4(b).

complex was measured.? The optical density of the
charge-transfer band at 415 nm is much higher in the
a-polarization spectrum than in the ¢-polarization spec-
trum. This result can be explained well in terms of
the crystal structure (see Fig. 4(b)) as being due to
the charge-transfer phenomenon between ions within
the ion pair.

In the contacts between these stacks, the hydrogen
bond exists along the b axis between the N(3) atom

‘C
b %

Crystal structure viewed down along the 4 axis.

of one unit and the N(11) of the other unit, and the
distance is 2.84(1) A. Some close inter-ionic atomic
contacts, including the hydrogen bond, are shown in
Table 9.

The authors wish to express their deep thanks to
Professor Hiroshi Mikawa for his kindness of supplying
crystals and for his helpful discussions.
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Polarized Absorption Spectra of Single Crystals of Ion

Radical Salts. II.

K(TCNQ) and Cs,(TCNQ);

Shoji Hiroma, Haruo Kuropa, and Hideo AKAMATU
Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Tokyo
(Received June 2, 1970)

Polarized absorption spectra in the 10—40 kK region were observed on single crystals of the ion radical salts

of tetracyano-p-quinodimethane (TCNQ), potassium-(TCNQ ) and cesium, - (TCNQ),.
shown to be markedly different from the solution spectra of the monomer and dimer of TCNQ ion.

The crystal spectra are
It is shown

that the 7.8 kK band of K(TCNQ) and the 11.1 kK band of Cs,(TCNQ), are charge-transfer bands associated with

the transfer of an electron from a TCNQ~ ion to the neighboring TCNQ- ion.

The first-order and second-order

effects were calculated on the local-excitation bands in order to explain the general feature of the observed spectra.

In a previous paper,) we reported the polarized
absorption spectra of ionic solids composed of the
radical anion of 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ)) and the radical cation of a m-electron donor
such as N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD). We showed that the crystal spectra are
composed of the local-excitation (LE) bands associated
with the transition of each component ion, and the
charge-transfer (CT) band associated with the transfer
of an electron from an anion to the adjacent cation.
In these crystals, the cation and anion are stacked
face-to-face on each other to form a molecular column
developed along one of the crystal axes, and there
is a relatively strong charge-transfer interaction between
them. There is another kind of TCNQ salt, composed
of the TCNQ radical anion and a closed-shell cation,
in which the closely packed molecular column is formed
by the stacking of the TCNQ anion, not by the alternate
stacking of the anion and cation. In this case, the
charge-transfer interaction is expected to occur primarily
between the neighboring TCNQ anions, which should
have bearing on the electrical and magnetical properties
of the TCNQ salts.

Recently, the absorption spectra of the crystalline
powder obtained by use of the diffuse reflection method
have been reported by Iida? on several TCNQ salts
of this kind. He described some characteristic features
distinguishing the spectra of the TCNQ salts of high
electrical conductivity from those of the TCNQ salts
of low conductivity, and pointed out that the latter
resembles in several respects the absorption spectrum
of the TCNQ ion dimer. However, care should be
taken in comparing the crystal spectra with the spectrum
of the ion dimer, since, in the crystal, the interaction
by the TCNQ ions other than the nearest-neighbor
ones might influence the absorption spectrum.

In the present study, we have observed the polarized
absorption spectra of single crystals of two TCNQ
salts, K(TCNQ) and Csy(TCNQ),;, and carried out
some theoretical considerations on the exciton states in
these salts.

Experimental

We measured the polarized absorption spectra of the 9—
40 kK region at room temperature by using single crystals
1) H. Kuroda, S. Hiroma, and H. Akamatu, This Bulletin, 41,

2855 (1968).
2) Y. Iida, ibid., 42, 71, 673 (1969).

of microscopic size with an apparatus modified from a com-
mercial microspectrophotometer, Olympus MSP-A-IV. The
details of the appratus have been described elsewhere.?)

The TCNQ salts were prepared according to the procedures
reported by Melby et al.¥) We recrystallized the powders
of the salts to obtain very small single crystals suitable for
the measurement of spectrum. The recrystallized powder
occacionally contains a small amount of the crystal of free
TCNQ, but is easily distinguishable from salt crystals by the
crystal habits and optical properties.

We observed also the absorption spectrum of crystalline
powder by means of the liquid-paraffin-mull method. The
spectra thus obtained were used only for the purpose of ex-
amining the location of an absorption maximum in the low
energy part outside the applicable region of our microspectro-
photometer.

Experimental Results

(1) Spectrum of K(TCNQ ). A preliminary
analysis of crystal structure has been done by Anderson

(100) Projection

Fig. 1. Model of the crystal structure of K(TCNQ), after
Anderson ef al: @ indicates K+ ion. TCNQ: are stacked
along the g-axis. Two different groups of TCNQ- sites are
indicated as 4 and B.

3) H. Kuroda, T. Kunii, S. Hiroma, and H. Akamatu, J. Mol.
Spectrosc., 22, 60 (1967).

4) L. R. Melby, R.J. Harder, W. R. Hertler, W. Mahler, R. E.
Benson, and W. E. Mochel, J. Amer. Chem. Soc., 84, 3374 (1962).
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and Fritchie,» who reported that the K(TCNQ) crystal
is monoclinic of P2;/n space group, with the lattice
constants; a=7.10 A, 5=18.80 A, ¢c=17.88 A and =
94°54’,  The unit cell contains eight formula units.
Of the eight TCNQ ions, four are mutually transferable
by the symmetry operation of P2,/n space group, and
the other four are mutually transferable among them-
selves. We shall call the former TCNQ sites A-site,
and the latter B-site (see Fig. 1).

We observed the a- and b-axis polarized spectra
from the direction normal to the developed face (001).
The spectra are shown in Fig. 2, and the wave number
of peak and the polarization ratio are given in Table 1.

Fig. 2. Crystal absorption spectra of K(TCNQ): (1) a-
spectrum, (2) b-spectrum, (3) spectrum of powder sample.

TABLE 1. WAVE NUMBERS OF THE ABSORPTION
PEAKS AND POLARIZATION RATIOS OF CRYSTAL
sPECTRA OF K(TCNQ)

(wave numbers in kK)

Band in crystal

— I/,
Vg 7y

7.8 >2.5
12.5 15.0 0.43
17.3 17.3 0.36
25.0 25.0 0.17
30.8 30.8 0.33

For the sake of comparison, the absorption spectrum
of the acetonitrile solution of K(TCNQ) and the
spectrum of the dimer of TCNQ anion formed in
aqueous solution are shown in Fig. 3. It should be
noted that the crystal spectra differ markedly from
the spectra of both the monomer and the dimer. The
former are extended into a lower-energy region well

60

J0

(109)

® 2 7
///
0 i ;
20 30 40
kK
Fig. 3. Solution absorption spectrum of K(TCNQ):
monomer in acetonitrile, ——~~ dimer in water (The ab-

sorption peaks of the dimer band are indicated by arrows.).

5) G.R. Anderson and C. J. Fritchie, Jr., 2nd National Meeting
of the Society of Applied Spectroscopy, San Diego (1963), Paper
111.

[Vol. 44, No. 1

outside the absorption limit of the latter, while the
absorption bands of the crystal in the visible and
ultraviolet region are located at appreciably higher
energy in comparison with the monomer and dimer.
A marked difference is also found in the band shape.

From the spectrum of the powder, we found that
the absorption maximum of the low-energy band is
located at about 7.8 kK. The polarization ratio, I,/I,,
is 2.5 at 10kK, and increases with the decrease of
wave number. Thus we can consider that the 7.8 kK
band is strongly polarized in the g-axis direction, along
which TCNQ- ions are stacked face-to-face on each
other. The polarization indicates that the 7.8 kK band
is an absorption band associated with the charge-transfer
(CT) between TCNQ:- ions. Polarization is quite
different in the case of the absorption bands found
in the 15—40kK region. It seems most reasonable
to assign them to ones mainly associated with the
transition of TCNQ: ion, which we will call the local-
excitation (LE) bands. The bands in the 15—20 kK
region appear to be due to the lowest transition of
TCNQ:- ion, and those in the 25—35kK region to
the second one.

However, for making a definite interpretation of the
observed results, we need to make a theoretical con-
sideration as regards the energy of the CT band, and
the crystal shift and factor group splitting of each LE
band. This will be discussed in the later part of this
paper.

(2) Spectrum of Cso(TCNQ),. In this salt,
formally, two electrons are shared among three mole-
cules of TCNQ,. The crystal structure has been deter-
mined by Fritchie and Arther.®” According to them,
the crystal is monoclinic belonging to P2;/c space
group, with the lattice constants; a=7.34 A, 5=10.40 A,
¢=21.98 A, and $=97.18°. Two formula units are
contained in a unit cell. The projection of the crystal
structure from the direction normal to the (001) plane
is schematically shown in Fig. 4. It has been concluded
from the observed bond lengths that the TCNQ, site
at the center of symmetry is occupied by a neutral
molecule, and is sandwiched by two TCNQ ions

.
—
L
-

Sl

Yt
—
4
b~

Fig. 4. Stacking of TCNQ ions and molecules in the Cs,-
(TCNQ), Crystal. (I:ion, N: neutral, @: Cs)

6) C. J. Fritchie, Jr., and P. Arther, Jr., Acta Crystallogr., 21,
139 (1966).
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mutually transferable by the inversion operation.®

We observed the a-axis and b-axis spectra on the
(001) plane. The observed spectra are shown in Fig. 5,
and the wave numbers and polarization ratios of
absorption bands are listed in Table 2.

O.D.

40

Fig. 5. Crystal absorption spectra of Cs,(TCNQ)s: (1) b-
spectrum, (2) a-spectrum, (3) spectrum of powder sample.

TABLE 2. WAVE NUMBERS OF THE ABSORPTION PEAKS
AND POLARIZATION RATIOS OF CRYSTAL
SPECTRA OF Cs,(TCNQ ),

(wave numbers in kK)

Vo Vs Ia/Ib

11.1 11.1 0.25

17.3 ~21.5 ~2.1

25.0 — a-axis polarized
32.3 31.9 0.84

The 11 kK band is strongly polarized in the a-axis
direction, and other bands exhibit a different polariza-
tion. This suggests that the 11 kK band is the CT
band whereas others are the LE bands associated
either with the transitions of TCNQ: ion or with those
of TCNQ?® molecule. However, the relative intensities
of the LE bands are markedly different from the ones
expected from the oscillator strengths of transitions of
the free component according to the oriented-gas model
(Table 4). It should be noted also that the crystal
spectra exhibit no strong absorption band at the wave-
length corresponding to the second absorption band of
TCNQ: ion and the first band of TCNQ® molecule,
both of which are at about 25 kK in the solution spectra.
Instead, we found one strong absorption band at about
32 kK in the a-axis spectrum as well as in the b-axis
spectrum.

The large difference between the crystal spectra and
the spectra of the components makes it hard to give
any simple interpretation of the observed spectra. Thus
it is particularly interesting in this case to estimate
the crystal shift, factor group splitting, and crystal
induced mixing.

The absorption spectrum of the crystalline powder
shows that there is no absorption maximum from 5 kK
to 10 kK, but the absorption increases with the decrease
of wave number in the region below 7 kK, suggesting
the presence of another low-energy absorption band.
This seems to be associated with the charge transfer
between an ion and a molecule of TCNQ.

Crystal Spectra of TCNQ Ion Radical Salts 11

Discussions

(1) Transitions of the Molecule and Anion of TCNQ.
Before discussing the exciton states of salt crystals, we
will first consider the transitions of TCNQ molecule
and its anion. Although their m-electron states have
been theoretically studied by Lowitz? by means of the
semiempirical self-consistent-field molecular orbital
(SCF-MO) method, his results are not satisfactory for
the analysis of crystal spectra. Recently, the SCF-MO
calculation has been carried out in our laboratory on
the molecule and anion of TCNQ using the variable-
B,r modification® of Pariser-Parr-Pople method carefully
choosing semiempirical parameters.”” Two different
procedures were used: [Method I], all B terms are
included and are estimated by using Katagiri-Sandorfy’s
formula'® for g; [Method II], only the mnearest-
neighbor f terms are included, which are estimated
by using Nishimoto-Forster’s formula.®) In both cases,
the configuration interaction (CI) -calculation was
carried out by taking into account the lower forty
singly-excited configurations. The Longuet-Higgins
and Pople method'? was applied in the case of the
anion.

The singlet-singlet transitions of TCNQ predicted by
this calculation are shown in Fig. 6, together with
the observed results. We find that the theoretical
predictions are in satisfactory agreement with the ob-
servations. Thus the first and second transitions of
TCNQ are assigned to By,«14,, (long-axis polarized)
and 1B,,<14,, (short-axis polarized), respectively. In
the case of the anion, the agreement with the observation
is found to be better in Method I than in Method
II, as seen in Fig. 7.

We can safely assign the first absorption band of
the anion observed at 12.0 kK to 2B,<2B,, (long-axis
polarized) predicted at 9.8 kK by Method I and at
11.2 kK by Method II. According to the calculation,
the second absorption band should be considered to
be the superposition of two transitions, 24,<-2B,, (short-
axis polarized) and 2Bg,«2B,, (long-axis polarized).
The band shape suggests that this absorption band is
composed of a weak component (23.5 kK) and a strong
component (25.4 kK). We will assign the former to
24,<2%B,y and the latter to 2Bg,«2%B,,. The next
absorption band is probably due to 24,«-2B,, although
there is a large discrepancy between the predicted and
observed energies. In the later part, we will denote
the 12.0, 23.5, 25.4, and 35.7 kK transitions respectively
as R, S, U, and S'.

(2) Charge Transfer between TCNQ Anions. In the
TCNQ salts studied here, the overlap of the m-orbitals
between TCNQ~ ions stacked on each other is large
enough to give a fairly strong CT band. The energy

7) D. A. Lowitz, J. Chem. Phys., 46, 4698 (1967).

8) K. Nishimoto and L. S. Forster, Theoret. Chim. Acta, 3, 407
(1965); 4, 155 (1966).

9) The details of this calculation will be reported separately.
10) S. Katagiri and C. Sandorfy, Theoret. Chim. Acta, 4, 203
(1966).

11) H. C..Longuet-Higgins and J. A. Pople, Proc. Phys. Soc.
(London), A68, 591 (1955).
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Boy 6.10(0.06)

Bpu—— 5030 20— 5 440(0.10)

lu
method II

Fig. 6. Singlet excited levels of TCNQ molecule: (

— 3.15(0.94)
B ——— 2.83(0.95) \
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5.74(0.25)

4.22(0.60)

e e s b o

2.67(1.92)

method I
allowed, —-— forbidden).

Obs.

Excitation energies are given in eV. Oscillator strengths are shown in parentheses.

5.21(0.05)
5.15(0.61)

O——

A, === 3.44(0.10)
Ay 2.99(0.04) _—
B3u;=—_—-= 2.91(0.45)><__—._
B3u 1.21(0.35)
method II
Fig. 7. Excited levels of TCNQ ions. (

ground state is B,g.
shown in parentheses.

for transferring one electron from a TCNQ:- ion to
the neighboring TCNQ:- ion to form a pair consisting
of TCNQ?® and TCNQ?- can be given by

AEg =1—A—C (1)

where I and A are respectively the ionization potential
and electron affinity of the TCNQ:- ion, and C the
Coulomb energy term. As can be easily seen, the
difference, /—A, must be equal to the energy of the
repulsion between the two electrons in the highest
occupied orbital of the TCNQ?~, which can be estimated
from the molecular orbital by using the semiempirical
values of the one-center and two-center repulsion
integrals.'® We obtained 3.9eV for I—4. By con-
sidering the energy cycle of the charge-transfer process,
we can show that the term C is approximately equal
to the repulsion between the two TCNQ:- ions in
question. We estimated it by using the charge distribu-

12) We have taken here the values of one-center repulsion inte-
gral, yu,, as 11.13, 10.09 and 11.52 respectively for carbon in the
aromatic ring and carbon and nitrogen in C=N group. The two-
center repulsion integral y,, was estimated by using the Nishimoto-
Mataga method, viz.,

14.3897

14.3897
ayy + Ryy '

ay, =2
® Yuu + Yow

Ypy =

allowed, —-- forbidden).
Excitation energies are given in eV. Oscillator strengths are

5.33(0.06)
4.71(0.03)
4.47(0.21)
4.43(0.03) === 4 .46(0.86)
3.15(0.44) = 3.08(0.03)
2 91(0.05)\ —————
— 2.40(0.57
——— 2.10(0.10

1.49(0.31)——on " 1.39(0.37)

Obs. method I

Symmetry of the

tion obtained from the calculated molecular orbitals
of TCNQ:-, and obtained the value of 3.0eV for
Cs,(TCNQ),. It is almost the same also for K(TCNQ).
Thus 4E¢, is predicted to be 0.9 eV. We can therefore,
expect the CT band to appear at about 7.2 kK. This
is in agreement with the observed location of the CT
band of K(TCNQ). In the case of Cs,(TCNQ),, a
CT band is found at 11 kK, which is considerably
large as compared with the predicted values. It should
be noted, however, that the actual location of the CT
band will naturally be affected by the interactions
with other CT states as well as by those with LE states.

In the crystal of Csy,(TCNQ),, there can be another
type of CT band, namely that associated with the
transfer of an electron from TCNQ:- to the adjacent
TCNQ?. In this case, the value of (/—4) in Eq. (1)
becomes zero, and the term C must be very small.
Therefore, this CT band should appear at a lower
wave number, possibly in the infrared region. We will
attribute the absorption below 5 kK to this CT band.
A similar low-energy CT band can be expected to
appear generally in the case of TCNQ salts which
contain a neutral TCNQ molecule.

(3) Local Excitation Bands. Since the LE bands
of the crystal spectra are markedly different from the
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spectra of the free components, we will estimate the
crystal shift and splitting of the LE bands by the cal-
culation method within the usual approximation of the
exciton theory of molecular crystal.131%  We will
describe the zero-th order wavefunction of an exciton
state, associated with the fth excited state of TCNQ-
ion by the following equation neglecting the part
associated with other components.

h
2Bodha (2)

=1 a=1

dr— 2
r \/7

3

herewith
Gha = Poa 11/ g2
nBxma

where ¢. and ¢,. are the wavefunctions of the fth
excited state and the ground state of the TCNQ-
ion at the ath site of the mth unit cell, respectively
and BI is the numerical factor characteristic of the
rth representation of the symmetry group of the crystal.

In the first order approximation, the exciton level
relative to the ground state is given as

AE[ = ¢ + DI + 3 BiBplha,ug (3)

npxma

where &’ is the transition energy of the free ion (or
molecule), and D’, L/, .s are defined as follows:

D7 =”B§na{<¢{na¢3ﬂ |V | $hapss>
— L Pnadip| VIgnadiad} 4
Ifanp = {Ghadap| V| Pnadis) ©)

V being the perturbing potential due to the inter-
molecular interaction. The off-diagonal matrix element
of the second-order calculation is given as

H{o = 477 + 5 BLBT{f. np ®)
ngEmo
where
470 = gﬂ {Pnadip| V| dhadin (7

Tf8 s = o {(Bhetis| VI Sond>
+ (Phais| V| Grntled) (8)

Although the equations described above are the same
as ones usually given in the exciton theory of molecular
crystal, we have to take into account several aspects
characteristic of the TCNQ salts in carrying out the
numerical calculation. First, we should note that it
is the electrostatic interaction between ions that gives
the largest contribution to D7, and, second, we are
not allowed to use the dipole-dipole approximation for
evaluating Ifa,ns and I'%, .8 when two TCNQ ions or
molecules are in direct contact with each other.

13) A.S. Davydov, ‘“Theory of Molecular Excitons,” McGraw-
Hill, New York (1962).

14) D. P. Craig and S. H. Walmsley, ‘“Physics and Chemistry
of the Organic Solid State,” Vol. 1, ed. by M.M. Labes, D. Fox,
and A. Weissberger, Wiley, New York (1963), p. 585.

15), The same formula can be used for the exciton state asso-
ciated with the TCNQ molecule in Cs,(TCNQ)s, if we replace
Ofas Pma Wwith the corresponding wavefunction of the molecule.
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We estimated D’ by the following formula taking the
point charge approximation.

D’ = XJX‘I}XJ (P;MOEV — 0PuPOGw) (ez/Rp,L,q,,) 9)

where o}, and pj, are the charge density at the uth
atom of the pth ion in the fth excited state and the
ground state, respectively, and the summation over ¢
is to include also the cations. We used the charge
density of an atom in the TCNQ: ion estimated from
the molecular orbitals. In the evaluation of Ifa,.s
we used the following equation when the distance be-
tween the ma and nfB sites was within 10 A, but used
the dipole-dipole approximation when the distance was
larger than 10 A.

I, = af,l;?‘w‘!n‘ivcﬂ(Cz/Rw,qV) (10)

we have assumed here that the fth excited state is as-
sociated with the excitation of an electron from the ith
molecular orbital to the jth molecular orbital; a;,; is
the numerial factor equal to 1 or 4/2 depending on the
type of orbitals concerned, and ¢;. is the coeflicient in the
ith molecular orbital. Similarly, when the gth excited
state is associated with the excitation from the kth
orbital to the I/th orbital, I'/l. .s was evaluated by the
following equation for a distance up to 10A, and by
the dipole-dipole approximation for a larger distance.

rj, = aijakliﬁ};‘m‘.m‘kvctv(ez/Rw,qv) (11)

The 479 term is negligible unless i=k or j=I. If
i=Fk, it can be estimated by

477 = biy S35 0505 (€ R, gv) (12)

where b;,% 1s a numerical factor characteristic of the
types of orbitals with respect to the fth and gth excitation,
0%, is a quantity defined as %, =cucsu, and the sum-
mation over ¢ is to include the cations.

(a) K(TCNQ): When we label the TCNQ:- ions
at A-sites as 1,1’,2, and 2’ so that 1 and 1’, or 2 and 2’
are in direct contact with each other, and the TCNQ:-
ions at B-sites as 3, 3', 4, and 4’ in a similar way, the
zero-th order wavefunctions are described as follows:

1

q)i - A/W m=1{¢YMI—¢""1’) = (¢m2'—¢m2’)} (13)

®p = m%inél{sljms—gbma’) =+ (¢m4'—¢m4’)} (14)

% and ®} belong to A4, representation, and ®; and @3
belong to B, representation of C,, symmetry group.
Since the exact atomic coordinates were not reported
by Anderson and Fritchie,® we carried out numerical
calculation using the approximate coordinates we
estimated from the data given in their report.

The exciton levels predicted by the second-order
calculations are summarized in Table 3. Each transi-
tion of TCNQ- ion gives four exciton levels, two 4,
and two B, states. Each of them is associated mainly
with either.one of the wavefunctions given by Eqgs. (13)
and (14). We will denote the levels associated with
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P4, @3, P5, and ©3 as A,(4), Bu(d4), Au(B), and B,
(B), respectively. It should be noted that the energies
are almost equal between the A,(4) and B,(B) states
and between the B,(A4) and 4,(B) states. This means
that there will be little difference between the b-axis
and a-axis spectra as regards the locations of LE bands.
This is in agreement with the observation except for
the difference between the A4,(4) and Bu(B) com-
ponents of the R-band. The observed shifts of the
transitions of TCNQ: ion are also well predicted by
the present calculation.

TasLE 3. ExcrroN LEVELs OF K(TCNQ ) cRYSTAL
PREDICTED BY THE SECOND ORDER CALCULATION®)
(in kK)
ot
Band SONIOM 4,0 A@s) Bu¥l B
R 12.0 14.98 15.59 15.61 15.00
S 23.5 23.88 24.22 24.23 23.87
U 25.4 28.16 29.70 29.70 28.28
S’ 36.01 35.84 35.84 36.04

35.7

a) Ay: b-axis polarized component.
By a-axis polarized component.

A considerable discrepancy is found between predic-
tion and observation in the case of the R-band. In
the b-axis spectrum, we find peaks at 15.0 and 17.3 kK,
which should correspond to the A4,(4) and B,(B)
components of the R-band predicted respectively at
15.0 and 15.6 kK. The 17.3kK peak can be found
also in the a-axis spectrum, but a peak does not appear
at 15.0 kK. Instead, it is found at 12.5 kK. The wave
number difference between this peak and the 17.3 kK
one is very much larger than the predicted splitting
between the B,(B) and B,(d4) components of the
R-band, the latter value being only 0.6 kK. However,
it is difficult to find the origin of this peak other than
the B,(B) component of the R-band. We can not
attribute it to the second CT band, because the energy
difference between the half-filled molecular orbital and
the next filled orbital exceeds 2 eV, so that the second
CT band is expected to appear at about 24 kK. There-
fore, we will tentatively assign the 12.5kK band to
the B,(B) component of R-band. This discrepancy
between prediction and observation could be associated
with the interaction between the CT and LE exciton
states.

(b) Cso(TCNQ)s,: As already mentioned, the
unit cell contains four sites of TCNQ: ion and two
sites of TCNQ?® molecule. We will label the former
sites 1, 1’, 2, and 2’, and the latter 3 and 4, so that
the ions at sites 1 and 1’ are mutually transferable
by inversion with respect to site 3. The zero-th order
wave functions of the optically allowed states are then
described as follows. For the exciton states associated
with TCNQ: ion, we have

1 &
P = JiN "Z.‘:l{S/’ml—(ﬁml/) + <¢m2“¢m2/)} (15)
and, for those associated with TCNQ?® molecule,
1 N
Pii = oo, (PmatPma) (16)
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We carried out the first-order and second-order calcu-
lations taking into account the lower four transitions
of TCNQ- ion, i.e. R, S, U, and S’ transitions, and
the lowest transition of TCNQ® molecule. We will
denote the last one as the N transition. The results
of the calculations are illustrated in Fig. 8, where
the absorption bands predicted for the a-axis and
b-axis spectra are shown as vertical lines with a length
proportional to the predicted oscillator strength.

N Ny
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Fig. 8. Results of calculation on the first order and second

order effects on the LE bands in Csy(TCNQ); crystal.
(1) Results of the first order calculation, (2) Results of the
calculation including the second order effect, (3) Observed
spectra. (energy unit in kK)

As shown in Fig. 8, the 4, and B, components of
each intramolecular transition are split appreciably by
the first-order effect. The predicted spectra significantly
change when the second-order effect is taken into
account. Namely, the U- and N-transitions are mixed
to give new absorption bands, which are denoted M
and M’ in Fig. 8, and the oscillator strength of the
R-band is markedly reduced. In Table 4, the oscillator
strength of the absorption bands predicted by the
second-order calculation are compared with the ori-
ented-gas values. It can be seen that the oscillator
strength of the M-band is larger than the sum of the
oriented-gas values of the U- and N-bands, the former
being about 1.3 times the latter in the a-axis spectrum
and almost twice in the b-axis spectrum. This is mainly
caused by the intensity stealing from the R-band.

The observed a-axis spectrum seems to be well
explained by the present calculation. We will assign
the absorption maxima found at 17.3, 25.0, and 32.3 kK
to B, components of R-, S-, and M-bands, respectively.
According to the present calculation, the b-axis spectrum
should exhibit one strong absorption band at 36.5 kK.
This is not the case in the observed spectrum. Instead,
we find a strong band at 31.9 kK. Within the ap-
proximation made in the present study, it seems difficult
to find any good explanation for this discrepancy. We
observed a very weak shoulder at about 20 kK, which
can be assigned to the B, component of the R-band.
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TABLE 4. RESULTS OF CALCULATION ON THE ABSORPTION BANDS OF Csy,(TCNQ ); CRYSTAL

Crystal spectra

Solution spectrum

Calculation (including second order effect)

Band AE/—f\——\ Oriented gas value
a) .
&Ky fo S hlh Band 4E,  4E o A
(kK)  (kK)

R 12.0 0.63 0.243 0.253 0.96 R 14.23 15.91 0.162 0.076 2.13
S 235 0.10 0.250 0.049  5.17 S  26.22 25.65 0.621 0.083  7.48
U 25.4 0.8 0.389  0.354 0.96} {Mb> 25.22  26.26  0.110  0.032  3.44
N 25.4 0.94 0.317 0.368 0.86 M’®) 29.32  36.54  0.944  1.441 .66
S 35.7 0.06 0.150 0.029 5.17 S’ 33.90 33.74 0.146 0.119 1.23

a) Oscillator strengths for Cs,(TCNQ )3, namely, the value of a band associated with TCNQ~ is taken

as twice of the corresponding value of TCNQ™.

b) See text.

Summary and Conclusion

In the present study, we have observed the polarized
absorption spectra of single crystals of K(TCNQ) and
Csy(TCNQ)5, and have shown that the 7.8 kK band
of K(TCNQ) and the 11 kK band of Cs,(TCNQ),
are the CT bands associated with the transfer of an
electron from a TCNQ: ion to the neighboring
TCNQ: ion. It is also shown that the LE bands ob-
served in the crystal spectra are appreciably shifted
from the locations of the corresponding absorption
bands in the solution spectra. We have theoretically
estimated the first-order and second-order effects on
the LE bands of these crystals. In this calculation,
we have adopted the method given for the ordinary
molecular crystal, composed of neutral molecules, but
have taken into account a few aspects associated with
the ionic character of these crystals. Although dis-

crepancies between prediction and observation are
found in several respects, the general feature of the
observed spectra seems to be explainable by the present
calculation. From the various conclusions obtained by
this study, we wish to point out, first, that the long-
range interactions of Coulombic nature provide a large
contribution to the crystal shift, and, second, that there
is a marked mixing between the transitions of TCNQ:-
ion and those of TCNQ? molecule in the case of Cs,-
(TCNQ);. These aspects should always be taken into
account when we consider the interpretation of the
crystal spectra of TCNQ salts. We have omitted
exchange interaction between molecules, mixing be-
tween the CT and LE exciton states. This mixing
could have a significant effect on the crystal spectra
of TCNQ salts. A more sophisticated calculation
might be needed to establish a quantitative interpreta-
tion of the crystal spectra of TCNQ salts.
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The sound velocity in aqueous solutions of NH,I and Pb(NO;), is investigated in relation to the temperature

and the concentration.

shifting to a lower temperature with an increase in the concentration.

In both solutions the V(T curves show maxima ¥V, at the peak temperature T'p, the T

While the shift of 77, is sensibly linear with

the concentration for Pb(NQO,),, the curve for NH,I is almost constant up to 25 wt%,, though it decreases linearly
above this concentration. This corresponds to the rather abrupt change in the degree of dissociation obtained from
the conductivity data. The constancy of T, below 25wt is tentatively explained on the basis of Danford and Levy’s
X-ray diffraction study which concluded that NH, is included in cavities of the water framework and that the

framework molecules are partially replaced by NHj.

Generally speaking, the sound velocity (V) in a
solution is dependent on both the temperature (7°) and
the concentration (C); i.e., V=V(T,C). No systematic
study of the sound velocity in aqueous electrolyte
solutions has, however, been made over a wide range
of concentration and temperature, except for the studies
of Tamm et al.V’ and Marks.® They found that the
V(T)-curve at a constant concentration in electrolyte
solutions exhibits its peak velocity (V) at a definite
temperature — the peak temperature (7) — for each
concentration, such as in the V(T) curve of pure
water. The V(T') curve shifts upwards with an increase
in the concentration, while there is a shift of 7, towards
a lower temperature at the same time. This shift of
T p is linearly dependent on the concentration (molari-
ty).

Reviews*=? of the water structure have appeared
elsewhere. A water model closely related to a slightly-
expanded ice-1 lattice is proposed by Samoilov®?® and
supported by Danford and Levy!® on the basis of their
X-ray diffraction studies. In this structure, each
network molecule is tetrahedrally surrounded by an
average of ca. 4.4 first neighbors.!) The structure of
this network is very bulky, with space within the
framework of molecules in the tetrahedral coordination
sufficiently large to accommodate additional water-
molecules, and while these spaces—cavities— are not
occupied in solid ice-1, about half the cavities in water
are occupied by interstitial molecules which interact
with the network by less directional, but by no means
negligible, forces (Danford and Levy'?).

1) K. Tamm and H. G. Haddenhorst, Acustica, 4, 653 (1954).

2) G. W. Marks, J. Acoust. Soc. Amer., 31, 936 (1959).

3) G. W. Marks, ibid., 32, 327 (1960).

4) L. Hall, Phys. Rev., 73, 775 (1948).

5) A. Eucken, Angew. Physik. Chem., 53, 102 (1949).

6) L. Pauling, ‘“Nature of Chemical Bond,” Cornell Univer-

sity Press, Ithaca, N. Y. (1960), p. 464.

7) G. Nemethy and H. A. Scheraga, J. Chem. Phys., 36, 3382,
3401 (1962).

8) O. Samoilov, Zh. Fiz. Khim., 20, 1411 (1946).

9) O. Samoilov, “Ion no Suiwa,” (Translation from Russian
by W. Uehira) Chigin Shokan, Tokyo, (1967), p. 21, 125.

10) M. D. Danford and H. A. Levy, J. Amer. Chem. Soc., 84,
3965 (1962).

11) J. Morgan and B. E. Warren, J. Chem. Phys., 6, 666 (1938).

As Debye!? pointed out, the electrostatic field of
the ions exerts an electrostrictive effect on the sur-
rounding water molecules; this electrostatic pressure
has the same effect as the application of an external
pressure and diminishes the volume as well as the
compressibility of water molecules. In general, the
addition of an electrolyte to water results in a lowering
of the peak temperature because of the destruction
of the cluster by the solvation of the ions. In many
electrolytes, the sound velocity increases as compared
with that of pure water. However, there are electrolytes
which exhibit a decrease in the sound velocity with an
increase in the concentration, such as Lil, Nal, KI,
NH,I, AgNO;®; CsCl, CsBr'¥; Pb(NOy),'®; ZnBr,,
Znl,1®; UO,Cl,, UO,(NO,),, Snl,, (CH;COO),Pbl";
CdBr,'®; CdI,'®; TINO4®; and RbBr, RbI.2!

The purpose of the present study is to clarify the
molecular mechanism of sound propagation in aqueous
electrolyte solutions in connection with the accepted
molecular structure of water and aqueous solutions,
and to clarify the dissolved state and the properties
of ions in aqueous solutions. We studied ammonium
iodide and lead nitrate solutions, both electrolytes
showing a decrease in the sound velocity with an
increase in the concentration.

Experimental

Apparatus. The sound velocity is measured with a
crystal-controlled ultrasonic interferometer equipped with a
5 MHz X-cut quartz transducer. The accuracy of this method
depends on the number of standing waves counted. We
counted one hundred standing waves. The interferometer
cell is immersed in an oil bath controlled within 4-0.1°C
at moderate temperatures and within 40.4°C at higher tem-

12) P. Debye, Festschrift H. Zangger; II. Teil Verlag Rasher
& Co., Ziirich, (1935), p. 877.

13) D.S. Allam and W. H. Lee, J. Chem. Soc., Suppl., 6049 (1964).
14) P. F. Cholpan, Soviet Physics-Acoustics, 12, 72 (1966).

15) R. Barthel, J. Acoust. Soc. Amer., 26, 227 (1953).

16) S. V. Subrahmanyam, Z. Phys. Chem., 219, 5 (1962).

17)  W. P. Mason, “Physical Acoustics’” Part II-A, Academic
Press, New York, London (1965), p. 355.

18) S. V. Subrahmanyam, Trans. Faraday Soc., 56, 971 (1960)-
19) S. V. Subrahmanyam, Nature, 185, 371 (1960).

20) B. Lunden, Z. Physik. Chem., 192, 345 (1943).

21) S. V. Subrahmanyam, Z. Angew. Physik, 15, 352 (1963).
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peratures. The dominant cause of error in sound velocity
measurement is temperature fluctuations. The temperature
coefficient of the sound velocity in usual aqueous solutions
being ca. —2——3 m/sec/deg at room temperature, the esti-
mated overall error in this study amounts to 40.2 m/sec at
moderate temperatures and 4 1.5 m/sec at higher tempera-
tures. Temperature measurement is made with a thermistor.
The sound velocity is measured in terms of its dependence
on the temperature for various electrolyte concentrations.

Materials. Lead nitrate and ammonium iodide, spe-
cial reagent grade, are both recrystallized from water. Salts
are prepared by maintaining the crystals at 95°C for two
weeks under a reduced pressure of ca. | mmHg. After purifi-
cation, ammonium iodide completely turned into colorless
salt.

Results and Discussions

The V(T)-curves at various concentrations for lead
nitrate and ammonium iodide aqueous solutions over
the temperature range of 20—100°C are shown in
Figs. 1 and 2 respectively. Measurements of the con-
centration dependence of the sound velocity ¥ (C) under
a constant temperature in Pb(NO;), and NH,I aqueous
solutions has been reported, but there have, to our
knowledge, been no measurements of the temperature
dependence of the sound velocity. It is observed that
the height of V(T)-curves of an aqueous solution of
Pb(NO,), or NH,I is lower than that of water and
that the curves are displaced towards a lower tem-
perature with an increase in the concentration in such
a way as to maintain the parabolic shape of the V(T)-
curve of water.

All kinds of somewhat dilute aqueous solutions,

T 1 T T T 1
74 °C.
1560 |~ v -
- 73 wtd
Yy 0
1540 I~ -
i "0 49 7
7
1520 I~ ‘l' -1
g - 4
E 1500 ~ 66 15.0
= L V J
8
s 1480 - -
- L o 250
5
o 1460 - -
1%5)
%0 |
1440 - 4
1420 (- -1
i 500 |
1400 1 1 L 1 | 1 1 1 1
20, 40 60 80 100
Temperature, °C
Fig. 1. Sound velocity of lead nitrate aqueous solutions.

Arrows show the peak temperature.
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Fig. 2. Sound velocity of ammonium iodide aqueous solutions.

Arrows show the peak temperature.

regardless of whether they are ionic?%2% or non-ionic?4:%%
substances, have parabolic curves like that of water.
When a solute is added to water, the statistical equilibri-
um among different species is displaced and there is
a partial destruction of the clusters; the decrease in
the cluster by the solutes causes the peak temperature
to become lower as compared with that of pure water.

The origin of an anomalous temperature dependence
of the sound velocity in water and aqueous solutions
can be sought in the structure of water. The cluster-
part of water decreases with an increase in the tem-
perature, resulting in a decrease in the structural com-
pressibility. The increase in the molecular distance
with the temperature-rise is accompanied by an increase
in the ordinary compressibility due to the compression
of the free space between non-associated water mole-
cules. These opposite effects lead to a minimum of
the compressibility at an intermediate temperature, or
to the maximum of the sound velocity at a slightly
different temperature.

The plot of the peak temperature against the concen-
tration— 7 ,(C)—gives information on the water struc-
ture and the dissolved state, and also on the properties
of ions in aqueous solutions. The relation between
the peak temperature and the concentration has been
extensively studied for various sulfates and hydroxides
(¢f. Marks2®). In these solutions, the sound velocity
rises with an increase in the concentration. On the
other hand, the peak temperature (7)) decreases with

22) W. Schaaffs, Landolt-Bérnstein, Zahlenwerte und Funk-
tionen aus Naturwissenshaften und Technik Gruppe II, Band 5,
“Molekularakustik,” Springer-Verlag, Berlin, Heidelberg, New
York (1967), pp. 109—126.

23) J. Saneyoshi, K. Kikuchi, and O. Nomoto, ‘“Tyoonpa Gizitu
Binran,” Nikkan Kogyo Sinbunsya, Tokyo (1966), pp. 1253—1258.

24) O. Nomoto and H. Endo, This Bulletin, 43, 2718 (1970).

25) Nippon Kagaku Kai, “Jituken Kagaku Kouza,” 5, Maruzen,
Tokyo (1958), pp. 433—448.
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an increase in molarity (m) along a straight line:
T, = (Tp)y — km, where (T}), = 74°C

with a common negative slope (k) for Li,SO,, Na,SO,,
and K,SO,. Here (T,), is the peak temperature for
water. Also, the V(T)-curves are nearly common for
these three salts. The T,(m)-curves for the other
salts are straight lines, with a different slope for each
salt. Marks concluded that the above-mentioned three
salts affect the compressibility and the density of water
in such a way that the maximum sound-velocity-changes
(4V,) with the concentration become nearly the same.
This is evidence that the ionic charge is the determining
property rather than the ionic size in electrolyte
solutions. We have studied the shift of 7', with the
concentration in organic aqueous solutions, and, by
ascribing the 7', to the destruction of the water struc-
ture, we have found that, regardless of the kind of
organic substance, there exists a simple linear relation
between T, and the geometical surface area of the
solute.24

80 p—r—T—T—— T

Peak temperature, °C

10 20 30 40 50
Concentration, wt%,

Fig. 3. Peak temperature in dependence of concentrations for
lead nitrate and ammonium iodide aqueous solutions.

Figure 3 shows the 7 ,(C)-curves, with the weight-9,
as the abscissa. As may be seen, the peak temperature
of the Pb(NO,), solution decreases linearly with the
concentration. On the other hand, the behavior in
the NH,I-solution is very different from that in solu-
tions of the other salts, such as sulfates, hydroxides,
and Pb(NO,),. The peak temperature in the NH,I-
solution does not change with the concentration up to
ca. 25 wt%,, with the Tp-value of water maintained
at 74°C. Above this concentration, the 7, decreases
as in other electrolyte-solutions.

The origin of the anomalous concentration depend-
ence of the peak temperature in an NH,I aqueous
solution is to be explained on the basis of a slightly-
expanded ice-1-model® of the water structure and the
peculiarity of the dissolved state of NH,* and I- ions
in an aqueous solution.

There are a number of parameters pertaining to the
properties and dissolved state of ions in aqueous solu-
tions, the hydration number being one such parameter.

[Vol. 44, No. 1

We have many experimental methods? for determining
the hydration number of ions in aqueous solutions,
such as mobility, entropy of mixing, and diffusion.
Also, the hydration number has been acoustically deter-
mined from the sound velocity by many authors. It
must be particularly emphasized, as regards the acous-
tically-determined hydration number, that the observed
quantity is the overall bulk compression of the solution,
and that no distinction between the effects to be ascribed
to the nearest neighbors of the ions and the far distant
molecular species as clusters of water, efc., can be
made. The so-called “hydration number,” as deter-
mined by the acoustical method, is based on a model
assuming incompressible hydrated water molecules and
non-affected surrounding water. The physical inter-
pretation of the acoustic hydration number is, however,
rather the net destruction of the water structure. The
hydration numbers for the ions, as obtained by various
experimental methods, are remarkably different26,2?
from one another. The values obtained from the
sound-velocity data are usually higher than those ob-
tained by the other methods. Nevertheless, the acous-
tically-determined hydration number is a significant
parameter for the study of the properties and the
dissolved state of ions in aqueous solutions. Table 1

TABEL 1. THE HYDRATION NUMBER FOR VARIOUS IONS
Ion Author The other
NH,* NH,I 3.0 2.0%)
I- 0.2,13 0.129
Pp2+
NO, Pb(NO,),, 10.8 2.0,9 1,12

shows the hydration numbers for (NH,++4I-) and
(Pb%+4-2NO,~) as obtained by acoustical means. Usual
ions have acoustical hydration numbers between 5—
16.26)  As may be seen in Table 1, NH,I (NH,* plus
I-) has exceptionally small hydration numbers. There-
fore, it may be concluded that NH,* and I- ions do
not destroy the water structure so much. Now we
see from Fig. 3 that the peak temperature is not shifted,
and that the water structure in the NH,I-solution is
not destroyed, for concentrations up to ca. 25 wt9%,.
We reached the conclusion that the NH,* and I-
ions can fill in the cavity positions in an expanded
ice-1 structure of water without any serious destruction
of the molecular arrangements. The NH,* ion can
replace the network-point of water molecules, too.
Since the ions packed in the cavities serve only to
expand the lattice, without destroying the water struc-
ture, the shift of 7', is expected to be small.

We have reported that, in the case of aqueous organic
solutions, the shift of 7', is nearly proportional to the
total surface area of the solutes. The shift of T, is
discernible for NH,I solutions in the concentration
range higher than ca. 30 wt%,. This is presumably
to be ascribed to the increase in neutral NH,I molecules
in this concentration range, as is also evidenced by

26) R. Robinson and R. Stokes, “Electrolyte Solutions,” Butter-
worths, London (1959) p. 62.

27) 15th-Tyoonpa Kenkyukai Siryo, T. Yasunaga, Denki Tusin
Gatukai (1964).
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R e e e e e results of investigations of water,1%2® an aqueous am-
° L ) monia3” solution, and aqueous ammonium halide3V
< 2l solutions by the X-ray diffraction method (¢f. also
8 7] aqueous tetra-n-butylammonium fluoride®®). That is,
g ot Ph(NO.) : it is concluded by the X-ray method that the ammonia
B 60} v B and ammonium ions can replace the water molecule
g i in the network of the expanded ice-1 structure and also
2 ] fill up the cavities in this bulky structure. It has been
540 . stated that, in pure water,1® the ratio of the framework
g ; _ to the free water molecules is 4 : 1, and that half the
E ol NILL o ] cavities in framework are filled by free water molecules.
g B e In the case of the water-ammonia?® system of 28 mol?%,,
g y ] it has been stated that 769, of the available cavities
=0 e e LR SN WO S are occupied by ammonia molecules. Although the

0 10 20 30 40 50

Concentration, wt%,

Fig. 4. Fraction of non-associated molecules in dependence of
concentrations for lead nitrate and ammonium iodide
aqueous solutions.

the change in the conductivity.?® The fraction of
non-dissociated solutes, as obtained from the conduc-
tivity data, is also indicated in Fig. 4. The curve
shows a rather abrupt turn at 30 wt%,. Both the turn
of the T p-curve and that of the degree of dissociation
in the NH,I aqueous solution at nearly the same con-
centration may correspond to the transformation of the
properties and the dissolved state of ions in aqueous

solutions.
The model used here is strongly supported by the

28) J. Bartels et al., Landolt-Bérnstein, Zahlenwerte und Funk-
tionen aus Physik. Chemie. Astronomie. Geophysik und Technik.
II Band, 7 Teil “Electrische Eigenschaften’ Springer-Verlag,
Berlin, Géttingen, Heidelberg, (1960), p. 39.

X-ray analysis may not be able to distinguish between
the free single-water molecules and the single-water
molecules filling in the cavities of the frameworks of
the clusters, the X-ray results®® do not contradict the
present result.

We can see from Fig. 3 that T, decreases in a Pb-
(NOy),-solution sensibly and linearly with an increase
in the concentration. Also, the non-dissociated fraction
of Pb(NO;), molecules, as obtained from the con-
ductivity®® data, increases more rapidly than NH,I with
the concentration (¢f. Fig. 4). The large hydration
number of Pb(NO,), may be the reason why the ions
do not fill in the cavities in water frameworks, but
destroy the framework from the beginning.

29) A. Narten, M. Danford, and H. Levy, Discuss. Faraday Soc.,
43,97 (1967).

30) A. Narten and S. Lindenbaum, J. Chem. Phys., 51, 1108
(1969).

31) A. Narten, J. Amer. Chem. Soc., 74, 765 (1970).

32) A. Narten, J. Chem. Phys., 49, 1692 (1968).

33) Landolt-Bérnstein ITBand, 7 Teil “Elektrische Eigenschaften,”
Springer-Verlag, Berlin, Géttingen, Heidelberg (1960), p. 119.
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Structure of Polynucleotide Complex with Non-Complementary
Nucleosides.” II. Poly I, U + Poly C
Hideo Axutsu and Masamichi Tsusoil

Faculty of Pharmaceutical Sciences, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo
(Received July 18, 1970)

Three copolymers of riboinosinic acid and ribouridylic acid (poly I,U) with uridylic acid contents, 20, 32, and
449, were prepared. The ultraviolet absorption measurements were carried out with aqueous solutions of mixtures

of poly I,U and polytribocytidylic acid (poly C) of various mole ratios.
structure is formed with an I...C type inter-base binding and with the U residue looping out of the helix.
structure was found to break on heating the solution.

ultraviolet absorption measurements.

Polyriboinosinic acid (poly I) and polyribocytidylic
acid (poly C) are known to form a double-helical
complex poly I-poly C in aqueous solution.?® The
structure involves specific hydrogen bonds (I:--C) be-
tween inosine and cytidine residues. It can be schema-
tically expressed as in Fig. I(a). Here, inosine (I)
and cytidine (C) are complementary nucleosides. The
question now arises: what is the effect of introducting

|
I--C I--C I---C
1 [ [
I--C I--C JC
[ [ U\ |
I--C Uu c T--C
[ o I
I-+-C I--C I--C
(! o (|
I-C I-C  U-—L--C
[ [ | |
I--C I-+C U=I+C
1 o [
I C u c I-C
o [ 1
I--C Uu cC [of
[ [ |
I--C I--C c
o o |
I-C I--C C.
[ [ I
(a) (b) (c)

Fig. 1. Schematic drawings of (a) the double-helical structure
of poly I-poly C complex, (b) a double-helical structure with
the U residues inside, and (c) a double-helical structure with
the U residues rotating out.

It has been shown that a double-helical
The
The process of break down was followed by means of

uridine (U) residue (which is complementary to neither
I nor C) into this system. In a previous paper® we
examined the effect of introducing the U residue into
the poly C moiety. In this paper we describe the
effect of its introduction into the poly I moiety.

Preparation of Polynucleotide Samples

The polynucleotide samples were prepared by use of
polynucleotide phosphorylase obtained from Azotobacter
vinelandii. Compositions of the reaction mixtures and
incubation times are given in Tables 1 and 2. The
incubation temperature was 30°C. After the completion
of enzymatic reaction, the product was precipitated
with ethanol and then purified by phenol extraction.

TABLE |. AN EXAMPLE OF REACTION MIXTURES IN
ENZYMATIC PREPARATION OF POLYNUCLEOTIDES

Inosine-5’-diphosphate (27 mg/m/) 0.8 m!/
Uridine-5’-diphosphate (26 mg/m/) 0.8
Tris buffer (0.5m, pH 8.1) 1.5
EDTA® (1 mM in f-mercaptoethanol) 0.05
MgCl, (50 mm) 0.6
Enzyme 0.7
H,0 0.55
Total 5.0

a) Ethylenediamine tetraacetic acid

b) This amount contains 12 units of enzyme.
1 unit=amount of enzyme which can liberate
lumol of orthophosphate in the enzymatic
reaction (15 min)

TABLE 2. ENZYMATIC PREPARATION OF HOMOPOLYMERS OF CYTIDYLIG AGID AND
COPOLYMERS OF INOSINIC AND URIDYLIC ACIDS
Product
Substrate®) Amount Incu- y
Polymer —_— of bation Yield Sedimentation
IDP UDP enzyme time —_—— I U coeff.
mg mg unit min mg % % % Sao
Poly LU (1) 32.4 10.4 12 90 10.6 33 80 20 15.7
Poly I,U (2) 48.6 26.0 24 90 19.5 35 68 32 12.5
Poly L,U (3) 21.6 20.8 12 90 7.2 23 56 44 13.8
Poly C CDP 40 mg 10 90 12.4 31 8.6

a) IDP: inosine-5’-diphosphate, UDP: uridine-5'-diphosphate, CDP: cytidine-5’-diphosphate

1) Paper I in this series, H. Akutsu and M. Tsuboi, This Bulle-
tin, 43, 3391 (1970).

2) D. R. Davies and A. Rich, J. Amer. Chem. Soc., 80, 1003
(1958).

3) D. R. Davies, Nature, 186, 1030 (1960).
4) M. Tsuboi, K. Matsuo, and M. Nakanishi, Biopolymers, 6,
123 (1968).
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Base Composition and Degree of Polymerization
of the Products

‘T'he base composition of each poly I,U sample was
determined by its hydrolysis with INn HCI, paper chro-
matographic separation of the resulting hypoxanthine
and uridylic acid and ultraviolet absorption measure-
ments. The composition thus determined is given in
Table 2.

The degrees of polymerization of the polymers were
not determined, but they are considered to be suffi-
ciently high from the sedimentation constants given in
the last column of Table 2. The constants were deter-
mined in a solvent with 0.1m NaCl and 0.0lm Na-
cacodylate, pH 7.0.

Experimental

Ultraviolet absorption measurements were carried out with
an Ito spectrophotometer Model QU-3. The temperature
of the samples was controlled as previously descrived.®) The
polynucleotide concentration (in M) was determined by meas-
uring phosphorus content.®) The moles of polynucleotide
means here moles of phosphorus (or the moles of nucleotide
residue).

Mixing Curves

Solutions of poly I,U and poly G of various mole
ratios were prepared, and their ultraviolet absorbances
at a few points in the 240—250 mu region were recorded.
The results are shown in Fig. 2. From the absorbance

©
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at 240 mu
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Fig. 2. Mixing curves of poly I,U and poly C.

Abscissa: molY%, of poly C (determined by measuring phos-
phorus contents), ordinate: absorbance at 248, 250, or 240
my. Total nucleotide concentration in the solution was kept
at 4.8 x10-5M. Solvent: 0.1M NaCl+0.001m MgCl,+0.01m
Na-cacodylate buffer, pH 7.0. Temperature: 25°C.

(A) Poly I,U(1) and poly C, (B) poly I,U(2) and poly C,
(C) poly I,U(3) and poly C.

5)- K. Matsuo and M. Tsuboi, This Bulletin, 39, 347 (1966).
6) B.N. Ames and D. T. Dubin, J. Biol. Chem., 235, 769 (1960).
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versus mole-ratio profile, we can judge whether the
two polymers in question form a complex or have no
interaction. When a complex is formed, its stoichio-
metric ratio is determined from the observed profile
of the mixing curve.

As may be seen in Fig. 2, each poly I,U, shows
evidence of interaction with poly C. At room tem-
perature, each of the mixing curves consists of two
straight lines which intersect at a proper mole ratio.
This should correspond to the stoichiometric mole ratio
in which the two polynucleotides form a complex. The
stoichiometric mole ratio, poly I,U/poly C, should be
50/50, if the complex has a structure, in which the non-
complementary U residues are incorporated in the
double-helix as shown schematically in Fig. 1(b). On
the other hand, if the U residues rotate out of the
helix and thus no C residue fails to form an I..-C
base-pair (see Fig. 1(c)), then the intersect (or the
maximum hypochromicity) should take place at poly
I,U/poly C=100/x. Here, x¥=molY%, of I in the copolymer
of I and U. The stoichiometric mole ratios expected
for structures (b) and (c) in Fig. 1 are indicated by
arrows in Fig. 2.

We see that each mixing curve shows its minimum
at the mole ratio expected for structure (c) but not
for structure (b) in Fig. 1.

Heating Curves

Absorbance-temperature profile of each of the poly
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Fig. 3. Variation of the absorbance at 248 my with temper-
ature of mixture solutions of poly I,U and poly C.
The mole ratio in each mixture solutions was that for the
maximum hypochromicity (see Fig. 2). (a) Poly I,U(2) 2.9
% 10~%m and poly C 1.9 X 10-3m. Solvent: 0.1M NaCl+0.01m
Na-cacodylate buffer, pH 7.0. (b) Poly I,U(1) 2.6 x 10—3m
and poly C 2.1 X 10—%M. Solvent: 0.1 NaCl+0.001m MgCl,
+0.01M Na-cacodylate buffer, pH 7.0. (c) Poly LLU(2) 2.9
X 10~%M and poly C 1.9 X 10~-5M. Solvent: the same as that
for (b). (d) Poly I,U(3) 3.1 X 10~%*m and Poly C 1.7 X 10~5m.
Solvent: the same as that for (b). The dotted curve in the
upper portion of this figure is the absorbance (at 248 my)-
temperature profile of poly C,U (with 339, U) and poly I
observed in the same solvent as that for (a).
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I,U-poly C mixtures at the mole ratio with maximum
hypochromicity are shown in Fig. 3. In general, such
observed profiles do not always represent the melting
profiles of the secondary structures of the complex
molecules. As Fresco and Alberts?” indicated, the
absorbance of not only the complex but also the non-
interacted constituent may depend upon the tempera-
ture. In the present case, however, the absorbance of
poly LU and of poly C would not depend too much
on the temperature. Therefore, the observed profiles
given in Fig. 3 would not greatly differ from the “‘true
melting profile” of the complex molecule.

As may be seen in Fig. 3, the increase in absorbance
takes place over a wide range of temperature for every
complex even in a solvent with Mg?+. This is in contrast

7) J. R. Fresco and B. M. Alberts, Proc. Nat. Acad. Sci. U. S.,
46, 311 (1960).
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with the case of the complex of poly C,U and poly I,%
where a sharp rise in absorbance takes place. The
midpoint (75) of the transition, however, is almost
the same for poly G,U-poly I complex and poly I,U-
poly G complex when the U contents in these two
complexes are almost equal (32—339%, in each copoly-
mer). The T, becomes lower as the U content in the
copolymer increases. As in the case of the poly C,U-
poly I complex, the cooling curve of each of these
complexes was found to be almost equal to the heating
curve.

We wish to express our thanks to Professor Sanae
Mii for kindness in providing the wet cells of Azotobacter
vinelandii and to Dr. Kimiko Matsuo for her valuable
advice. This work was supported by a grant from the
Ministry of Education of Japan and a grant from the
United States Public Health Service (GM10024-06).
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Electronic Structure of Lone Pairs. II1.> H,S,, H,0,, N,H,, and Diimides

Hiroko YAaMaBE, Hiroshi KaTo,

» and Teijiro YoNEZAWA

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto
(Received June 25, 1970)

The electronic structure, the electronic transition, and the interaction of lone pairs of H,S,, H,O,, and N,H, for
several dihedral angles are studied by the semi-empirical ASMO SCF method, and their dependencies on the di-
hedral angle is discussed. Also, the interaction of the lone pairs of diimides, NyH,, N,F,, and (CH;),N,, the relative
stability of the ¢is forms and of their trans form, and the electronic transition energies of these molecules are calculated.
The stable forms of N,H, and (CHj),N, are calculated to be of the ¢rans form, but that of N,H, is the cis form. An

energy component analysis of these compounds has been made.
form of N,H, is shown to be the core-core repulsion term, V,,,.

The main factor in the lack of stability of the cis
On the other hand, in H,S, and N,H, not only the

oce
Van term but also the electrostatic interaction term, (2 J;;—K;), contributes to their instability.
.

In a previous paper,® the electronic structure and
the interaction of lone pairs of (CH,),S, and cyclic
disulfides were studied theoretically and their depend-
ence on the dihedral angle, ¢, was discussed.

Hydrogen peroxide, H,0,,%% and hydrazine, N,-
H,,5® are known to have dihedral angles of approxi-
mately 111° and 90° respectively from the investigation
by means of X-ray analysis, by a study of the IR spectra,
and so on. Recently, the dihedral angle of H,S, was

1) Presented at the Annual Meeting of the Chemical Society of
Japan, April, 1968.

2) Present address: Department of General Education, Nagoya
University, Chikusa-ku, Nagoya.

3) T. Yonezawa, H. Yamabe, and H. Kato, ‘“Electronic Struc-
ture of Lone Pairs. II. Disulfides and Acyl Thiol” (to be published
in this Bulletin).

4) L. Pauling, Proc. Nat. Acad. Sci., U.S., 35, 495 (1949); W. G.
Penny, G. B. B. M. Sutherland, J. Chem. Phys., 2,492 (1934); E. N.
Lassettre and L. B. Dean, Jr., ibid., 17, 317 (1949).

5) L. Pedersen and K. Morokuma, ibid., 46, 3941 (1967).

6) A. Yamaguchi, I. Ichishima, T. Shimanouchi, and S. Mizu-
shima, ibid., 31, 843 (1959).

revealed to be 90°36" by a microwave study.”® In
these molecules, the oxygen and the nitrogen atoms
having lone pairs are bonded by a single bond, as in
the case of disulfides. The problem of the rotational
barriers of these compounds has been studied quantum-
mechanically by many authors.®®-19 In the present
paper, focusing our attention upon the electronic struc-
ture of the lone pair, calculations similar to the previous
ones for several disulfides® are carried out for H,S,,
H,O,, and N,H,. The dependence of the total energy
and the interaction of the lone pairs on the dihedral
angle is discussed, and an energy-component analysis of
these molecules is reported.

In this paper we will also discuss the interaction of
the lone pair of diimides, RN=NR, in which the nitrogen
atoms are bonded by a double bond. The mutual

7) G. Winnewisser, M. Winnewisser, and W. Gordy, ibid., 49,
3465 (1968).

8) M. S. Schwartz, ibid., 51, 4182 (1969).

9) W. H. Fink and L. C. Allen, ibid., 46, 2276 (1967).

10) W. E. Plke and R. M. Pitzer, ibid., 46, 3948 (1967).
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stability of their cis and ¢rans forms™ and the electronic
transition energy are calculated. Moreover, the sub-
stituent effect of an electronegative atom, such as the
F atom, or of a CH; group to the lone pairs of the
sp? type of nitrogen atom is investigated. As Robin
et al. pointed out in their paper, a few works!2-14 on
the electronic states of azoalkanes have been performed.
They studied the electronic structure by a non-empirical
SCF CI method, using Gaussian-type orbital basis
functions. Here, the electronic states of cis and trans
diimides, N,H,, (CH,),N,;, and N,F, are calculated
by the semi-empirical ASMO SCF method.®

Calculations

In the calculation by the semi-empirical ASMO SCF
method,'® the approximation and parameters used in
the case of the disulfides are adopted. The coordinate
axes, bond lengths, and bond angles of H,S,, H,O,,
and N,H, are given in Fig. 1, together with their

V4
x‘; H
Yy 0
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| s. : — 04480, "2
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K y
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N, N-1:45 N——mon
/\/o \I.02 ;
o, }1{ } / N
H, H, WH iy H HH
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Fig. 1. Bond lengths (in A) and bond angles (in degree), the
dihedral angle ¢ of H,S, and H,0,, the employed conform-
ations of N,H, for $=0° and ¢=90°, and the coordinate
axes are shown.
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Fig. 2. Bond lengths (in A), bond angles (in degree), and
coordinate axes.

11) M.R. Robin, R.R. Hart, and N. A. Kuebler, J. Amer. Chem.

Soc., 89, 1564 (1967).

12) J. M. Lehn and B. Munsch, Theor. Chim. Acta (Berl.), 12,
91 (1968).

13) J. Alster and L. A. Burnelle, J. Amer. Chem. Soc., 89, 1261
(1967).

14) M. S. Gordon and H. Fischer, ibid., 90, 2471 (1968).

15) H. Konishi, H. Kato, and T. Yonezawa, Symposium on the
electronic structure of molecules, Hokkaido, October, 1967; This
Bulletin, 42, 933 (1969).
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dihedral angles, ¢’s, while those of the diimides are
given in Fig. 2. The conformation of N,H, in the
dihedral angle, ¢$=0°, is assumed to be as follows:
The atoms, H; and Hg, are placed downward to the
x—y plane, as in Fig. 1. The ~NNH angle is put as
112°. In the conformation of the 90° dihedral angle,
the group containing the N, atom is rotated by 90°
around the N-N bond.

Results and Discussion

The angular dependencies of the atomic density
and the atomic orbital (AO) densities of H,S,, H,O,,
and N,H, are given in Tables 1—3. The lone-pair
levels and the lowest vacant level (LV) of H,S, and
H,0, of various dihedral angles are given in Figs. 3
and 4 respectively.

TaBLE 1. ELEcTRON DENsITIES OF H,S, AND
ATOMIC BOND ORDER P, ;. OF THE SULFUR
FOR VARIOUS CONFIGURATIONS

#° 0 45 90 180
Atomic S, 6.171 6.172 6.177 6.184
density H, 0.829 0.829 0.823 0.816
Atomic  S,s  1.623  1.625  1.627  1.630
orbital x 1,142 1,142 1.140 1.136
density y  1.406  1.406  1.411  1.417

z 2.000 2.000 1.999  2.000
Sps  1.623  1.625  1.627  1.630
x 1.142  1.139  1.140 1.136
» 1.406  1.710  1.999  1.417
z 2,000 1.709  1.411  2.000
P,p  Sis—x 0.300 0.300 0.300 0.298
s—y —0.337 —0.338 —0.338 —0.339
s-z  0.000  0.005  0.005  0.000
Sps—x —0.300 —0.299 —0.300 —0.298
s-y —0.337 —0.235  0.005  0.339
s-z  0.000 —0.242 —0.338  0.000
TaBLE 2. ErLecTrRON DENsITIES OF H,O, AND
ATOMIC BOND ORDER Ps,pi OF THE OXYGEN
ATOM FOR VARIOUS CONFIGULATIONS
#° 0 45 90 180
Atomic O, 6.323 6.329 6.337  6.349
density H, 0.677 0.674 0.663  0.65]
Atomic O,s 1.808 1.807 1.807  1.806
orbital x 1,008 1.013 1.011  1.012
density y  1.507 1.509  1.519  1.531
z 2,000 2.000 2.000  2.000
O,s 1.808 1.807 1.807 1.806
x 1.008 1.005 1.011  1.012
» 1.507 1.767  2.000  1.531
z 2,000 1.761  1.519  2.000
P, Opsx  0.114 0.114 0.116 0.116
s—y —0.285 —0.285 —0.282 —0.278
s-z  0.000  0.000 0.000 0.000
O, s-x —0.114 —0.114 —0.116 —0.116
s—y —0.285 —0.199  0.000 0.278
sz 0.000 —0.200 —0.282  0.000
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TABLE 3. ELECTRON DENSITIES AND ATOMIC

BOND ORDER P, .

OF THE NITROGEN ATOM OF N,H,

¢° 0 T
Atom N, N, N,
Atomic density 5.509 5.516 5.516
Atomic s 1.408 1.408 1.408
orbital x 0.979 0.983 0.983
density y  1.820 1.822 1.303
z 1.301 1.303 1.821
P, P 0.076 0.079  —0.079
5=y 0.292 0.290 0.004
sz 0.000 0.004 0.290
a
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Fig. 3. Lone-pair levels and the lowest vacant level of H,S, vs.
dihedral angle ¢. The heavy lines and the dashed lines
designate the levels of the p-type lone pair and the sp*type
lone pair, respectively.
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Fig. 4. Lone-pair levels and the lowest vacant level of H,O,
uvs. dihedral angle . The heavy lines and the dashed lines
designate the levels of the p-type lone pair and the sp2-type
lone pair, respectively.

1) H,S,: As is shown in Table I, when the
dihedral angle of H,S, is equal to 0°, the p-type lone-
pair AO becomes the p, orbital of the S; atom (5,z).
The direction of the lone-pair orbital rotates, keeping
its electron density approximately 2.00, following the
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change in the ¢ angle. When the dihedral angle
increases, the atom density of the sulfur atom increases
and that of the hydrogen atom decreases. That is,
the electron flows from the s orbital of the hydrogen
atom to the p, orbital of the sulfur atom. This tendency
has been pointed out for (CH;),S, by the present
authors® and for H,O, by Morokuma et al. in their
ab initio calculation® and also by Pitzer et a1 H,S,
also has sp*-type lone pairs due to the hybridization
of 3s and 3p electrons. These sp?-type lone pairs rotate
according to the change in the dihedral angle, ¢.
That is, the atomic density and the AO density of the
sulfur atom of H,S, and their angular dependence
resemble those in the case of (CH,),S,. The lowest
n—o* transition energies are given in Table 4. These

TABLE 4. DIFFERENCE OF TOTAL ENERGIES
(eV)®) AND TRANSITION ENERGIESP) (eV)

@° 0 45 90 180
H,S, Difference of the 0.17 0.14 0.00 —0.04
total energy
Transition energy  4.23 4.30 4.82 4.22
H,0O, Difference of the 0.27 0.22 0.00 —0.16
total energy
Transition energy  2.99 4.65 5.73 5.93
N,H, Difference of the 0.16 — 0.00 —
total energy
Transition energy  4.21 — 4,949 —

a) Difference of total energies referred to that in 90°.

b) Lowest n—g* transition.

¢ ) Observed value is about 5.39 eV (S. Imanishi, Nature, 127,
782 (1931)).

transition energies are approximately equal to those of
(CH,),S,. Therefore, it is noted that the main factor
showing the angular dependency of the atomic density,
the AO density, and the transition energy is not a
group bonded to a sulfur atom, such as CH; and H,
but a part of the S-S bond. The total energy decreases
monotonically from a maximum at 0° to a minimum
at 180°. The experimentally-obtained minimum (about
90.5°) can not be obtained.!®

2) H,0,: The angular dependencies of the
atomic density and the AO density of H,O, (Table 2)
are analogous to those of H,S, and (CH,;),S,.3) That
is the two p-type lone pairs are parallel at 0° and
become orthogonal at 90°. The sp*-type lone pairs
are also seen. However, the AO density of the s orbital
of the oxygen atom is larger than that of the sulfur
atom (Table 2). The order of the lone-pair levels
shown in Fig. 4 is different from that in the case of
H,S, of Fig. 3. The energy level of the sp3-type lone
pair becomes more unstable than the p type except
for $=0°, which may correspond to the larger s char-
acter and the smaller sp*type hybridization of the
oxygen atom (see Tables 1 and 2). The splitting

16) This may be due to the inappropriate approximation of the
calculation for such a small molecule with lone pairs. Recently,
by using the basic set of Gaussian orbitals and the ab initio SCF
MO method, Schwartz obtained an energy minimum of H,S, for
a dihedral angle in the range 90°—100° ix: fair agreement with the
experimental value (about 90.5°) (Ref. 8).
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between the p-type lone-pair levels is large when ¢=0°
and small when ¢=90°. That is, the interaction of
the lone pairs aligned parallel is larger than those
aligned in a rectangular manner. The total energies
referred to that at 90° are shown in Table 4 for the
various dihedral angles. The total energy decreases
monotonically from a maximum at 0° to a minimum
at 180°. The experimentally-obtained minimum (ap-
proximately 111°) can not be obtained, such as in
the case of H,S,.1” The lowest n—o* transition energy
in 90° is calculated to be 5.73 eV. Urey et al.'® and
Fergusson et al.'® reported that H,O, is decomposed
by light in the UV region, thus, the transition energy
was not observed experimentally.

3) N,H,: The total energy at the dihedral
angle of 90° is lower than that at 0°, which is com-
patible with the observation that the dihedral angle
of the stable form is approximately 90°. In Table 3,
when ¢=0°, the atomic bond order is zero, and it is
noted that the lone pair of the nitrogen atom lies on
the x—» plane and has a large electron density in the

TABLE 5. SOME CALCULATED RESULTS OF N,H,
cis trans
—_— —_—
N H N H
~ Atomic density 5.25¢ 0.746  5.277 0.723
Atomic s 1.578 0.746 1.583 0.723
orbital x 1.092 — 1.104 —
density y 1.583 — 1.590 —
z 1.000 — 1.000 —
Atomic =X 0.243 — 0.25¢ —
bond order s,  —-0.305 — = —0.304 —
P, §s—z 0.000 — 0.000 —
Total energy (eV) —413.02 —413.31
An®) (eV) 2.33 5.20

a) Sp]lttng of lone-pair levels.

TABLE 6. SOME CALCULATED RESULTS OF N,F,

cis trans
SR SR
N F N F
 Atomic density ~ 4.865 7.135  4.877 7.123
Atomic s 1.775 1.962  1.768 1.962
orbital x 1.040 1.874  1.122 1.835
density 3 1.033 1.315  0.971 1.342
z 1.017 1.983  1.015 1.985
Atomic s—x 0.280 — 0.323 —
bond order 55 = —0.240 — —0.244 —
P o §-z 0.000 — 0.000 —
Total energy (eV) —1361.46 —1360.64
An® (eV) 0.83 3.12

a) Splitting of lone-pair levels.

17) Pedersen and Morokuma have reported, in their ab initio
calculation of H,O, using a basic set of 26 Gaussian orbitals, that
the energy decreases monotonically from a maximum at 0° to a
minimum at 180° (Ref. 5).

18). H. C. Urey, L. H. Dawsey, and F. O. Rice, J. Amer. Chem.
Soc., 51, 1371 (1929); W. C. Fergusson, L. Slotin, and D. W. G.
Style, Trans. Faraday Soc., 32, 956 (1936).
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TABLE 7. SOME CALCULATED RESULTS OF N,(CH,),
cis trans
—_— —_—
N C N C
Atomic density 5.197 4.066 5.231 4.013
Atomic s 1.641 1.005 1.628 0.995
3rb1§a1 x 1.044 1.041  1.066 1.032
ensity y 1.487 0.903  1.515 0.868
z 1.026 1.116 1.023 1.118
Atomic s—X 0.225 — 0.239 —
bond order 55,  _0.308 — —0.303 —
P o s-z 0.000 — —=0.001 —
Total energy (eV) —740.23 —743.91
An®) (eV) 1.75 3.25

a) Splitting of one-pair levels

» direction. When ¢=90°, the lone pairs of the nitrogen
atoms are perpendicular to each other. The splitting
between the lone-pair levels at 0° (2.23 eV) is larger
than that at 90° (0.22 eV).

Diimides. The electron density, the difference
in the relative total energy, and the splitting of the
lone-pair levels are listed in Tables 5—7 for the various
diimides. Herzberg mentioned!® that N,H, should
take a trans form in the ground state, and in our ap-
proximate calculation the trans form is calculated to
be more stable.2® For N,F, and (CH,),N,, the stable
forms are calculated to be the c¢is form and the trans
form respectively. From the one-center bond orders
of s—x, s—y, and s-z, the lone-pair orbital of the nitrogen
atom may be approximately identified as a sp2-type
hybrid orbital for all the diimides studied here, and
the lone pair of the N; atom lies on the molecular
plane.

The splitting of the lone-pair levels is larger in the
trans form than in the cis form for the three diimides,
as is also pointed out by Robin ef al.'V This may be
due to the fact that the overlap of the lone pairs is
larger in the trans form than in the c¢is form. This
tendency was also true in H,S, and H,O,. (See the
dotted line in Figs. 3 and 4. ¢=0° and ¢=180° corre-
spond to the cis and trans forms respectively.) It is
noted that, by the substitution of the fluorine atom,
the lone-pair electron density of the nitrogen atom
(mainly p, AO) is greatly diminished and the splitting
of the lone pair becomes small compared to N,H,.
The atom density of the nitrogen atom of the trans
diimide is larger in each case studied than that of the
cis diimides, while that of the hydrogen atom of trans
N,H, is smaller than that of the cis form. Similar
relations are shown for the atom density of the fluorine
atom of N,F, and that of the CH; group of (CHj;),N,,
which is the sum of the atom densities of the carbon
atom and three hydrogen atoms.2V

19) G. Herzberg, Kagaku to Kogyo, 21, 474 (1968).

20) Lehn et al., by their ab initio SCF LCAO MO calculations,
that trans N,H, is more stable than cis N,H, by 10.5 kcal/mol (Ref.
12). On the other hand, Gordon et al., in their ab initio calcula-
tions, fond that ¢is N,H, and c¢is N,F, are more stable than the
corresponding trans diimides (Ref. 14).

21) The atom densities of the CH; group of (CHj),N, are 6.759
for the trans form and 6.803 for the cis form.
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Some of the obtained transition energies are listed
in Table 8, together with the values calculated and
observed by Robin et all¥ Among the calculated
values of frans N,F, and trans (CH,),N,, the lowest
singlet-singlet transition is n—¢* (1B,), and the next
one is n—o* (1B,). This sequence is the same as that
observed, but the values of these transitions are much
smaller than the observed energies. Compared to the
values calculated by Robin et al.,' our transition

TaBLE 8. TRANSITION ENERGIES (4E IN eV)
AND TRANSITION MOMENTs (Q)

a) N,H,
AE Q AE
caled caled  calcd? calcd?
cis
n,-m* 1B, 1.52 0.17 3.36 0.20
ny-m* 14, 3.61 0.00 7.41 0.00
n,—o* 14, 5.46 0.00 8.40,9.94 0.07,0.22
n—c** 1B, 6.21 0.30 6.97,8.90 0.25,0.19
n-m* 1B, 6.64 0.88 — —
n—m* 3B, 0.59 0.00 2.07 0.00
ny—m* 34, 2.64 0.00 — —
n-o* 34,  4.46 0.00 — —
n,—g** 3B, 5.65 0.00 — —
n-n* 3B, 3.06 0.00 6.45 0.00
trans
n-n* 1B, 0.98 0.00 3.92 0.00
n—o* 1B, 5.02 0.09 7.80,8.53,9.68 0.23,0.19,0.16
ng-m* 14,  6.36 0.24 10.94 0.26
n—g** 14, 6.45 0.00 7.12,9.14 0.00,0.00
n-n* 1B, 6.64 0.88 — —
n-n* B, 0.01 3.01 0.00
n—o**B,  4.01 0.00 — —
ng-m* *4,  5.17 0.00 — —
n—g** 34, 6.01 0.00 — —
n-n* B, 3.06 0.00 6.53 0.00
b) N,F,
AE Q AE
caled calced obsd?
cis
ng-m* 14, 3.21 0.00
n,—n* 1B, 3.27 0.16
ng-o* 14, 3.79  0.10
g-0* 1B, 5.24 0.04
n-n* 1B, 5.99 0.84
ny—m* 34, 2.44 0.00
n,—m* 3B, 2.74 0.00
ny—o* 34, 3.42 0.00
g—0%* 3B, 4.76 0.00
n-n* 3B, 3.31 0.00
trans
n—m* lBa 1.99 0.00 >6.19
ny-o* 1B, 3.15  0.82  8.06
n—o** 14, 5.12 0.00
ny-m* 4, 5.83 0.13
n-n* 3B, 1.23 0.00
n,—m* 3B, 1.31 0.00
n—o** 34, 3.85 0.00
ny-m* 34, 5.39 0.00
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c) Ny(CHa),
E E
c‘flcd ca%d olfsd") ¢ max.?)

cis
n-m* 1B, 1.96 0.15
ne-m* 14, 3.45 0.02
ny-o* 14, 5.56 0.29
n-n* 1B, 5.82 0.93
n,-m* 3B, 1.15
ng-m* 34, 2.71
n-n* 3B, 3.09
ny-o* 34, 4.39

trans
m-n* 1B, 1.21 0.03 3.65 5
n-n* 1B, 5.73 0.94
n-0* 1B, 4.52 0.23 6.7
ng-m* 14, 5.61 0.15
n-o** 14, 5.69 0.01
n;-m* 3B, 0.37
n-n* 3B, 3.09
ny-1t 34, 4.96
n-o¥% 34, 5.03

energies are small. The inclusion of the configuration
interaction seems to be necessary. According to
Herzberg,'® the ground state of N,H, is the triplet
state. Our obtained transition energy of the 3B,(n—o*)
of the trans N,H, is remarkably low.

Energy Component Analysis. The total energies of
(CHj;)oS,, H,S,, N,H,, and N,H, have been analyzed
to their various contributions; the results are given
in Table 9, where W, V., and E. denote the total
energy, the core-core repulsion energy, and the total
electronic energy respectively. The orbital energy and
the core integral of the ith MO are designated by ¢; and
H,. The Coulombic and exchange integrals between
the ith and the jth MO’s are indicated by J,; and K,;
respectively. The W and E, quantities are written as
follows:

W=E, + Vnn (l)
oce oce
E, = 22?.1 & — >;J <2J21—Ki1) =¢-G (2)
7

or oce ace
E, =23 H™ + th} 2Jiyy—K.)=H+G 3)
1

where ¢, H, and G imply 23?551-, Q%CH,”"’, and 02??(2],-;—
K,;) respectively. AH(E—H) in Table 9 denotes the
electronic energy calculated by the extended Huckel
method. We will first discuss the case of H,S,. As
the dihedral angle, ¢, decreases from 90° to 0° the
molecule becomes less stable. The unstabilization energy
of H,S, is given by the difference in the total energy,
AW between 0° and 90°; it is 0.17 eV. Note that the
difference in the core-core repulsion energy, 4V,,, is
1.26 eV, while that of the total electronic energy, 4E,,
is —1.09eV. Hence, the difference in the electronic
interaction energy, 4G, is 0.66 eV, which corresponds
the fact that the two lone pairs become parallel at 0°.
That is, the AW of H,S, being decomposed to AV,,,
AH, and 4G according to Egs. (1) and (2), the tenden-
cies of 4V,, and AG are parallel with that of AW,
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TaBLE 9. ENERGY COMPONENT ANALYSIS (IN eV)

(CHy).S, H,S, N.H, N,H,
¢° 0 45 90 0 45 90 0 90 0 180
AW + 1.98  +0.64 0 +0.17  +0.14 0 +0.16 0 +0.30 0
AV, +47.46  +28.83 0 +1.26  +0.78 0 +0.8¢4 0 +1.71 0
4E, —45.48  —28.19 0 —1.09 —0.64 0 —0.69 0 -1.41 0
4H —88.87  —55.18 0 —1.75  —0.18 0 —0.82 0 —-1.32 0
4G +43.39  +26.99 0 +0.66  +0.54 0 +0.13 0 —0.09 0
4e —-20 —121 0 —0.43  —0.14 0 —0.56 0 —-1.50 0
AH(E—H)  + 0.47 — 0 —0.03  —0.05 0 - = - =

TasLe 10. DrFrereNcE OF (2];;—K;;)
BETWEEN 0° AND 90° orF N,H,

1 2 3 4 5  6(n) 7(n)
1 —0.01 +0.02 —0.26 +0.10 —0.15 +0.18 +0.05
2 40.03 —0.05 +0.04 —0.14 +0.32 +0.04
3 —0.64 —0.02 —1.40 +0.66 —0.06
4 40.36 +0.15 +0.17 —0.26
5 —0.46 +0.17 +0.43
6(n) 4+0.43 +0.20
7(n) 40.04

(n) :W(n')”denotes a lone-péir MO.

It is also noted that the instability of H,S, towards 0°
is contributed to by an increase in 4V,, and 4G.2?

It is noted that the core-core repulsion energy does
not cancel the electronic energy. The sum of the orbital
energy does not exhibit the same trend as the total
energy with regard to the variation in the dihedral
angle?® (see 4¢ and AW in Table 9). That is, in this
case, the stabilization of the molecule at 90° can not
be interpreted by the extended Hiickel calculation, as
is shown in Table 9.

Next, as for NoH,, trans N,H, is more stable than
cis NyH,. The unstabilization energy, AW, is 0.30 eV.
In contrast to the other three compounds in Table 9,
the difference in the electronic interaction energy, 4G,
is negative. That is, the electronic interaction in the
cis form is smaller than that in the trans form.

In order to known whether the lone-pair levels have
a definite relation to the value of G=02_m(2jij—1(,-]),
each (2]J;;—K;;) value of N,H, and N,H, is studied.
In Table 10, the differences in these values of N,H,
between 0° and 90° are listed; they are also compared
with the corresponding levels and a standard is made
of the value of 90°.2» That is, 4(2 J;;—K;;) =(2Ji;—
K.;) (at 0°) —(2J,;—K;;) (at 90°). The value of the
(2].,;—K.;) is presented by the element of the ith raw
and the jth column, namely, the (j) element of Table
10. The order of the numbering is that of the level

22) A parallelism between 4V, and AW was also seen in the
calculation of ¢is- and trans- butadienes and glyoxals (Ref. 23).

23) H. Kato, H. Konishi, H. Yamabe and T. Yonezawa, This
Bulletin, 40, 2761 (1967).

24) Fink and Allen also pointed out, in their SCF calculation of
H,O,, the unparallel behavior of the sum of the orbital energies
and the total energy. They said that this may be due to the highly
localized ionic character associated with two sets of lone pairs in
H,O, (Ref. 9).

25) " For N,H,, the difference between 0° and 180° is calculated
as follows: A(2 J,;—Ki5) = (2 Ji5—Ki5) (at 0°) — (2 55— Kzz) (at 180°).

sequences obtained when ¢=0. Comparatively large
repulsive values are seen in the elements with reference
to the lone-pair levels, but they are not definitely
large.

As has been noted in the previous section, the interac-
tion of the lone pairs in N,H, is larger at 180° (¢rans
form) than at 0° (cis form), but the total energy at
180° is slightly lower than that at 0°. This relation
between the interaction of the lone pair and the total
energy is different from the previously-obtained relation
that the stable conformation of such molecules as
(CH,),S,, H,S,, HyO,, and N,H, is the one where the
interaction of the lone pairs is smaller. A similar
relation appears in Table 9. That is, the electronic
interaction, G, of N,H, is large in the unstable con-
formation, while those of the other three compounds
are small in the stable conformation.

TasLe 11. Drrrerence oF (2];;—K,;)
BETWEEN 0° AnD 90° or N,H,

1 2 3 4 5n)  6(n)
1 —0.06 +0.11 —0.01 —0.07 —0.10 —0.20
2 4+0.17 40.18 +0.16 +0.70 +0.07
3 4+0.23 —0.10 —0.03 —0.83
4 0.00 +0.24 —0.32
5(n) —0.12 +40.26
6(n) —0.41

(n): (n) denotes a lone-pair MO.

Comparing Tables 10 and 11, we can also see the
following relations with regard to the different con-
tributions of the electronic interaction term (2 /;;—Kj;)
to the energies of N;H, and N,H,. The 5th and 6th
raws and columns of Table 11 are referred to the lone-
pair levels of N,H,. Among the elements concerned
with the lone-pair levels of N,H,,?® negative values
are more often seen than in the case of N,H, in Table 10.
In fact, the sum of the elements concerning the lone-
pair MO’s in Tables 10 and 11 is 2.37 eV (repulsive)
for N,H, and —0.74 eV for N,H,. From these dis-
cussions, it may be concluded that one of the main
factors in the instability of N,H, at ¢=0° is the lone-
pair interaction or the electrostatic interaction in the
lone-pair MO'’s.

One of the authors (H.Y.) wishes especially to thank
Mr. H. Nakatsuji for reading the manuscript and for
his helpful discussions.
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5020 computer at the Computation Center of the
University of Tokyo.
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The Crystal and Molecular Structure of N-Salicylidene-
a-aminoisobutyratoaquocopper (II)
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and Yoshimichi Komiyama®
Department of Applied Chemistry, Faculty of Engineering, Yamanashi University, Kofu
*  Institute of Chemistry, College of General Education, Osaka University, Machikaneyama, Toyonaka
(Received June 29, 1970)

The crystal structure of N-salicylidene-e-aminoisobutyratoaquocopper (II), [Cu{OOCC(CH,),N=CHC,H,O}-
(H,O)], has been determined from the three-dimensional X-ray diffraction data. The crystals are monoclinic.
The cell dimensions are: a=12.30, b=28.45, c=23.84 A, and §=91.0°. The space group is P2,/c, with eight for-
mula units in a unit cell. The structure has been refined by the least-squares method, with anisotropic temperature
factors, to an R-value of 0.10. The molecular structures of the complex are essentially the same as those of N-salicyl-
ideneglycinatoaquocopper(II) hemihydrate and tetrahydrate. The environments of the copper(II) ions are
square pyramidal, with one long and four short coordination bonds. The average distances of the two copper
environments are: Cu-0O, 1.912 and 1.945; Cu-N, 1.961; Cu—O(H,0), 1.989, and Cu-O’ (the bond to the carboxyl
oxygen of the adjacent molecule), 2.344 A. The average bond distances of N=C in the salicylaldimine residue and
of N-C in the x-aminoisobutyrate group are 1.271 and 1.504 A respectively. Neighboring molecules related by a
center of symmetry are linked together alternately by hydrogen bonds and coordination bonds (Cu-Q’), an infinite
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chain being formed along the §-axis.
a- and c-axes.

An extensive study has recently been made of the
copper(II) complexes with tridentate Schiff bases de-
rived from salicylaldehyde and various amino acids by
Nakahara and his co-workers.®

Kakudo and his co-workers have determined the struc-
ture of N-salicylideneglycinatoaquocopper(II) hemi-
hydrate? (SGCH) and tetrahydrate (SGCT).» Con-
cerning the transamination reaction, Kakudo et al.
concluded, from their consideration of the bond dis-
tances around the nitrogen atom, that the N-C single
bond of the salicylaldimine moiety and the N=C double
bond of the glycine moiety are electron-rich.

It seemed that it would be of interest to investigate
whether bulky groups such as the ¢-methyl group affect
the bonds around the nitrogen atom of the Schiff-base
linkage. Another point of interest is the coordination
configuration about the copper atoms. In SGCH and
SGCT, the coordination configurations about the copper
atoms are both square pyramidal; however, in SGCH
the fifth ligand atom is a ‘free’ carboxyl oxygen of the
adjacent complex, while in SGCT it is a water oxygen
atom.

In order to obtain more information about these
aspects, we attempted to determine the crystal structure
for N-salicylidene-a-aminoisobutyratoaquocopper(1I),
[Cu{OOCC(CH,;),N=CHC¢H,O} (H,0)].

Experimental

N-Salicylidene-¢-aminoisobutyratoaquocopper(II) was pre-
pared and purified according to the procedure described in

1) Present address: Tokyo Laboratory, Kureha Chemistry
Industry Co., Ltd., Hyakunin-cho, Shinjuku, Tokyo.

2) Deceased Aug. 1, 1968.

3) Y. Nakao, K. Sakurai, and A. Nakahara, This Bulletin 40,
1536 (1967).

4) T. Ueki, T. Ashida, Y. Sasada, and M. Kakudo, Acta
Crystallogr. 22, 870 (1967).

5) T. Ueki, T. Ashida, Y. Sasada, and M. Kakudo, ibid., B25,
328 (1969).

However, there are no interactions other than van der Waals forces along the

a previous paper.? The final pure product appears as green
plates. The unit-cell dimensions were determined from the
higher-order reflections of Weissenberg photographs (CuKe,
A=1.5412 A). The systematic absences were: k0! for [ odd
and 0%O for £ odd. Hence, the space group was unequivocally
determined. The crystal data are listed in Table 1. Sets of

TABLE 1. CRYSTAL DATA
[Cu{OOCC(CH,;),N=CHC-H,O}(H,0)]
Monoclinic

a=12.30+0.01 A

b= 8.45+0.01 A

¢=23.84+0.02 A

p=91.0 +0.5°

Dx=1.54g-cm™3

Dm=1.54g-cm™®

Z=8

Space group Cj,—P2,/c

Linear absorption coefficient for CuKe,
p=43.9cm™1

multiple-film equi-inclination Weissenberg photographs were
taken about the b-axis (0 to 6th layers), the a-axis, and the
c-axis (Oth layer). CuKo radiation was employed throughout.
The crystal used was a rod with dimensions of 0.1x0.3x 1.0
mm. The intensities were estimated visually with a standard
film strip and were converted to |F,(hkl)| by applying the
usual Lorentz, polarization, and spot-shape corrections. No
correction was made for absorption and extinction. The
range of relative intensities was from 1 to 7200. 2750 in-
dependent reflections fell within this range, whereas 1389
others were too weak to be observed.

Structure Analysis

The presence of eight formula units in a unit cell
of the space group P2;/c requires that the complex
molecules occupy two sets of general positions. Three-
dimensional Patterson syntheses were performed. From
these Patterson maps, the positions of the Cu atoms
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TABLE 2.
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ATOMIC PARAMETERS AND THEIR E.s.D.’s®) (X 10%)

The expression of the temperature factor is given by
exp[— (k2B + k2Byyt Bgy+ hkByy+ hiBy3+ kiB,yg)].

Molecule I
Atom x[a 2/[b zfe By, B,, B, By, B, By,
Cu(l) 1679( 1) 240( 3) 601(1) 42 210 15 35 — 7 14
o(l) 2090( 7) 1857(14) 1125(4) 34 197 18 50 —10 —20
0O(2) 1273( 7) —1473(14) 91(4) 37 202 14 21 —12 —34
O(3) 1969( 8) —3388(13) — 443(4) 57 137 21 73 —22 —55
W(l) 122( 6) 742(13) 742(4) 22 178 16 35 8 — 1
N(I) 3099( 7) — 829(13) 629(4) 24 83 11 55 — 6 — 8
C(1) 2053(10) —2363(20) — 76(5) 24 175 13 —11 6 —10
C(2) 3177( 9) —2199(20) 224(5) 17 181 9 5 — 6 —16
C(3) 4018(12) —1801(22) — 224(6) 54 213 16 —41 16 — 8
C(4) 3437(14) —3758(22) 552(6) 103 117 13 88 — 4 12
C(5) 3901( 9) — 436(20) 935(5) 30 169 10 11 — 7 — 2
C(6) 3901( 9) 943(18) 1310(5) 24 153 7 —21 — 6 — 8
C(7) 4880(12) 1177(25) 1628(6) 50 283 12 —19 — 6 5
C(8) 4983(14) 2444(26) 2001(7) 84 285 23 10 —15 —33
C(9) 4122(15) 3525(24) 2063(7) 102 193 20 -9 —27 —53
C(10) 3147(13) 3258(22) 1777(6) 84 189 14 —36 —15 —31
C(11) 3017(11) 2017(20) 1386(6) 43 144 13 — 9 — 1 —11
Molecule 11
Atom x[a /b zfe By, B,, By, By, B, By,
Cu(2) — 669( 1) 4724( 3) 963(1) 46 202 11 40 4 1
(0]C))} — 430( 7) 3046(14) 1488(4) 57 209 7 71 10 4
O(5) — 935( 7) 6452(14) 442 (4) 47 208 12 108 8 4
O(6) —2143( 8) 8324(15) 223(4) 72 233 13 135 7 38
W(2) 788( 6) 4307(13) 652 (4) 27 195 10 48 13 — 2
N(2) —1775( 7) 5768(14) 1412(4) 30 99 8 38 8 — 3
C(12) —1762(10) 7336(19) 547(6) 39 122 14 6 2 15
C(13) —2267(11) 7189(21) 1131(6) 40 179 12 32 13 11
C(14) —3512(12) 6859(25) 1060(7) 38 275 25 84 — 6 62
C(15) —1973(16) 8713(25) 1466(7) 140 188 18 2 4 —48
C(16) —2080( 9) 5330(21) 1898(5) 35 183 10 31 7 — 6
C(17) —1658(10) 3947(20) 2195(5) 30 184 6 11 9 2
C(18) —2032(13) 3711(24) 2740(6) 76 230 13 —40 4 8
C(19) —1656(14) 2453(26) 3077(7) 86 274 17 —19 23 27
C(20) — 925(13) 1366(22) 2867(6) 79 187 14 15 8 — 9
C(21) — 511(12) 1605(23) 2317(6) 68 228 10 12 —19 20
C(22) — 850(10) 2878(19) 1986(5) 36 141 9 12 — 3 -3

2) e.s.d.’s in parentheses

were easily deduced, but those of lighter atoms could
not be fixed. The structure factors, 40/, were calculated
with the parameters of the Cu atoms. The discrepancy
factor, R, was 0.50. The parameters of the eight
lighter atoms coordinated to the Cu atoms were deduced
from the two-dimensional electron density diagrams,
p(x,2) and p(9,2), the signs of which were calculated
from the parameter values of the copper atoms. After
two cycles of calculations of the structure factors and
the electron densities, p(x,z) and p(,z), the parameters
of all the atoms were fixed. At this stage, the discrepancy
factors, Ru, and Rym, dropped 0.20 and 0.25 respec-
tively.

The structure thus obtained was refined by a block-
diagonal, least-squares method with a HBLS-4 program
written by T. Ashida. After three cycles of the refine-
ments, the R-value was 0.14. Six more cycles of the

refinements were carried out on the introduction of
anisotropic temperature factors. The following weight-
ing scheme was employed:

w =02, if Fy < Fypn (=15.0);

w = 1.0, if Foppy < Fy < Frpgy (=200.0);
and

w = FpoplFy, if Fy > Fpy,
The final discrepancy factor, R="3||Fo| —|F¢||/3|F,l,
was 0.10 for all the observed reflections. The atomic
scattering factors were taken from the International
Tables for X-ray Crystallography.® The final atomic
parameters and their estimated standard deviations are
summarized in Table 2. The agreement between the

6) International Tables for X-Ray Crystallography, Vol. III,
Kynoch Press, Birmingham (1962), p. 202.
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observed and calculated structure amplitudes is reason- TABLE 4. BOND ANGLES AND THEIR ESTIMATED
able.” STANDARD DEVIATIONS®)

Description of the Structure and Discussion

The intramolecular bond distances and angles are
listed, with their estimated standard deviations, in
Tables 3 and 4, and are shown in Figs. 1 and 2. These
distances and angles were calculated by using the
DAPH program written by T. Ashida.

The N-salicylidene-a-aminoisobutyrate groups is co-
ordinated to the copper atom as a tridentate ligand;
it is linked to the metal atom through the two oxygen
atoms—carboxylic and phenolic—, and the one nitrogen
atom of the Schiff-base linkage.

The coordination configurations about the copper
atoms in the molecules I and II are both square pyra-
midal (Figs. 3 and 4). This type of 5-coordinated
configuration has been already found in various
copper(II) complexes, for instance, di-u-hydroxobis[di-
methylaminecopper(II)]sulfate monohydrate,® sodium
glycylglycylglycinocuprate monohydrate,” and other
copper(II) glycine-peptide complexes, pyruvidene-f-
alaninatoaquocopper(II) dihydrate,!® N-salicylidene-

TABLE 3. BOND DISTANCES AND THEIR
ESTIMATED STANDARD DEVIATIONS?)
Molecule I Molecule II
Cu(l)-O(1) 1.914(10) A Cu(2)-O(4) 1.910(10) A
O(2) 1.948(19) O(5) 1.941(10)

W) 1.996(9) W) 1.982(9)
O(6”) 2.385(11) 0(3) 2.302(10)
N(1)  1.966(10) N(@©2) 1.956(10)
C (1)-0(2) 1.288(17) C(12)-0(5) 1.289(17)
0@3) 1.235(17) O(6) 1.226(18)
C(2) 1.551(19) C(13) 1.539(21)
C (2)-C(3) 1.537(21) C(13)-C(14) 1.562(23)
Cc@4) 1.562(21) C(15) 1.556(24)
N() 1.511(16) N@) 1.497(18)
C (5)-N(1) 1.262(17) C(16)-N(2)  1.279(17)
C(6) 1.469(18) Cc(17) 1.457(19)
C (7)-C(6) 1.426(21) C(18)-C(17) 1.399(22)
C(8) 1.395(25) C(19) 1.406(25)
C (9)-C(8) 1.409(26) C(20)-C (19) 1.385(25)
C(10) 1.387(25) C(21) 1.429(23)
C(11)-C(10) 1.410(22) C(22)-C(21) 1.393(21)
C(6) 1.429(19) C(17) 1.439(19)
O(l) 1.297(18) o®4) 1.312(17)

O(3’) and O(6”) are related to O(3) and O(6) through the
operations (—x, —y, —z) and (—x, 1—y, —z) respectively.
®) e.s.d.’s X 10% in parentheses

7) A complete list of the observed and calculated structure
factors has been submitted to, and is kept as Document No. 7101
at the office of the Bulletin of the Chemical Society of Japan,
1-5 Kanda-Surugadai, Chiyoda-ku, Tokyo. A copy may be se-
cured by citing the Document number and by remitting, in advance,
¥200 for photoprints. Pay by check or money order payble to:
The Chemical Society of Japan.

8) Y. litaka, K. Simizu, and T. Kwan, Acta Crystallogr. 20,
803 (1966).

9) H.C. Freeman, J. C. Schoone, and J. G. Sime, ibid., 18, 381
(1965).

10) T. Ueki, T. Ashida, Y. Sasada, and M. Kakudo, #bid., B24,
1361 (1968).

Molecule I
N (1)-Cu (1)-O (1) 94.7(4)°
N (I)-Cu (1)-O (2) 84.2(4)
W (1)-Cu (1)-O (1) 88.9(4)
W (1)-Cu (1)-O (2) 91.5(4)
O (6”)-Cu (1)-O (1) 96.3(4)
O (6”)-Cu (1)-O (2) 85.8(4)
O(6”)-Cu (1)-N (1) 92.1(4)
O (6”)-Cu (1)-W (1) 105.9(4)
Cu (1)-O (2)-C (1) 116.2(9)
O (2)-C (1)-0 (3) 125.1(13)
O (3)-C (I)-C (2 116.9(12)
O (2)-C (1)-C (2) 117.9(12)
C (I)-C (2)-C (3) 107.7(11)
C (I)-C (2)-C 4) 109.2(11)
C (3)-C (2)-C 4) 113.4(12)
C (3)-C (2)-N (1) 109.0(11)
C 4)-C (2)-N (1) 110.0(11)
C (I)-C (2)-N (1) 107.3(10)
C (2)-N (1)-Cu(1) 113.3(8)
C (5)-N (1)-Cu(l) 125.7(9)
N (I)-C (5)-C (6) 123.6(12)
C (5)-C (6)-C (11) 126.1(12)
C (7)-C (6)-C (11) 118.8(12)
C (6)-C (7)-C (8) 120.7(15)
C (7)-C (8)-C (9) 120.3(17)
C (8)-C (9)-C (10) 119.2(17)
C (9)-C((10)-C (11) 122.2(15)
C(10)-C(11)-C (6) 118.6(13)
C (6)-C(11)-0 (1) 122.5(13)
C(11)-O (1)-Cu(1) 127.4(9)
Molecule II
N (2)-Cu (2)-0O (3) 94.4(4)°
N (2)-Cu (2)-0 (5) 84.2(4)
W (2)-Cu (2)-O (4) 89.1(4)
W (2)-Cu (2)-O (5) 92.2(4)
O (3)-Cu (2)-0 (4) 94.9(4)
O (3)-Cu (2)-0 (5) 85.2(4)
O (3")-Cu (2)-N (2) 91.8(4)
O (3)-Cu (2)-W (2) 109.6(4)
Cu (2)-O (5)-C (12) 115.9(9)
O (5)-C(12)-0O (6) 124.5(13)
O (6)-C(12)-C (13) 118.0(13)
O (5)-C(12)-C (13) 117.5(12)
C(12)-C(13)-C (14) 109.1(12)
C(12)-C(13)-C (15) 107.6(13)
C(14)-C(13)-C (15) 115.0(13)
C(14)-C(13)-N (2) 107.0(12)
C(15)-C(13)-N (2) 110.2(12)
C(12)-C(13)-N (2) 107.6(11)
C(13)-N (2)-Cu(2) 113.4(8)
C (16)-N (2)-Cu(2) 125.6(9)
N (2)-C(16)-C (17) 124.4(12)
C(16)-C(17)-C (22) 125.3(12)
C(18)-C(17)-C (22) 118.1(13)
C(17)-C(18)-C (19) 121.9(15)
C(18)-C(19)-C (20) 120.3(16)
C(19)-C(20)-C (21) 118.8(15)
C(20)-C(21)-C (22) 121.3(14)
C(21)-C(22)-C (17) 119.4(13)
C(17)-C(22)-O 4) 122.0(12)
C(22)-O (4)-Cu(2) 128.0(9)

a) e.s.d.’sx 10 in parentheses
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Fig. 2. Bond lengths and angles in the molecule II.

glycinatoaquocopper(II) hemihydrate,¥ and tetrahyd-
rate, and copper(II) yunainate trihydrate.'

The fifth coordination bond in one molecule is
formed by the ‘free’ carboxyl oxygen atom of the
adjacent, crystallographically-independent molecule, as

11) A. Furusaki and Y. Tomiie, This Bulletin, 43, 736 (1970).
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Fig. 3. Five ligand atoms disposed around the copper atom
in the molecule I; bond distances are given in A.
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I'ig. 4. Tive ligand atoms disposed around the copper atom in
the molecule II; bond distances are give in A.

in the case of SGCH, while in SGCT and pyruvidene-
B-alaninatoaquocopper(II) dihydrate it is formed by a
water oxygen atom.

The Cu-O distances are 1.914 and 1.948 A in the
molecule I, and 1.910 and 1.941 A in the molecule II,
all shorter than those found in SGCH and SGCT.
Cu-O distance is 1.966 A in the molecule I and 1.956 A
in the molecule II, both values being longer than
those found in SGCH and SGCT. The Cu-W (W
represents the water oxygen atom) distance is 1.966 A
in the molecule I and 1.982 A in the molecule II.
These values are longer than that of 1.965 A in SGCT,
but shorter than that of 2.016 A in SGCH. The fifth
coordinating atoms, O(6'") and O(3’), lie at the apex
of the square pyramid at distances of 2.385 and 2.302 A
respectively from the copper atoms in the molecules
I and II.

The Cu-O’ bond (O’ means the apical oxygen atom
mentioned above) makes an angle of 80.5° in the
molecule I, and one of 79.1° in the molecule II, with
the plane of the square base. In the present work,
no significant displacement of the Cu atom toward the
apical oxygen atom was observed such as is found in
the cases of SGCH and SGCT. The angles of N(1)-
Cu(1)-O(1l) and N(1)-Cu(l)-O(2) in the molecule I
are 94.7 and 84.2° respectively. The corresponding
angles of N(2)-Cu(2)-O(4) and N(2)-Cu(2)-O(5) in
the molecule 11 are 94.4 and 84.2°. These values are
in good agreement with those observed in SGCH and
SGCT. The other bond lengths and angles generally
agree well with those found in SGCH and SGCT,
except for the bond distances around the nitrogen
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TABLE 5. LEAST-SQUARES PLANES IN THE MOLECULE I

Coefficients of least-squares plane equation,
AX+BY+CZ+ D=0

[Vol. 44, No. 1

TABLE 6. LEAST-sQUARES PLANES IN THE MOLECULE II

Coeflicients of least-squares plane equation,
AX+BY+CZ+ D=0

4 B C D(x109 4 B ¢ D(x10%)
all the atoms except all the atoms except
P(1) (methyl P, > 2311 6371 —7354 6444 P(1) (mcthyl i > —6167 —6323 —4680 32335
P(2) (Sq“’“e C°°rdma“°n> 1399 6085 —7812 9074 P(2) (Sq“are °°°rdm3“°n) 5442 6122 —5737 34892
atoms atoms
Cu-x-aminoiso- Cu-e-aminoiso-
P(3) (butyrato ) 9761 6099 —7428 4449 P(3) (butyrato > 6765 —5918 —4383 28296
P(4) (benzene ring) 3528 5719 —7406 2006 P(4) (benzene ring) —7338 —5682 —3725 22987
P(5) (Cu-salicylaldimine) 3468 5761 —7402 2186 P(5) (Cu-salicylaldimine) ~—7228 —5637 —3997 24728
X(A)=ax-tczcosfp Y=by Z=czsinf X(A)=ax-czcosp Y=by Z=czsinf
Normal distances from the planes (X 103A) Normal distances from the planes (x 103 A)
P(1) P(2) P(3) P4) PO P(1) P(2) P(@3) P@)  P(5)
Cu(l) 192 (198) 69 17 Cu(2) 165  (198) 44 —72
o(1) 255 120 (107) @) 12 o) 308 201 (152)  (—51) 32
02 53 199 — 44 0(5) 12 18  — 69
0(3) 161 (157) 0 (6) 168 (223)
W()  —229 — 75  (—453) —(687) W(@2) 378 —143  (—643) (—881)
N() — 28 —159  — 49 19 N@) -~ 4  —205 - 13 1
cq) 90 60 c(12) 52 70
c@ - 32 ~ 9 (105) c(s) —123 — 29 212)
c@G)  —130 (—122) (18) 6 c(16) —109 (— 34) (—10) 33
c®) — 49 17 11 a7 — 15 18 42
a7 —205 1 24 Cc(18)  —200 2 16
c@®  —150 17 =25 c(19) —181 —23 63
c(9) 78 22 23 C(20) 74 20 1
c(10) 160 922 14 c@n 233 3 25
cin 144 17 22 c@2 171 —19 25

() not included in the least-squares calculations

() not included in the least-squares calculations

atoms.

Kakudo and his co-workers® concluded, from their
consideration of the bond distances, that the N-C
single bond and the N=C double bond in SGCT are
electron-rich.

In the present work, the N-C single bonds have
normal values, and the N=C double bonds are rather

1
2

|

|

shorter than the normal double bond distance (1.29—1.30
A), while in SGCT and SGCH the N-C bonds are rather
shorter than the normal values (1.47—1.49 A) and the
N=C bonds are normal. Thus, such bulky groups as
t-methyl will certainly affect the bonds around the
nitrogen atom of the Schiff-base linkage.

The molecules may be described in terms of a set

</
I 06 1)

OCh

Fig. 5. Projection of the unit cell contents on the (010) plane.
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of various plane groups. Tables 5 (molecule I) and
6 (molecule II) list the equations for various least-
square planes and the deviations of the atoms therefrom.
The largest deviation of any atom from the plane
P(1), determined in any of the atoms of the molecule I
(except for the two methyl groups) is 0.26 A for the
O(l) atom, whereas it is —0.38 A for the W(2) atom
in the molecule II. Thus, the planarity of the molecule
I is slightly better than that of the molecule II, in
which several atoms deviate by more than 0.3 A from
the plane. The plane through the a-aminoisobutyrate
residue, P(3), and the one containing the salicylaldimine
residue, P(5), make dihedral angles of 4.5° in the
molecule I and 3.8° in the molecule II; these angles
are considerably smaller than the corresponding values
of 9.5° in SGCH and 16.5° in SGCT.

The structure projected upon a plane normal to the
b-axis is shown in Fig. 5. The important intermolecular
contacts are listed in Table 7.

The molecules are alternately linked together by the
fifth coordination bonds described above to form zigzag
chains along the b-axis. Two of these zigzag chains
are related by the centres of symmetry and are bound
laterally by the hydrogen bonds, indicated by dotted
lines in Fig. 5. However, there is no interaction other
than the van der Waals forces along the a- and c-axes.
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TABLE 7. INTERMOLECULAR CONTACTS
NOT EXCEEDING 3.6 A

O(1)-O(4) (1) 3.385(14) A O(3)-C(12)(1)
0(16)(2’) 3.219(15) O @&)-W(1) (1)
W(2) (1) 2.839(13) C(20) (3)

0(2)-0(5)(1”7) 3.352(14) O (5)-W(2) (2)

.355(17) A
.731(13)
.596(19)
.697(13)

3
2
3
2
O(6) (27) 2.969(14) O (6)-W(1) (2) 3.505(14)
W(I) (2) 2.674(13) W(2) (27) 3.492(14)
O(3)-0(4)(2) 3.114(14) N(1) (2) 3.146(15)
O(5) (2) 2.884(14) C (1) (2) 3.433(18)
W(I) (2) 3.472(14) W()-W(2) (1) 3.130(13)
W(2) (1”) 3.586(14) C(1) (2) 3.377(17)
W(2) (2) 3.505(14) C(15)(1””) 3.566(21)
N(2) (2) 3.068(14) W(2)-C(12)(1”") 3.415(17)
1) X, Pz 1) % l+y, =z 1) %, —14y, 2
2) —=x. Py, —Z 2) —x, 1—y, —z

] 4]
3) —x Yoty Yo—z
e.s.d.’s X 10% in parentheses

The numerical calculations were carried out on the
FACOM231 computer at this University and the
HITAC5020E computer at the Computer Center, the
University of Tokyo.

Part of the cost of this investigation has been defrayed
by a Scientific Research Grant of the Ministry of
Education, for which the authors’ thanks are due.
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Infrared Absorption Spectra of Silica Gel - H,"O, D,"“0O, and H,*®0 Systems

Masao HiNno and Toshio Sato
Government Industrial Development Laboratory, Hokkaido, Higashi-Tsukisamu, Sapporo
(Received July 4, 1970)

Infrared absorption spectra of the systems of silica gel - Hy'%O, D,6O, H,'®O, and some organic vapors were

measured in order to assign the bands sensitive to adsorption at 870 and around 950 cm—1.
gel caused the absorption decrease at 870 cm~! and the appearance of a band at 620 cm™.

Deuteration of silica
The band around

950 cm™! appearing by adsorption not only of water but also of organic vapors showed no shift on deuteration, but
shifted toward low frequency side by 25 cm™! on the substitution of QO of surface silanol groups with #O. From
these facts the bands at 870, 620 and 950 cm™! were assigned to Si-OH bending, Si~OD bending and Si-O stretching
vibrations of surface silanol groups, respectively. The oxygen atom of silanol groups of silica gel was found to ex-
change with that of adsorbed water molecules even at room temperature for a sample treated at temperature below
300°C. On the other hand, higher reaction temperature of ca. 200°C was necessary for a sample calcined at 800°C.
Mechanism of the oxygen atom exchange reaction was discussed.

A number of investigations have been carried out
to elucidate the structure and properties of silica gel
surface by use of infrared spectroscopy.l=® They were
concentrated on measurement of the OH stretching
band between 4000 and 2500 cm~!. However, there
are very few investigations in other spectrum regions.

1) M. L. Hair, “Infrared Spectroscopy in Surface Chemistry,”
Marcel Dekker, Inc., New York (1967), p. 79.

2) M. R. Basila, “Applied Spectroscopy Reviews,” Vol. 1,
Marcel Dekker, Inc., New York (1968), p. 296.

3) A. V. Kiselev and V. I. Lygin, Russian Chem. Rev., 31, 175
(1962).

Beutelspacher?® first pointed out that a wet silica gel
had a 950 cm~! band, which vanished by heat treatment
at 1000°C. Soda® also found a 950 cm~! absorption
band sensitive to desiccation for a finely ground quartz
powder sample. He assumed that it was due to the
bending vibration of Si-OH groups on the surface of
the particles. On the other hand, Benesi and Jones®

4) H. Beutelspacher, VI Congres International de la Science
du sol, Vol. B 329 (1956).

5) R. Soda, This Bulletin, 34, 1491 (1961).

6) H. A. Benesi and A. C. Jones, J. Phys. Chem., 63, 179 (1959).
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assigned this bending vibration to the band at 870 cm1,
from the fact that it disappeared on deuteration.

The purpose of the present work is to establish the
assignment of these two bands more directly by meas-
uring the isotopic shift in wider frequency region when
H and %O atoms of silica gel are substituted with D
and 80 atoms, respectively, and also by measuring
the adsorption effects of various vapors on the surface.
The reactivity of the silica gel surface was also studied
through the exchange reaction of water with surface
silanol groups.

Experimental

Materials. Silica gel for chromatography (Kanto Chem-
ical Co., Inc.) made from sodium silicate and sulfuric acid
was ground in an agate mortar and then suspended in deionized
water to get a very fine powder sample. The surface area of
this material was 450 m?/g, independent of the heat treatment
at temperature lower than 600°C. D,%O (Showa Denko
Co., Ltd.) of 99.75 atom 9, in purity and H,*O (Yeda R.
& D., Co. Ltd.) of 97.9 atom 9%, were used. Methanol, di-
ethyl ether, acetone, and carbon disulfide, all of guaranteed
reagent grade, were dried, distilled and degassed before the
adsorption experiment. Pure hydrogen sulfide (Takachiho
Chemical Industrial Co.) was used without further purifica-
tion

Apparatus and Procedure. A JASCO Model 402-G double
beam infrared spectrometer was used for recording the spectra
in the wave number region between 4000 and 430 cm~!. An
all metal in situ cell used for measurement at room tempera-
ture is shown in Fig. 1. Another infrared cell with liquid

(10)

in

— (11)

0

Fig. 1. All metal in situ cell.
1, adsorbent sample; 2, KBr plate; 3, thermocouple;
4, nichrome wire heater; 5, nichrome wire hanger;
6, evacuation outlet; 7, O-ring seal; 8, water jacket;
9, KBr window; 10, silicone rubber packing;
11, elastic epoxide resin seal; 12, chromium plated stecl
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nitrogen cooling system was also constructed by modifying
the cell in Fig. 1 for measuring the adsorption of organic
vapors and hydrogen sulfide at lower temperature down
to —130°C.

A sandwich method was used for sample preparation; 6
to 20 mg of silical gel powder dispersed in a few drops of
methanol was spread on the transparent KBr plate of 34 mm x
12 mm x4 mm. After the methanol was evaporated, the
silica powder on the plate was made even with a spatula and
sandwiched by facing another KBr plate on the sample. As
far as infrared spectrometer was used as a monitor, the silica
gel was found not to react with methanol during the coursc
of preparation. A vacuum reference cell was set in the light
path of the reference side to eliminate the background effect
of the spectra. To prepare a sufficiently deuterated silica gel
sample, the sample was exposed to D,¢O vapor at 10 mmHg
for 30 min and then evacuated, both at room temperature.
The procedure was repeated six times.$?

Results

1. Silica Gel- Hy,%0 System. Measurement of
the spectra was carried out on the silica gel sample after
evacuation at various temperatures and also on suc-
cessive exposure to water vapor at room temperature.
As shown in Fig. 2, evacuation at room temperature
gave marked decrease of the OH stretching band at
3400 cm~! and the HOH bending band at 1630 cm-1,
which were attributed to the hydrogen-bonded hydroxyl
groups and physically adsorbed water molecules, re-
spectively. A simultaneous decrease of the absorption
at 950 cm~! was observed, while the absorption at
870 cm~! increased in intensity and a sharp OH stretch-
ing band at 3748 cm~! due to the ‘““free” silanol groups
appeared. Evacuation at elevated temperatures, as
represented by Curves 4 and 6 in Fig. 2, produced a
similar but stronger effect in the spectral changes,
although the band at 870 cm~! exceptionally decreased
in intensity. Admission of water vapor on these evacuat-
ed surfaces produced the reverse effect on the spectral
changes (Curves 3, 5, and 7). However, these five
absorptions were completely restored only when the
sample was evacuated at room temperature (Curve 3).
A small band shift from 950 to 960 cm~! was observed,
when the sample was evacuated at 200 and 300°C
and then rehydrated at room temperature.

Organic vapors and hydrogen sulfide, which have
no absorption around 960 cm~1, were then admitted
at low temperatures onto the silica gel samples evacuated
at 200°C. In each case, as seen in Table 1, bands were
found to come out around 960 cm~! and in the wave
number region from 3680 to 3300 cm—!, the peak
positions depending on the kind and the amount of
adsorbate.

2. Silica Gel-Dy%0 System. Appearance of a
strong 190D stretching band at 2480 cm~! together
with the disappearance of the bands of *OH at 3400
and 1630 cm~! after deuteration confirmed that the
deuteration of the present silica gel sample was com-
pleted.®” It should be emphasized that this treatment
induced no spectral change at the 950 cm~! band and

7) V. Ya. Davydov, A. V. Kiselev, and L. T. Zhuravlev, Trans.
Faraday Soc., 60, 2254 (1964).
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(a)

Transmission

1

(b)

3600 2800 2000 1500

700 600 500

Wave number, cm~?!

Fig. 2. Spectra of silica gel - H,'%O system.
a) 1——, before evacuation; 2-e-e-s, evacuated at room temperature

for 26 hr; 3
evacuated at 200°C for 5 hr

5 Demmem- , exposed to H,'%O at 12 mmHg; 4--.-.- s

b) 6——, evacuated at 300°C for 5 hr; 7------ , exposed to H,'%0 at

12 mmHg

Experiments were carried out in the orderfrom 1 to 7. The spectra
of lower wave number than 1400 cm~! were recorded after the back-
ground was adjusted to a constant level at 1400 cm™1,

TABLE 1. PEAK POSITION OF THE BANDS PRODUCED
BY ADSORPTION OF ORGANIC VAPORS

OH stretching band The band around

Adsorbate of the surface silanol 960 cm™?
groups (cm™1) (cm™?)
CS, 3680 970
H,S 3460 914
(C,Hj;),O 3300 937
(CH,;),CO 3300 945
CH,0OH &) 955
a) Not distinguishable from the OH stretching band of
CH,OH.

also much decrease of the absorption at 870 cm~1. On
evacuation of the sample at elevated temperatures, the
band intensity at 950 cm~1 decreased and a new band

grew up at 620 cm~! (Curve 3 in Fig. 3). Introduction
of D,1%0 vapor to this evacuated sample gave a reverse
spectral change, although the band at 950 cm~? finally
settled down to 960 cm~! as in the case of silica
gel - Hy,'%0 system. The original spectra illustrated in
Fig. 2 were restored by treating the deuterated sample
with light water vapor.

3. Silica Gel - H,80 System. A preliminary ex-
periment showed that the introduction of H,;180O to a
silica gel sample evacuated at 300°C for several hours
gave small but definite isotopic shifts at the 3750 and
950 cm~! bands, but not at any other bands. Evacua-
tion and introduction of H,®O were then repeated in
the order from Curve 1 to Curve 12 in Fig. 4 in order

to observe more precise spectral changes with time.
As illustrated by Curve 3 of Fig. 4 (b), the band at

Transmission

3600 2800 1000

700 600

Wave number, cm™!

Fig. 3.

Evacuation effect of a deuterated silica gel sample.

l——, on exposure to D,%*O at 5 mmHg; 2------ , on exposure to D,0O6
at 9 mmHg after being evacuated at 200°C for 5 hr; 3...... , after being
evacuated at 300°C for 5 hr; 4-e-e-e, on exposure to D;%O at 12 mmHg

after the 300°C evacuation
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100 T T T

©
(=]

80 (a)

Transmittance, 9%,

70

spectral slit width

GO 1 1 L
3780 3760 3740

Wave number, cm™?!

(b)

Transmittance, %

Wave number, cm~1

Fig. 4. Spectra of silica gel - H,*®O system.

1, evacuated; 2, evacuated at 200°C; 3, exposed to H,8O
vapor for 6 min; 4, evacuated; 5, exposed to H,'®O vapor for
25 min; 6, evacuated; 7, exposed to H,'®O vapor for 40 min;
8, evacuated; 9, exposed to H,®O vapor for 100 min; 10,
eavcuated; 11, exposed to H,'®O vapor at 100°C for 1 hr and
cooled to room temperature in the vapor atmosphere; 12,
evacuated.

Evacuation was conducted at room temperature for 5 hr
and H,'O vapor of 10 mmHg was introduced also at room
temperature unless otherwise described.

960 cm~! was produced immediately after the introduc-
tion of H,180 at room temperature. This band, how-
ever, shifted to the lower wave number side with time
and reached almost a steady value of 935 cm~—! after
about 70 min. Successive treatment with H,80 at
100°C gave more shifts, as seen in Curve 11. In a
quite similar way, a new band around 3740 cm~! grew
up in accordance with the decrease of the OH stretching
band at 3748 cm~! with time and reached a steady
state after 70 min (Curves 8 and 10, Fig. 4(a)). Treat-
ment with H,180 at 100°C gave a more distinct spectral
change, as seen in Curve 12.

The exchange reaction with H,%0O was also con-
ducted on a silica gel sample preliminarily calcined
at 800°C for 30 hr, which gave very sharp free OH
absorption on account of almost complete lack of
background due to the broad hydrogen-bonded OH

[Vol. 44, No. 1

(a)

Transmittance, %

1 1 1
3780 3740 3700

Wave number, cm™?!

3

(b)

Transmittance, %

S
(=
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1

1 1

L 1 1
3780 3740 3700

Wave number, cm™!

Fig. 5. Spectral changes in free OH stretching band of silica
gel calcined at 800°C on exposure to H,'®O vapor at room
temperature (a) and at higher temperatures (b).

a) before exposure (1), exposed to H,'8O vapor for 25 min
(1), 2 hr more (2), 15 hr more (3), and 15 hr more (3).
Each spectrum was recorded after evacuation at room temp-
erature.

b) before exposure (evacuated at room temperature) (1),
exposed to H,'®O vapor at 200°C for 20 hr and evacuated
at room temperature (2), exposed at 260°C for 8 hr and
evacuated at the same temperature (3).

absorption around 3600 cm~!. After the sample was
evacuated at room temperature, it was exposed in
H,80 vapor at room temperature. As seen in Fig. 5(a),
the free OH absorption at 3751 cm™! decreased very
slowly in intensity and reached a steady state after
17hr. A very small ®*OH absorption at 3737 cm™!
was observed. The result confirmed that the oxygen
of the surface silanol groups was only partially ex-
changed by oxygen of H,'8O in adsorbed state at room
temperature. Figure 5(b) shows the result on the same
sample exposed in Hy'%O vapor at 200 and 260°C and
then evacuated. It turned out that the higher the
temperature treatment with H,80 the more promoted
the oxygen exchange reaction.

Discussion

1. Assignment of the Bands at 960 and 870 c¢cm~1.
The band at 870 cm~! can definitely be attributed to
the bending vibration of free Si-O-H groups on the
surface, because the band increased in intensity on
evacuation, at least at room temperature, and shifted
to the position of 620 cm~! on deuteration, its frequency
being almost consistent with that calculated under the
assumption that the band at 870 cm~! was associated
with Si-O-H bending vibration and that this can be
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TABLE 2. SUMMARY OF THE INFRARED ABSORPTION BANDS OF SILICA GEL - WATER SYSTEM
Silica gel- Silica gel- Silica gel-
H,%O system D,%0O system H,80 system
(cm™1) (cm™1) (cm™1) Assignment
Obsd Obsd Calcd Obsd Calcd
*a) 3748 2755 2728 3740 3735 OH (or OD) stretching of free silanol
* b) 3751 —_ — 3737 3737 groups
* 3400 2500 2474 **3400 3389 OH (or OD) stretching of water and
hydrogen bonded silanol groups
* — 2780 — — — OD asymmetric stretching of D,O
vapor
1870 1870 — 1870 — Skeletal Si-O combination®
1640 1640 — 1640 — Skeletal Si-O overtone®
* 1630 — — 1630 — HOH deformation of water
— 1440 —_— — — HOD deformation®
1050 1050 — 1050 — Skeletal Si-O stretching®>9)
~1200 ~1200 ~1200
* 950 950 — 935 916 Si-O stretching of silanol groups
~960 ~960 ~925
* 870 620 633 870 — Si—-OH (or Si-OD) bending
805 805 — 805 — Skeletal Si-O stretching®>%)
560 560 — 560 — Unknown, some skeletal vibration ¢
470 470 — 470 — Skeletal Si-O%

a) For silica gel without heat-treatment.
* Adsorption sensitive bands.
was impossible.

treated by a simple harmonic oscillator model (Table 2).

The band at 960 cm—! is conclusively assigned to
the Si-O stretching vibration in surface silanol groups
because of the following evidences. 1) No hydrogen
isotopic effect was observed for this band. 2) The
free OH stretching band and this band shifted quite
simultaneously during the course of oxygen exchange
reaction. 3) The observed values of the oxygen isotopic
shift for these two bands were in harmony with those
calculated according to a simple harmonic oscillator
model, as illustrated in Table 2.

It should be pointed out, however, that no shift of
the band at 960 cm~! was observed immediately after
the introduction of H,O on a silica gel sample. In
other words, the band at 960 cm~! was produced by
rapid adsorption of H,'8O on the surface as in the case
of H,1%0 -silica gel system and then shifted gradually
with the progress of the exchange reaction. The
band is thus expected to be induced indirectly by the
hydrogen bond formation of Si-OH with adsorbed
water. This explanation was supported by the fact
that the band around 960 cm~! was produced by the
introduction of various organic vapors which formed
more or less hydrogen bonding with silanol groups.
Such a stretching vibration sensitive to hydrogen bond-
ing is not so strange; it is known that Si-O stretching
vibration in silanol compounds® as well as C-O stretch-
ing vibration in alcohols® have a big dilution effect

8) K. Licht and H. Kriegsmann, Z. Anorg. Allgem. Chem., 323,
190, 239 (1963).

9) G. C. Pimentel and A. L. Mcclellan, ‘“The Hydrogen Bond,”
W. H. Freeman & Company, San Francisco & London (1960),
p. 140.

b) For silica gel calcined at 800°C.
**The band was so broad that an accurate determination of the small isotope shift

c) Ref. 6. d) Ref. 5.

in nonpolar solvents.

We can safely rule out the possibility that the two
bands at 960 and 870 cm~! are associated with the
overtone and combination of Si—O skeletal vibration,
judging from their position and sensitivity to adsorption.

2. Reactivity of Silica Gel Surface. Mills and
Hindin'® have concluded indirectly from mass spec-
trometric analysis that the oxygen exchange reaction
between surface silanol groups of silica gel and water
takes place at a temperature above 100°C. The present
work confirmed directly that the reaction proceeded
considerably, but not completely, at room temperature
on a silica gel treated at a low temperature below
300°C. Such a silica gel is readily dehydrated and
rehydrated. The result can be explained as a con-
sequence of the repetition of these two reactions ac-
cording to the following scheme hitherto accepted!

H H H H

(@) O (@) O

| | | . /O

Si Si Si — Si Si Si +H,0
1N M7 TN S 1No7 1Mo N

viz., the production of strained siloxan type species
and some free OH groups from the clusters of OH
groups adjacent to each other and the reverse reaction.
Incomplete exchange of oxygen in the present case
would be due to the presence of some genuinely free
silanol groups, predominant for the silica gel treated
at such a high temperature as 800°C.

10) G. A. Mills and S. G. Hindin, J. Amer. Chem. Soc., 72, 5549
(1950).
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Studies on the Electronic Spectra of the Semiquinones of
Anthracene and Its Related Heterocycles. 11

Hiroshi MasunARA,” Michio Okupa, and Masao Koizumi
Department of Chemistry, Faculty of Science, Tohoku University, Katahira, Sendai
(Received July 9, 1970)

The electronic structures of semiquinones of anthracene and its related heterocycles were calculated, using

the open shell SCF procedure combined with configuration interaction calculations.

A general classification and

some peculiarities of the observed absorption spectra of these semiquinones can be readily explained by the present

theoretical results.

The effects of resonance integral and configuration interactions were examined in detail.

The

results obtained by considering the effect of hyperconjugation were added.

Semiquinones have been considered as reaction inter-
mediates in photochemical reactions of aromatic com-
pounds such as acridine dyes, xanthene dyes and
triphenylmethane dyes. The photochemical behaviors
and absorption spectra of anthracene semiquinone and
its heterocycles have previously been reported.?

The absorption spectra of these semiquinones are
classified into three groups; 1) the first band at 250 nm
(4.9 eV in transition energy), 2) the second band at
350nm (3.5eV), and 3) the third band in the visible
region (2.3—2.8eV). However, some semiquinones
have special features, ¢.¢., 1) anthracene semiquinone
has no visible absorption, 2) acridine-N semiquinone
has no first band, and 3) acridine-C semiquinone has
a prominent peak at 281 nm.

Theoretical consideration of the electronic structures
of their excited states is necessary for the assignment
of each band. However, the electronic structures have
not been reported because of the complexity of the
treatment required for an open shell system.

Pople and Longuet-Higgins have proposed the meth-
od of semi-empirical SCF MO calculation with zero
differential overlap approximation for open shell system
and have calculated the transition energies of the
benzyl radical.¥ The calculated energies are higher
than the observed ones. Configuration interaction would
be more important for the calculation of transition
energies of open shell systems than for those of closed
shell systems, as shown for the anion radicals of sub-
stituted benzenes.?

In this paper transition energies and oscillator
strengths of the m-zn* transitions of anthracene semi-
quinone and its heterocycles will be reported and the
assignment of absorption bands of the semiquinones will
be decided by comparing those values with observed
values.? The calculations were carried out with ap-
propriate values of reasonance integrals f’s. They
were chosen by examining the effect of resonance
integrals on the transition energies of anthracene anion
radical, xanthene semiquinone, anion and cation radi-
cals of six membered N-heterocycles. The effect of
hyperconjugation of CH, group in the aromatic ring

1) Present address: Department of Chemistry, Faculty of En-
gineering Science, Osaka University, Toyonaka, Osaka.

2) H. Masuhara, M. Okuda, and M. Koizumi, This Bulletin,
41, 2319 (1968) (Series I).

3) H. C. Longuet-Higgins and J. A. Pople, Proc. Roy. Soc., Ser.
A, 68, 591 (1955).

4) A. Ishitani and S. Nagakura, Theor. Chim. Acta, 4, 236 (1966).

will be also examined for anthracene semiquinone and
acridine-N semiquinone.

Method of Calculation

The method of calculation can be divided into two
parts: 1) determination of LCAO-MO’s by means of
the semi-empirical open shell SCF method proposed
by Pople and Longuet-Higgins,® and 2) generation of
the spectroscopic states by configuration interaction.

The molecular orbitals obtained are the eigenfunc-
tions of the Schrodinger equation

Fo, = E;p; (M
where F is the SCF Hamiltonian operator, E; is the
energy of ith molecular orbital. This equation can
be derived by neglecting electronic repulsion integrals
between the half occupied molecular orbital ¢, and
other orbitals ¢;: (mi mm). The elements of the energy
matrix (F) are given by the formulae

Fpp = —I,+0.5X Py X (Pppp)'i"IE,(qu_Zq)x(Pp 99)

Fpq = Bpg—0.5X Pyy X (p 99) (2)
where I, and Z, represent the ionization potential and
the number of n electrons released from pth atom,
respectively. The values of ionization potential and
electron affinity of the s electron in the appropriate
valence state are taken from the table of Pilcher and
Skinner.%

Z,is 1 for -C=, -N= and =0 is also 2 for —O- and
—l\ll—. Electronic Coulombic repulsion integrals be-

tween two atomic orbitals (pp ¢¢) and resonance integrals
Bex were calculated using the Pariser-Parr approxima-
tion.®

The ground state and four types of excited states of
the semiquinones are constructed as follows:

2WG = l 901951 oo Som—l(ﬁm—l(pm ] G
Wy = 0101 PiPrmPm1Pm19m| A(i-m)
Wy = |0:1P1 Om1Pm_19%] B(m-k)
Wer = (| 0101 PP *** Pm-1Pm—1Pm |

+ 0181 PxPi - Om | )2 CA(-k)

Wop = (210101 Gir Pm| = [ 911 Q:Pi P
— | 1P1 xPs -+ Pm | )a/ 6 CB(i-k)
3
5) G. Pilcher and H. A. Skinner, J. Inorg. Nucl. Chem., 24,

937 (1962).
6) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466 (1953).
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where simple notations in the right column represent
configurations in the left column, and ¢ and £ denote
occupied and vacant orbitals, respectively.

Formulas of the transition energies and transition
dipole moments are given in Ref. 3.

In the second step, configuration interaction calcu-
lations were carried out for 12 or 13 configurations of
A and B types of singly excited states, and for 44 or
45 configurations of A, B, CA and CB types of singly
excited states. The oscillator strength of each transition
was evaluted by the equation

f=1.085x 107 x E x M? (4)

where I represents the transition energy in cm~! and
M a transition dipolc in A.

Most calculations were carried out on the electronic
computer HITAC 5020 in the electronic computer
center of the University of Tokyo.  The solution of
CI determinant and other supplemental calculations
were performed on the electronic computer NEAC 2230
in Tohoku University.

Parameterization:
Effect of Resonance Integral

Calculated values of transition energies do not agree
with observed ones in an open shell system as well as
in a closed shell system. This discrepancy may be
adjusted to some extent by the choice of the best ex-
perimental value of resonance integral, and by con-
sideration of many configurations in the configuration
interaction. The effects of both resonance integral
and configuration interaction were examined carefully
for some of the semiquinones and hydrocarbon anion
radicals.

The Effect of Resonance Integral Bcc. The transi-
tion energies of the anthracene anion radical were
calculated using the ordinary value of resonance inte-
grals and by consideration of 13 excited configurations.
The C-C bond distance and bond angles were taken
as 1.39 A and 120°, respectively. The value of Bcc
used is —2.39 eV which corresponds to that of the
neutral molecule. Using this value we obtained better
agreement with the observed values. The results are
shown in Table 1. Consequently, the value of fcc
for the neutral molecule was used in the following
calculations.

TABLE 1. TRANSITION ENERGIES OF
ANTHRACENE ANION RADICAL

Ecal (CV) fcal Eobs7) (CV) fobs7)
1.830 — out of plane
2.027 — x 1.686 0.95 «
2.538 — 1.327 -y
3.382 — out of plane
3.863 — 3.161 —
4.660 — X 3.781 1.50 «x
4.834 — out of plane
5.430 — out of planc

7) R. S. Hoijtink, N. H. Velthorst, and P. J. Zandstra, Mol.
Phys., 3, 534 (1961).
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The Effect of Pex. The transition energies of
xanthene semiquinone were calculated using different
Beo’s (Fig. 1). Lower energy levels decrease and higher
energy levels increase with the increase in the absolute
value of resonance integral fco.  The magnitude of
the shift is about 0.2 eV for lower levels, which is
within the accuracy of approximation in the calcula-
tions.

eV
[ 11

l
|
|
I

Il
Y
LA
NN

]

(@) (b) d)

The transition energies of xanthene semiquinone.
(a) Bco=—1.667 eV (b) Bco=—1.945eV
(c) Bco=—2.223 eV (d) Bco=—2.501 eV

<)

—~
—~

Fig. 1.

Small and more fundamental radicals such as anion
and cation radicals of six-memberd N-heterocycles,
allyl derivatives and pentadienyl derivatives were also
used for examination of the effect of fey (Fig. 2).
Although in the case of xanthene semiquinone the
larger absolute value of fco gives the lower transition
energies in ultraviolet region, the results for these
radicals show the reverse effect. Thus, it is difficult
to explain theoretically the shift of transition energy
with the change of resonance integral. Consequently,
the values of fcx used in the calculations for semiquinones
are also those for the neutral molecules.

Effect of Configuration Interaction

The results for the naphthalene anion radical with a
different number of excited configurations in CI calcu-
lations are given in Table 2. This radical was chosen
as a model for the examination of the effect of CI
because it is intermediate in complexity between the
benzyl radical and anthracene semiquinone. Our
calculation of CI included 9 configurations of states A
and B, and explained the observed absorption spectra
rather well. The calculation including 29 configurations
of states A, B, CA, and CB by Ishitani and Nagakura
was more successful for explaining the transition
energies.?

The contribution of states CA and CB becomes more
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Fig. 2-A. The transition energies of anion radicals of pyridine
and s-triazine.
------ s-triazine
(b) ﬂCN= —3.00 eV

pyridine
(a) Ben=—2.576 eV
(c) Ben=—38.50 eV

eV

(@) (c)

Fig. 2-B. The transition energies of cation radicals of pyridine
and s-triazine.
——pyridine
(a) Bon=—2.576 eV
(C) ﬁcn= —3.50 eV

------ s-triazine

(b) Bex=—3.00 eV
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Fig. 2-C. The transition energies of allyl derivatives.
-C=N-C

eV

(a) ﬁCN= —2.576 eV

N=C-C

(C) ﬂc}{= —3.50 eV.

(b) Ben=—3.00 eV

(a)

(v)

(c)

Fig. 2-D. The transition energies of pentadienyl derivatives.
—N=C-C=C-C

TABLE 2.

(a) Box=—2.576 eV

(b) fcn=—3.00 eV

(c) Bey=—38.50 eV

RESULTS FOR THE NAPHTHALENE ANION

RADICAL WITH DIFFERENT NUMBER OF EXCITED
CONFIGURATIONS IN CI CALCULATIONS

a) b)
E E E "
(C{?ﬁ fcal <e<73 fcal4) (eo{}s) fobs7)
2.088 0.157 1.969 0.413 1.636  0.29(x)
2.989 0.015 2.657 0.057 hidded
4,294 0.570  3.708 0.486  3.657 0.40(»)
4.286 0.014 3.831 0.37(x)
5.051 0.734 5.032 0.876 4.228
5.443

6.374

2.516

a) 9 configurations were taken into CI calculation.
b) 29 configurations were taken into CI calculation.
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important for anthracene semiquinone and its hetero-
cycles. Calculation of 12 or 13 configurations of states
A and B could not explain the observed results. Genera-
tion of the spectroscopic states by including a number
of configurations is indispensable for the calculations.

Results and Discussion

Transition energies and oscillator strengths of anthra-
cence semiquinone and its heterocycles have been cal-
culated with the same resonance integral as neutral
molecules and also using the 44 or 45 configurations
of singly excited states A, B, CA, and CB. The results
are given in Table 3. The number of = electron in
the semiquinones are 13 for anthracene and acridine-N
semiquinones, and 15 for acridine-C, xanthene, and
phenazine semiquinones. Molecular structures of these
semiquinones assumed from a consideration of the ex-
perimental results are shown in Fig. 3 together with

H~
108e
2
N
Jo8e
C
*H*z

¢
()

«OIITZ:

&

@

()

Iz:

Fig. 3. Molecular structures.
(a) Anthracene semiquinone, 137z, (b) Acridine-N semiqui-
none, 137, (c) Acridine-C semiquinone, 15z. (d) Xanthene
semiquinone, 157. (e) Phenazine semiquinone, 157.
C-C, 1.39 A. C-X, 1.36 A.
Angles C-X-C, 117.5°. All otherangles, 120°.

the values of bond distances and bond angles. All the
molecules are assumed to be planar. Calculated n—a*
transitions of these semiquinones can be divided into
three groups. The first consists of strong transition
(f=1.0) of about 6 eV transition energy, the second
of moderate transitions (f=0.5—1.0) of about 4 eV and
third of weak transitions of less than 3 eV. The cal-
culated transitions correspond very well to the three
groups of observed absorption bands. Discrepancies
between theoretical and experimental results become
smaller for lower transition energies. The magnitude
of difference is about 1 eV for the 250 nm band (transi-
tion energy 4.9 eV), about 0.6 ¢V for the 350 nm band
(8.5eV) and 0.5 eV for the visible band (2.5 eV). The
strong absorption band at 250 nm may be assigned to
the n—m* transition to the excited state, to which the
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CA configuration contributes predominantly.  The
other two bands may be assigned to the transition to
the excited state which is a mixture of configurations
A and B. By elimination of configurations which
contribute to a small extent, each excited state can
be expressed as follows.
¥ (350 nm) = a¥', — b¥y
¥ (visible) = b¥, — a¥'y

The energy level of a half-occupied molecular orbital
in an alternant hydrocarbon radical is located exactly
in the center of the highest fully occupied orbital and
the lowest vacant orbital, and then energies of con-
figurations A and B are equal. When a carbon atom
in this radical is replaced by a nitrogen atom, the
half-occupied orbital is stabilized and its energy falls
below its original level. The coefficient a for an alternant
hydrocarbon radical is equal to —b&, as proposed by
Pople and Longuet-Higgins,® and thus f (visible) should
be zero. This consideration explains well the experi-
mental fact that anthracene semiquinone has no visible
band. The line of argument is correct in the calculation
which considers many configurations in CI calculations.
The calculated oscillator strength of the visible band
for anthracene semiquinone is 0.0000.

For heterocyclic radical, a is not equal to &, and
S (visible) does not disappear. This is the reason why
acridine-N semiquinone radical has a weak band in
the visible region. It is possible to assign this weak
band to a lone pair of N atom-zn* transition, but we
have no evidence to show this.

The 350 nm and visible bands of acridine-C, phena-
zine and xanthene semiqunones are similarly inter-
preted, noting the difference of the number of molecular
orbitals.

A special band at 281 nm of Acridine-C semiquinone
can be assigned to the transition, whose excited state
consists of CB(7—9) configuration predominantly and
both CA(7—9) and A(6—8) configurations in a few
percent. Although the transition to CB configurations
is forbidden, this 281 nm transition has a moderate
oscillator strength due to the contribution of CA(7—09)
and A(6—38) configurations which have larger transition
moments. A similar phenomenon can be expected in
phenazine semiquinone, though this spectrum has not
yet been observed.

The oscillator strength of the band at 250 nm for
acridine-N semiquinone is 0.19 and much smaller than
for other semiquinones. Thus, the other type of acridine
semiquinone which has no band at 250 nm can be
identified as acridine- N semiquinone.

The observed spectra of semiquinones are well ex-
plained by the present theoretical studies.

The Effect of Hyperconjugation

In the above section 13z type semiquinone structures
were assumed for anthracene and acridine-N semi-
quinone, excluding the methylene group from the =z-
electron conjugated systems. The opposite extreme case
is the one where electrons in the methylene group
flow out to the m-electron conjugated systems. In this
case it is appropriate to take the concept of hyper-
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TABLE 3. THEORETICAL AND EXPERIMENTAL RESULTS
(a) Acridine-C semiquinone (d) Anthracene semiquinone
E ., N E, Relative 137 model 157 model®
(e{/) Sear  Direction (eV3 intensities —_—— —_—— Ege R.1
I 2.274 0.015 x  2.38  0.02 & S & S Y
2.769 0.071 x 2.52 0.08 — - -
3.387  0.004 ;’;‘;’i g-ggg > 3-131 0-00‘1* >
. . x 3.650 0.001 =x
II g-g‘l*‘; 8-(;8? 7 II  3.643 0.000 » 4.221 0.006 »
1048 0282 x 342 0.16 3.869 0.016 x 3.870 0.241 «x
: ) * : : 3.930 0.087 y 3.973 0.349 » 3.26 0.0l
IIT  4.852 0.089 x 4.45 0.24 4.129 0.985 x 4.220 0.721 x 3.54 0.72
4.871 0.024 y 4.54 0.18 I 4.753 0.000 X
5.238  0.003 ' ’
> 4.824 0.000
IV~ 5.707 0.127 x 5.244 0.023 »
5.771 0.000 B
IV 5.640 0.000
5.794  2.139  x 4.95  1.00 5ol 0.000
g-?gg g-ggg * 6.207 0.922  «x 4.95 1.00
‘ : - 6.251 0.004 x
6.337 0.019 »
(b) Xanthene semiquinone
a) Including the effect of hyperconjugation.
(lzg;g Feu Direction (Ee% R.L
(e) Acridine-N semiquinone
I 2.89%4 0.015 x 2.13 0.02
3.050 0.004 y 137 model 157 model® .
3.171  0.016 x T T ‘ot R.I
E E V T
3.234  0.000 y (¥ Seat ) Seu (V)
Ir 3.911  0.065 I 2.538 0.126 x 2.65¢ 0.136 x 2.19 0.17
3.935  0.061 * 3.127 0.008 y 2.926 0.061
4137 0.808 3.61  0.67 3.135 0.003 x 3.371 0.010 «x
1 4.789  0.022 « II  3.731 0.005 » 4.127 0.081
4.869  0.020 4,068 0.026 x 4.124 0.244 x
5.203  0.029 y 4.126 0.086 y 4.366 0.292 »
IV 6.017 0.372 x 4.95 1.00 4.286 0.870 x 4.504 0.629 x 3.52 1.00
6.100  0.225 III  4.776 0.021 =x
6.301 0.064 > 4.940 0.009 y
5.471 0.010 »
(c) Phenazine semiquinone IV 5.770 0.001
I I 5.782 0.001 «x
(e{% fear Direction (e{’/’i R.I 2 16;) 8 (1)5;8 x
I 2.669 0.000 « 225 0.070 > I
2.758 0.021 y 2.06 0.05 b) Including the effect of hyperconjugation.
2.961 0.002 x
11 3.619 0.005 » NoTEs.
3.724 0'042 * 1) The notations I, II, III, and IV in the tables, represent
3.870 0.06 ) the groups of theorctical transition enecrgics and differ
3.947 0.515 x 3.35 0.36 from those appearing in the text.
IIT  4.844 0.016 » 2y In each group the observed bands are tentatively as-
5.032 0.220 x signed to the theoretical bands whose f,,;’s are large.
5.230 0.002 B 3) R. L. denotes the relative intensity of observed band, the
highest energy band being taken as a standard. It is
IV 5.739 0.661 * 5.27 1.00 easily estimated without precise molecular extinction
5.797 0.753 x 5.46 coefficients.
6.058 0.000 J . 4) As no data on phenazine semiquinone have been obtained
§~l15 0.2637 o (eﬂlYIBEK_laZﬂs)) for precise comparison, those on ethylphenazil are com-
- - o pared with theoretical results.
8) K. H. Hausser and J. N. Murrell, J. Chem. Phys., 27, 500  5) The transition with direction x is polarized along the

(1957).

long axis direction.
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conjugation of methylene group into consideration.
Here the 15z electron model was adopted for these
semiquinones and the semi-empirical parameters used
are the same as those reported by Morita.” This
model treats the methylene group as a methylene cation.
The real state of semiquinone molecule should be
somewhere between these two models, which define the
limits of delocalization of methylene electrons.

First the calculated orbital energies are compared with
those of 137 electron models. The effect of hypercon-
jugation on transition energies appears on the orbitals,
which have nothing to do with the observed electronic
transitions. The difference of the orbital energies of
the half-occupied orbitals in the 13z and 157 models
is small (about 0.1 eV).

9) T. Morita, This Bulletin, 33, 1486 (1960).

Electronic Spectra of the Semiquinones of Anthracene 43

Calculated transition evergies and oscillator strengths
are given in Table 3. The configurations included are
15 (cofigurations A and B) and the assignment of the
250 nm peak is omitted. The calculated intensity of
the absorption polarized along the short axis direction
is stronger in the 157 model. In the configurations of
types A and B, calculated results are in better agreement
with experimental ones in the 157z model than in the
137 model for both semiquinones. From the considera-
tion of wave functions, it is concluded that the charge
density of unpaired electron is lowered and more
delocalized than that predicted by the 137z model.
Although the larger conjugated systems, . ¢. 157 model,
have lower absorptions in general, it may be said that
the unpaired electron and the electrons of methylene
group are delocalized to some degree in anthracene
and acridine-N semiquinones.
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Modified INDO Calculations of the Electronic Structure of
Organic Molecules. 1. Electronic Excitation Energies of
Some Carbonyl Compounds and Conjugated Dienes

Kizashi YaMAaGgucHl and Takayuki Fueno
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(Received July 15, 1970)

The semi-empirical valence-shell SCF MO theory (the INDO method) by Pople ¢t al. has been modified for

the purpose of calculating the electronic excitation energies of organic compounds.

All the necessary one-center

parameters have been evaluated from the valence-state ionization data of Hinze and Jaffé, combined with the Slater-

Condon atomic parameters.
conjugated dienes.

The all-valence-electrons SCF MO theory with
intermediate neglect of differential overlaps (the INDO
method) proposed by Pople et al.V) is currently of gaining
recognition as a promising route to theoretical estima-
tion of dipole moments and unpaired spin distributions
of various molecular species. Baird and Dewar? have
modified the INDO method in order to calculate heats
of formation and molecular geometry with “‘chemical”
accuracy. This marked success of the theory in
predicting the ground-state properties of molecules now
urges chemists to explore the applicability of this theory

1) a) J. A. Pople, D. L. Beveridge, and P. A. Dobosh, J. Chem.
Phys., 47, 2026 (1967). b) Idem., J. Amer. Chem. Soc., 90, 4201
(1968). c) J. A. Pople and M. S. Gordon, ibid., 89, 4253 (1967).
d) M. S. Gordon and J. A. Pople, J. Chem. Phys., 49, 4643 (1968).
e)J. A. Pople, J. W. Mclver, Jr., and N. S. Ostlund, bid., 49,
2965 (1968). f) G. E. Maciel, J. W. Mclver, Jr., N. S. Ostlund,
and J. A. Pople, J. Amer. Chem. Soc., 92, 1 (1970). g) Idem., ibid.,
92, 11( 1970).

2) a) N. C. Baird and M. J. S. Dewar, J. Chem. Phys., 50, 1262
(1969). b) Idem., J. Amer. Chem. Soc., 91, 352 (1969). c) M. J.
S. Dewar and S. D. Worley, J. Chem. Phys., 50, 654 (1969). d) N.
Boden, M. J. S. Dewar, and S. D. Worley, J. Amer. Chem. Soc., 92,
19 (1970). e) M. J. S. Dewar and E. Haselbach, ibid., 92, 590
(1970).

The INDO method thus modified has been applied to carbonyl compounds and
The calculated excitation energies have been found to be satisfactory in many respects.

to the calculations of electronic excitation energies of
organic compounds.

Along the above line, Giessner-Prettre and Pull-
mann® have already examined the INDO method in
its original form and found that the calculated transi-
tion energies are generally too great compared with the
observed, despite extensive configuration interaction
treatments. Thus, in order to be capable of reproduc-
ing the energies in fair agreement with observation,
one is now required to take due consideration of elec-
tronic correlations, which have apparently been left out
of account in the original INDO approximation.

One of the best approaches to the above problem
will be a procedure involving semi-empirical evalua-
tions of the two-electron repulsion integrals from the
atomic spectroscopic data. The strategy is essentially
the one that has already received wide acceptance in
connection with the z-electron SCF MO theory of the
Parier-Parr-Pople type.? Recently, Bene and Jaffé®

3) C. Giessner-Prettre and A. Pullman, Theoret. Chim. Acta
(Berl.), 13, 265 (1969).

4) a) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466 (1953).
b) J. A. Pople, Trans. Faraday Soc., 149, 1375 (1953).



44 Kizashi YaAmMAcucHI and Takayuki FUENO

have coupled this empiricism with Pople’s simplest ver-
sion of the all-valence-electrons SCF MO theory (the
CNDO method)® Kato et al.” have also availed the
empiricism in evaluating various integral parameters
to be used in their own valence-shell theory analogous
to the INDO method. In both these treatments, the
transition energies obtained for various organic com-
pounds are in satisfactory agreement with observation.

In this paper, a modification of the INDO method
will be presented in order to calculate the excitation
properties of conjugated compounds. All the necessary
one-center parameters have been evaluated from the
data for the valence-state ionization potentials and elec-
tron affinities compiled by Hinze and Jaffé,® in com-
bination with the Slater-Condon atomic parameters.1®
The procedure adopted for this parametrization is much
the same as that in the MINDO method presented by
Baird and Dewar.?® Our specific aim of the present
treatment is to assess the applicability of the modified
INDO theory to the calculations of electronic excita-
tion energies of conjugated compounds, especially
those of geometrical isomers. The results appear to
be encouraging in most cases here investigated.

Method of Calculations

Since the INDO formulation has been described in
detail by Pople et al.,'® there is no need to duplicate
it here. Suffice it here to note that the Hamiltonian
matrix elements for closed shell systems are given as
follows:

A 1
Fup=Upp + >A4‘ [Pa(uu|AR) — ?PM(IMIIMH

+B§(PBB—ZB)YAB (# on atom A) (1)

3 1
F,, =?P,L,,(yv|,uv) - ?P,“,(,u;tlvv)

(1 v, both on atom A) (2)

1
Fuy = Buv — TPM-VYAB

(# on atom A and v on atom B) (3)

where Py and P, are the atomic and orbital charge
densities, respectively; Puv is the orbital bond order;
Zy is the core charge on atom B; y,; is the two-center
electron repulsion integrals; (up|A2) and (ul|pd) are
one-center Coulomb and exchange integrals, respec-
tively; U is the one-center core-electron attraction
integral; and P, is the core resonance integral.

In calculating the transition energies and moments,
we have adopted the conventional virtual orbital ap-

5) a) J. D. Bene and H. H. Jafté, J. Chem. Phys., 48, 1807
(1968). b) Idem., ibid., 48, 4050 (1968). c) Idem. ibid., 49, 1221
(1968). d) Idem., idem., 50, 1126 (1969).

6) J. A. Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys.,
43, 5129 (1965).

7) a) H. Kato, H, Konishi, and T. Yonezawa, This Bulletin,
40, 1017 (1967). b) H. Kato, H. Konishi, H. Yamabe, and T.
Yonezawa, tbid., 40, 2761 (1967).

8) a) J. Hinze and H. H. Jafté, J. Amer. Chem., Soc., 84, 540
(1962). b) Idem., J. Phys. Chem., 67, 1501 (1963).
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proximations. The energies required to promote an
electron from orbital ¢ to virtual orbital j are given by
the following expressions for singlet and triplet states,
respectively :5%)

A'E = gj — & — .]1.] + 2Kz] (4)

PE=¢;— & — Jy )
where ¢, and ¢, are the energies of the jth and ith
molecular orbitals, and where J,; and K,; are the mo-
lecular Coulomb and exchange integrals. The dipole
moment length for the i singlet-singlet transition is
given by

M;_; = Zénﬁﬁlcﬂl-cj#(/‘]rzilv) (6)

where r, is the coordinate vector operator of atom A.

Refinements of the transition energies by the con-
figuration interaction treatments were not performed
in the present calculations. For the geometries of the
treated compounds, latest data from Ref. 9 were adopted.
The solutions of the Hartree-Fock equations were re-
quired to be self-consistent to within 0.001 of all the
resulting eigenvalues.

The above procedure was programmed in FOR-
TRAN, and computations were carried out on the
FACOM 230-60 Computer at the Kyoto University
Computation Center.

Evaluation of Integral Parameters

One-center Parameters. The one-center integrals
appropriate to the present calculations are {1) the core-
electron attraction integrals, U, and Upp, (ii) the
Coulomb integrals, (ss|ss), (ss|xx), (xx|xx) and (xx|yy),
and (iii) the exchange integrals of the types (sx|sx)
and (xy|xy). In the framework of INDO approxima-
tions, all these energies are related with the Slater-
Condon atomic parameters G! and F2.1*) The principle
that we adopt for the evaluation of these one-center
integrals is exactly the same as that of Pople et al.,'®)
except that we now follow a different semi-empirical
procedure in estimating the average one-center electron
repulsion integral, F°.

For a second-row atom X with n valence electrons,
the empirical electron repulsion energies may be esti-
mated from?!®

&s = [E(X7, s%"7Y) — E(X, sp" )]

—[EX, ™) — B(X*, p" )] Yl
gy = [B(XT, smpm™™1) — (X, 5™ )]

—[E(X, s"p"™) — B(X*, st (®)
2pp = [E(X™, smpm ™) — E(X, smp™)]

—[E(X, s"p"~™) — E(X*, smp"™)] ©)

where m may be 0, 1, or 2 wherever appropriate. The
various g values can be evaluated from the valence-
state ionization data of Hinze and Jaffé.®) In the case

9) A. D. Mitchell, ed., “Table of Interatomic Distances and
Configuration in Molecules and Ions,” The Chemical Society,
London (1958).

10) J. M. Sichel and M. A. Whitehead, Theoret. Chim. Acta
(Berl.), 7, 32 (1967).
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of a valence-state carbon atom, for example, the g
values are 12.10, 11.72, and 11.31 eV.

At the level of the INDO approximation, the em-
pirical repulsion energies may be related with the Slater-
Condon parameters by

F(ss) = g (10)
FO(5p) = g1 +5.C (1)
and Fo(p) = o9 + 25" (12)

The parameter, F° for each atom with the ground
state configuration, s26"~2, may then be determined by
averaging the values, F°(s,s), F(s,p) and F(p,p) over
the electron pairs involved. Namely,

P = L pGs ) + 20- 2P0, p)

=203 pogy, py) (13)
with
N=1+ (n+1)(n—2)/2 (14)

Using the F° values obtained as above and the G!
and F? values given in Pople’s INDO paper, the various
two-electron parameters can be evaluated.

(55]55) = (55| ) = Fo (15)
(x| xx) = FO + 2;"5F2 (16)
(] ) = Fo — Zpe (17)
(sx|5x) = %Gl (18)
(]9) = P (19)

The core-electron attraction integrals for atoms from
boron to fluorine are'®

1 1 1 3
U = =5 (Lt 4) *(ZAT)’” + E(ZA"?>G1 20)
1 1
Upp = —_2‘(112""’41:) _(ZA__2 )FO
l 1 3 _3 2
+3G +25<ZA 2>F 21)

where I and A are the relevant valence-state ioniza-
tion potential and electron affinity, respectively.

TABLE I. ATOMIC PARAMETERS?®)
H C N 5} F
U, —13.595 —52.320 —72.078 —104.841 —131.248
U,y —44.648 —63.946 — 93.819 —116.272
Fo 12.845 11.715 12.860  15.897  17.233
e 7.285  9.416  11.817  14.486
F? 4.727  5.961 7.250 8.594
I, 13.595 19.603  23.777  33.234  39.922
I, 12.309  16.598  20.013  20.452

a) Values given in units of eVv.

11) Equations (7)—(9) in the present work, coupled with Eq.
(3.16) of Ref. la, generate Eqs. (10)—(12). FO(p,p’), where p
and §’ are different p orbitals centered on the same atom, were
assumed to be equal to FO(p,p).
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The one-center parameters evaluated as above for
C, N, O, F atoms are listed in Table 1.

For an H atom, the parameters were U= —13.595
eV and F°=12.845 eV.

Two-center Parameters. The two-center repulsion
integrals, y,s, between atoms A and B, which are R,p
apart, were evaluated by the Ohno approximation!?

vas = 14.397[R%p+ (04 + pp)%]7Y/2 (22)

where
pr = T.199/F,%;  pg = 7.199/Fy (23)
The core resonance integrals, fu.., between atoms
A and B were evaluated by the Wolfsberg-Helmholtz

expression!®
Buo = k" Su(LA+ 1) (24)

where I,* was taken as the valence-state ionization
potential of 4 AO of atom A. The parameters, £“,
were so chosen as to reproduce the observed spectro-
scopic data, namely 6—n* and #-n* transition energies.
For these purposes, discrimination between k° for ¢
orbitals and £* for = orbitals was necessary, as was
noted by Bene and Jaffé’*®) in their CNDO treatments
of electronic spectra. The final values adopted were
k#=1.1 and £*=0.9.

Results and Discussion

The Values of X° and k" Bene and Jaffé® have
shown in their CNDO treatments that, in order to
obtain consistent spectroscopic data, the core resonance
integrals fu» are necessary to be distinguished between
o and =z orbitals. In order to examine whether or not

50 T T T
40 .
30 + o) 7
20 .y
S ol 0\(’7—\ |
g K
o ki
‘E -120 D/b—*’/ -
n
-13.0 JL' N
-140 F n
-150 - ‘\\o\ |
e
‘16.0 1 | 1 L
1 2 3 4
Set

Fig. 1. Variations of the orbital energies of ethylene with the
change in the resonance integral parameters used.
Set 1: k°=1.0 and k*=1.0
Set 2: k7=1.0 and £*=0.9
Set 3: k°=1.1 and k*=0.9
Set 4: ko=1.2 and k*=0.7

12) K. Ohno, Theoret. Chim. Acta, 2, 219 (1964).
13) M. Wolfsberg and L. Helmholtz, J. Chem. Phys., 20, 837
(1952).



46 Kizashi YamacucHI and Takayuki Fueno

this discrimination will likewise be inevitable in the
present INDO treatments, we have calculated 4'E of
the ethylene molecule for various sets of £” and £”
values.

Shown in Fig. 1 are the highest occupied and lowest
vacant orbital energies, both ¢ and =, calculated with
different choices of £” and £™.

Figure 1 clearly shows that both the 6—¢* and n—n*
orbital energy separations tend to increase with the
increasing £” and £” values. Further, both the calcu-
lated = and #n* orbital heights are almost independent
of k°. Likewise, the ¢ and ¢* orbital heights are rel-
atively insensitive to the change in £*. It is therefore
obvious that both the c—n* and n—¢* energy separa-
tions are dependent on both £ and £™.

On the other hand, neither molecular Coulomb nor
exchange integrals, J/ and K, shows material change
with the variation of the core resonance integral para-
meters, as may be seen in Fig. 2. This facilitates adequate
choice of &7 and £ values that may reproduce the ob-
served transition energies.

110 — . T ,
100 F Ty T
e * i ® A
S J(n-o)
L
-~ 80 F {
& L 7
2 [ o o —o o
Hoo20r Kin-1) 7
10 F _ o o]
K(11-0")
0‘0 1 L 1 1
1 2 3 A
Set

Fig. 2. Variations of the molecular repulsion integrals of ethyl-
ene with the change in the resonance integral parameters
used.

The parameter sets are the same as those given in Fig. 1.

Similar analyses have been made for a few other com-
pounds. It has been found that the parameter set
k=1.1 and £*=0.9 are the most suitable to give con-
sistent spectroscopic data in majority of cases here in-
vestigated. In the case of ethylene, the lower transition
energies calculated with this parameter set were 8.27,
8.18, and 3.73 eV for the n—n* (1B,,), o-n* (14,.)
and m—n* (3B,,) transitions, respectively. Although these
calculated values are somewhat deviated from the cor-
responding experimental data, 7.6, 6.4, and 4.8 eV,?
these deviations are tolerable in view of the neglect of
configuration interaction that may be important in such
a highly symmetrical molecule.

Carbonyl Compounds. Formaldehyde, formic acid
and formamide have been selected for test. The re-
sults obtained for lower transitions are summarized in
Table 2, together with experimental data.

For each of the three compounds investigated, the
calculated values of 41E for both the n—n* and m—n*
transitions have shown good agreement with the ob-
served. Although the observed data for the triplet
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TABLE 2. TRANSITION ENERGIES, AE, AND TRANSITION
MOMENT LENGTHS, M, OF CARBONYL COMPOUNDS
Svm- Calcd Obsd®

Type mez"try“) 5 s ST
AE, eV M,A AE, eV SO
Formaldehyde
n-m* 14, 3.58 — 4.21 10—
g-m* 1B, 6.89 0.74 7.07 0.04
n—o* 1B, 7.75 0.65 8.18
n-n* 14, 9.46 0.77 9.05 ~0.1
n—m* 34, 3.14 0 3.12
n-n* 34, 4,71 0
Formic acid
n—m* S 4.68 0.22 5.5-5.8
a-m* S 6.87 0.27
n-g* S 7.60 0.32; 7.4
n-o* N 7.64 0.70
n-m* S 8.47 0.78 8.3
n-m* T 4.34 0
n-n* T 5.23 0
Formamide
n-m* S 4.69 0.27 5.65 0.002
o-n* S 7.24 0.56 6.80 0.06
n-a* S 7.56 1.02 7.2—-7.3,7.8 0.240
n-n* N 7.80 0.76 8.6 ~0.1
n—-m* T 4.34 0
n-n* T 5.26 0

a) The symbols § and T denote that the excited states are
singlet and triplet, respectively.

b) Observed values cited from Ref. 3.

¢ ) Okscillator strength.

state excitation energies are limited, a good agreement
is seen in formaldehyde. Therefore, the present para-
metrization seems to be satisfactory.

According to the present results, the second singlet-
singlet transition band of the carbonyl spectra appear-
ing at 7 to 8 eV is ascribed to a m—¢* transition. As
the assignment of this band is not entirely clear as
yet,® no decisive assessment of the theory is permissive.

Butadiene and Glyoxal. Calculations have next
been extended to butadiene and glyoxal. The electronic
excitations of these compounds have already been the
subject of the all-valence-electrons treatments by Kato
et al.™ It will be of particular interest to compare the
results between their treatments and the present.

The results of calculations for lower energy regions
are summarized in Table 3, together with the experi-
mental data. Agreements of the calculated results
with the observed data are generally good, except for
the energies for the singlet m—n* transitions of the s-
trans conformations of both butadiene and glyoxal, in
which our calculated values are a little too great. For
the n—n* transitions of glyoxal, our results are more
plausible than those of Kato et al.™

In both treatments, the encrgies predicted for the
n-n* and m-z* transitions of the s-cis conformers are
lower than those of their s-trans counterparts. For the
m—n* transitions, the tendency agrees with observa-
tion.¥ Also in the n—n* transition of glyoxal, there is

14) N. L. Allinger and M. A. Miller, J. Amer. Chem. Soc., 86,
2811 (1964).
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TaABLE 3. TRANSITION ENERGIES, AE, AND TRANSITION MOMENT
LENGTHS, M, OF SOME CONJUGATED COMPOUNDS

Conf:or- Type Sym_a Calcd® . Obsd
mation metry®) AE, eV M, A AE, eV f
Butadiene
s-trans n-o* 14, 6.52 0.24
n-n* 1B, 6.61(6.38) 1.38(1.37) 5.7,9 6.09 0.53%
g-n* 14, 6.83 0.47
n-m* 3B, 3.65(4.18) 0 (0 3.29
n-o* 34, 5.75 0
5=Cis n-n* 1B, 6.11(6.03) 0.93(0.95)
n—o* 1B, 6.51 0.42
o-m* 1B, 6.73 0.34
— 3B, 3.49(4.11) 0 (0)
n—o* 3B, 5.77 0
Glyoxal
s-trans n-m* 14, 2.79(3.22) 0.37(0.062) 2.72, 3,238
n-m* B, 4.97(5.81) — (0) 4.50,5) 4,338
n—m* B, 6.10(7.20) — (0)
n—g* 1B, 7.53 1.05
n-m* 1B, 8.37(7.27) 1.09(1.167) 7.2—7.6%)
n-m* 34, 2.44(2.68) 0 (0 2.429
n—m* B, 4.61(5.22) 0 (0
n-m* 3B, 4.82(4.59) 0 (0
swcis n-m* 1B, 2.78(3.18) 0.34(0. 065) 2.668)
n-m* 14, 4.58(5.68) — (0.034) 4.438)
n-m* 14, 6.03(7.08) — (0.006)
n—g* 1B, 7.47 0.98
n-m* 1B, 7.77(6.94) 0.66(0.805)
n—m* 3B, 2.43(2.60) 0 (0
n—m* 34, 4.20(5.07) 0
n-m* 3B, 4.50(4.50) 0
trans-Crotonaldehyde
s-trans n-m* S 4.31 0.30 5.87™
n-m* S 6.91 1.38
n—-m* T 4.07 0
n-m* T 4.08 0
s-cls n-m* S 4.29 0.28
n-m* S 6.57 1.08
n-m* T 4.06 0
n-m* T 4.07 0

a) The symbols § and T denote that the excited states are singlet and triplet, respectively.
b) The values given in parentheses are those calculated by Kato et al. "

c) Taken from Ref. 3.

d) Taken from Ref. 16b.

e) D. F. Evans, J. Chem. Soc., 1960, 1735.

f) J. W. Sidman, J. Chem. Phys., 27, 429 (1957).
g) Taken from Ref. 15.

h) H. H. Jaffé and M. Orchin, “Theory and Applications of Ultraviolet Spectroscopy,” John Wiley & Sons, Inc., New

York (1962), p. 213.

an indication of agreement between theory and experi-
ment, if the 4E values (2.66 and 4.43 eV) of a cyclic
cis-a-diketone' may be assumed to closely approximate
those of the s-cis conformation of glyoxal.

The trend that the n—a* excitation energies calculated
for s-trans conformation of a conjugated compound are

15} N. J. Leonard and P. M. Mader, J. Amer. Chem. Soc., 72,
5388 (1950).

greater than those for its s-cis conformer has long
been noticed.'®-1® The trend now appears to be gene-
rally true with excitations including those of the n—n*
and o—n* types. This generalization seems not to be

16) a) R. G. Parr and R. S. Mulliken, J. Chem. Phys., 18, 1338
(1950). b) R. Pariser and R. G. Parr, ibid., 21, 767 (1953).

17) M. Klessinger and W. Liittke, Z. Electrochem., 65, 707 (1961).
18) A. Julg and J. C. Donadini, Compt. rend., 252, 1798 (1961).
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affected by the level of sophistication at which the ap-
proximations used have been laid. The n—=* and n—=*
transition energies calculated for trans-crotonaldehyde
(I) have been included in Table 3, as an example
that may serve to reinforce the above generalization.

CH, CH,
\CH-CH \CH=CH
AN N
C-=0 C-H
/ Y
o 3
I (s-trans) I (s-cis)

1,4-Disubstituted Butadienes. Butadiene derivatives
that are substituted at the terminal carbon(s) have well-
defined geometrical isomers, which can be separated
from one another.

We here apply the present method of calculations
to geometrical isomers of 1,4-difluorobutadiene (II) and
sorbonitrile (III), to investigate the effect of geometrical
isomerism on electronic spectra.

The reason for the choice of the F, CH;, and CN
groups as substituents is that they introduce no knotty
problem of conformational multiformity with respect to
the bond through which the substituents are linked with
the sp? carbon. The butadiene framework will be as-
sumed to be in the s-trans form, and various isomers
will all be treated as having coplanar structure.

F CH,
\CH-CH \CH-CH
\CH=CH \CH=CH
AN AN
F CN

II (trans,trans) III (trans,trans)

The results of calculations for low energy transitions
are summarized in Table 4, together with experimental
data wherever available. The energies and moment
lengths for the m—n* transitions have also been calcu-
lated by the Pariser-Parr-Pople n-electron approxima-
tion (the PPP method).®

The singlet m—z* transition energies and moment
lengths calculated by the Modified INDO and the PPP
methods are numerically almost equal. However, these
energies are uniformly a little too great as compared
with the observed values. Experimentally, the batho-
chromic (red) shifts are recognizable for the singlet n—n*
transitions on going from the trans,trans to cis,cis isomers.
The theoretical results obtained by the PPP method
agree with observation,'® while those by the Modified

19) In our separate piece of work, we have measured the lowest
singlet z-n* excitation energies of a great number of 1-substituted
and 1,4-disubstituted butadienes and found that the frans and
trans,trans isomers have greater excitation energies and oscillator
strengths than do the corresponding cis and cis,cis isomers, with
no exception whatsoever. The PPP calculations have been found
to give results that are in accord with all these experimental data.
Details will be presented elsewhere.2”)

20) T. Fueno and K. Yamaguchi, to be published.
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TABLE 4. TRANSITION ENERGIES, AE, AND TRANSITION
MOMENT LENGTHS, M, OF BUTADIENE DERIVATIVES

Caled Calcdb)
Configu- Type Spin-  —~— (PPP) Cﬂ:)gd
M a
ration state®) zel\E,‘, M, AE, M, oV
eV A
1,4-Difluorobutadiene-1,3
cisycis n-o* S 5.74 0.03
n-n* S 6.28 1.39 6.206 1.42 5.699
n-n* T 3.52 0 2.965 0
trans,cis n—o* S 5.27 0.45
n-n* S 6.26 1.39 6.214 1.49 5.829
n-n* T 3.55 0 2.977 0
trans,trans m-o* S 4.82 0.38
n-n* S 6.29 1.41 6.223 1.50 5.85%
n-n* T 3.56 0 2.986 0
Sorbonitrile
cis,cis n-n* S 5.65 1.49 5.137 1.83 5.17®
a-n* T 3.51 0 2.880 0
trans,trans m-m* S 5.74 1.62 5.200 1.93 5.28®
n-n* T 3.57 0 2.951 0

a) The symbols § and T denote that the excited states are
singlet and triplet, respectively.

b) Taken from Ref. 20.

¢ ) Taken from Ref. 21.

INDO method partly fail to reproduce the tendency.

As for the triplet m—m* transitions, there is no ex-
perimental data available. It will only be noted here
that the values of 43E calculated by the present
method are all greater than those obtained from the
PPP calculations.

Finally, according to the results of the present treat-
ments, the singlet n—o* excited state of II is lower-
lying than the singlet n-n* excited state. Also, the
moment lengths of the transitions leading to the former
excited state is sufficiently great to warrant observation
in usual cases. Since such transitions were not recorded
together with the #—n* transitions, the calculated values
of 4E are perhaps too small.

Conclusions

The INDO method of Pople ¢t al. is useful for the
calculations of the quantities concerning the elec-
tronic transitions of unsaturated compounds, provided
the two-electron repulsion integrals are evaluated from
the atomic spectroscopic data. In particular, discrimi-
nation between the singlet and triplet states resulting
from the n—m* transition of carbonyl compound comes
up with satisfactory accuracy. Success attained in the
interpretations of the excited-state properties of mole-
cules allows us to anticipate versatile usefulness of
Dewar’s MINDO mecthod in various chemical problems.

21) H. G. Viehe, Chem. Ber., 97, 598 (1964).
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The Infrared Spectra of Metallooctaethylporphyrins”
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The infrared spectra of the Mg(II), Co(II), Cu(II), Zn(II), Pd(II), Ni(II), and Ge(IV)Cl, complexes of

octaethylporphyrins have been studied over the range 4000—100 cm—1.

served at about 980, 920, 340, 230, and 130 cm™1.

The metalloporphyrins constitute a large number of
biologically important compounds. The wide range of
biological activity is due in part to the nature of the
interaction of the central metal atom with the por-
phyrine nucleus. Infrared spectroscopy provides one
means by which the nature of metal-ligand interac-
tions can be studied. Previous investigators have re-
ported the infrared spectra of a number of naturally
occurring porphyrins and chlorophylls.® We report
here the results of an infrared investigation of the metal
complexes of the symmetrical porphyrin, octaethylpor-
phyrin (OEP).

Experimental

The preparation of the OEP complexes of Mg(II), Ni(II),
Zn(IT), P4(IT), Co(II), and Cu(II) have already been reported
in the literature.#»®) However, no micro analyses have been
given for the Ni(II) and Pd(II) complexes.

Ni(1I)-OEP. The Ni(II) complex was prepared by
the treatment of OEP®) with nickel acetate in glacial acetic
acid.” Chromatography on alumina (neutral, activity II—
III, Brockman) gave dark red crystals. Found: C, 73.78;
H, 7,74; N, 8.91%. Calcd for C;H,,N,Ni: C, 73.10; H,
7.50; N, 9.47%.

Pd(II)-OED. The Pd(II) complex was prepared from
101 mg of OEP and 103 mg of PdCI, using the method of
Theorell.®) The NMR gave t=8.08 (24H, triplet, -CH,CH,,
J=8.0), 1=5.82 (16H, quartet, -CH,CH,, J=7.2) 7=—0.20
(4H, singlet, —CH=).

Found: C, 66.29; H, 6.87; N, 8.329%,.
N,Pd: C, 67.65; H, 6.94; N, 8.779%,.

Ge(IV)-OEP Dichloride. This complex was prepared
from OEP and GeCl, in quinoline.” Purification was ac-
complished by chromatography of alumina using 3 : 1 benzene-
chloroform mixture.

Found: C, 63.81; H, 6.56; N, 8.089%,.

Calcd for CygHyy-

Calcd for CygH,,-

1) This work was partly supported by an ACS-PRF unrestricted
research grant (3318-C3,5).

2) L. ]J. Boucher and J.]J. Katz, J. Amer. Chem. Soc., 89, 1340
(1967).

3) L. ]J. Boucher, H. H. Stain, and J. J. Katz, ibid., 88 1341
(1966).

4) J. H. Fuhrhop and D. Maugzerall, ibid., 91, 4174 (1969).

5) E. Samuels, R. Shuttleworth, and T. S. Stevens, J. Chem.
Soc., C, 1968, 145.

6) H. H. Inhoffen, J. H. Fuhrhop, H. Voigt, and H. Brockmann,
Jr., Ann. Chem., 695, 133 (1966).

7) J. E. Falk, “Porphyrins and Metalloporphyrins,” Elsevier,
New York (1964), p. 137.

8). H. Theorell, Enzymologia, 4, 192 (1932).

9) A. R. Kane, R. G. Yaleman, and M. E. Kennedy, Inorg.
Chem., 7, 2588 (1968).

Metal sensitive bands have been ob-

N,;GeCl,: C, 63.94; H, 6.56; N, 8.289%,.

Spectral Measurement. The infrared spectra were re-
corded on a Beckman IR 12 (4000—400 cm~!, KBr pellet)
and a Hitachi-Perkin-Elmer FIS-3 (400—100 cm~!, Nujol
mull). The UV spectra and NMR spectra were obtained
by using a Hitachi EPS-3T spectrophotometer and a Jeolco
JNM SH-60 spectrometer, respectively.

Results and Discussion

The observed frequencies of free OEP and its metal
complexes are given in Table 1. All the OEP complexes
show three weak absorptions above 3000 cm—! which
can be assigned to the C-H methine streching vibra-
tions.1%11 The three strong bands at about 2960, 2940
and 2870 cm™! can be assigned to the C-H stretching
vibrations of the ethyl group. Since the strong band
at 2960 was very weak in the octamethylporphyrin
complexes,!? it can be attributed to the CH, stretching
vibration. Free OEP also shows a medium band at
3320 cm~! which is assigned to the N-H strecthing
mode. This band disappears in the porphyrin com-
plexes.2:10

As has been reported for etioporphyrin II%1 three
medium to weak bands were observed at about 1670,
1600 and 1560 cm~! and are assigned to the C=C and
C=N stretching modes. The four bands at 1470, 1450,
1380, and 1370 cm~! are probably due to the CH, asym-
metric deformation and the CH; asymmetric and sym-
metric deformation vibrations. In general, the spectra
of metal complexes are simpler than those of the free
ligand in the region from 1500 to 1000 cm~. This is
probably due to the fact that the symmetry of a metal
complex is higher than that of the free ligand. For
example, a weak band at 1412 cm~1 of OEP disappears
on coordination to a metal. The two strong absorptions
at 1268 and 1147 cm~! are assigned tentatively to in-
plane ring vibrations.21® The latter is much stronger
in the metal complex than in the free ligand. The two
medium peaks at ca. 1150 and 1110 cm~! are probably
due to the ring deformation and CH in-plane bending
mode of the pyrrole hydrogen, respectively. The bands
at 1065 and 1057 cm~! seem to be associated with the
in-plane deformation of the porphyrin ring. The strong

10) S. F Mason, J. Chem. Soc., 1958, 976.

11) W. S. Caughy, J. O. Alben, W. Y. Fujimoto, and L. J. York,
J. Org. Chem., 31, 2631 (1966).

12) unpublished results.

13) J. E. Erdman, V. G. Ramsey, N. W. Kalenda, and W, E,
Hanson, J. Amer. Chem. Soc., 78 5844 (1956).
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TABLE 1. OBSERVED FREQUENCIES OF METAL OEP COMPLEXEs (cm™!)
Mg Zn Cu Co Ni Pd GeCl, OEP Assignment
3320 v (N-H)
3132vw 3157vw 3195vw 3215vw 3185w 3185vw 3192w
3175vw 3095vw 3123vw 3120vw 3150vw v (C-H),,
3038vw 3045vw 3055w 3060w 3075w 3055w 3060w
3040w
2965s 2962s 2965s 2955s 2965s 2965s 2965s 2970s
2932s 2930s 2935s 2920s 2935s 2932s 2932s 2938s v (C-H),
2868s 2872s 2875s 2855s 2872s 2870s 2977s 2875s
1708m 1720w 1715w
1670m 1676w 1675w 1677m 1670w 1682m 1680m 1685w
1604w 1602w 1615w 1618w 1608w 1621w 1675m v (C=C)
1580w 1580vw 1550w 1565w 1570w 1550m 1597w 1607m v (C=N)
1532vw 1570w
1467s 1467s 1478w 1465s 1467s 1469s 1501m 1503w
1465s 1480m 1469s
1453s 1454s 1452s 1451s 1453s 1448s 1467s 1450s J (CH,)
1451s 1412w J (CH,)
1390w 1378m 1381m 1381m 1385m 1382m 1386w 1397w
1372m 1370m 1370m 1370m 1372m 1371m 1375m 1370m
1317w 1317w 1317w 1316w 1318w 1318m 1320m 1317m
1303vw 1308vw 1306w 1309vw 1306w
1268m 1268s 1271s 1271s 1272s 1273s 1272m 1277w
1260w ring def.
1217m 1220m 1223m 1228m 1229m 1229m 1223m 1232w
1218m
1187m
1148s 1147s 1148s 1147m 1147m 1152s 1152s 1147m ring def.
1140m
1109m 1110m 1113m 1112m 1113m 1113m 1113m 1113s ¢ (C-H),
1063sh 1064m 1066m 1064m 1064m 1064sh 1070s
1057s 1057s 1058s 1057s 1054m 1055s 1057s 1057s ring def.
1014s 1016s 1018s 1019s 1018s 1019s 1022s 1014s 0. (CoHy)
1003m
977m 980m 985m 990m 992m 993m 990s 975w ring. edf.
955s 953s 954s 955s 954s 958s 962 950s or (CoHy)
91lm 912m 919m 921w 923w 923w 920m
847w 846w 847sh 845sh 869w 892m v (C-C),
834s 836s 837s 837s 837s 839s 843m n (C-H),,
827s 827m 830s 830s 830s 835sh 809m 820m v (C-C),
7465 748m 750m 753m 754m 745s 787m 745s 7 (ring)
751m
731m 730sh 730m 733m 732m 734m 730m
728m 717w 715w 713w 720m 707m 720m 7 (ring)
703m 700m 697m 697m 700m 700w 698m
676m 675m
630m 667sh
613m 615w
607m 572
530w 535w 525w 512w
515w 520w 490w
495vw 475vw 475vw 477vw 475wv 487w 480m 475w
400 443 447w
347sh 375w
336s 334s 336s 351s 355s 348s 348s 328m v (M-N)+ligand
310w 313w 320w 320—310
306s (w,br) v (Ge-ClI)
214s 203m 234m 264m 287w 275vw 245w v (M-N)
129s,b 121s 152w 157w 131w 159w

(C~H)m, methine hydrogen; (C-H)e, ethyl hydrogen; (C-H)p, pyrrole hydrogen; v, stretching; §; in-plane bending;
7, out-of-plane bending; p;, twisting; pr, rocking
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TABLE 2.
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METAL SENSITIVE BANDS AND ELECTRONIC SPECTRA

Amax (Mp) (10g €max)®

Metal Frequency (cm™1) e —~
a B Soret
Mg 977® 911» 336®» 214™ 129» 582 (4.01), 544 (4.11), 410 (5.45)
Zn 980 912 334 203 121 570 (4.18), 533 (4.05), 402 (5.32)
Cu 985 919 336 234 152 562 (4.40), 526 (4.11), 399 (5.88)
Co 990 921 351 264 157 554 (4.29), 521 (3.99), 392 (5.14)
Ni 992 923 355 287 — 554 (4.39), 519 (3.99), 394 (5.24)
Pd 993 923 348 275 — 547 (4.48), 511 (4.00), 394 (5.19)
a) KBr pellet, b) Nujol mull, ¢) in CHCl

band at 1016 cm~! is probably due to the CH, twisting
vibration of the ethyl group which is slightly sensitive
to the metal ion. In fact, it is absent in the spectra
of Cu(II)-porphin'® The increase in absorption in-
tensity of 1016 cm~1 may be attributed to the coupling
with the in-plane ring deformation vibration at 980
cm~1,

Metal sensitive bands are usually observed near 1000
cm~! in various types of metalloporphyrins.?:14 OEP
complexes show three bands at about 980, 955, and
912 cm~1; the 980 and 912 bands are dependent on
the nature of the metal (see Table 2). This metal ion
dependence is not as large as that observed for proto-
and hematoporphyrin dimethyl esters® and is of a com-
parable magnitude to that observed for tetraphenyl-
porphyrin complexes.¥ The 955 and 912 cm~! bands
do not appear in the spectra of Cu(II)-porphyrin.1®
These two bands may therefore be assigned to the rock-
ing vibrations of the ethyl groups. The 980 and 912
cm~! bands shift to higher frequencies in the order
Pd=Ni>Co>Cu>Zn>Mg which is the same order
as observed for the hypsochromic shift of the «, 8, and
soret bands in the electronic spectra (Table 2). Free
OEP also shows bands in this region at 975, 950, and
892 cm~. The 980 cm~! band may be due to a ring
deformation vibration involving the motion of a metal
atom. The metal dependence of the 912 cm~! band may
indicate that this ethyl rocking mode couples strongly
with the in-plane deformation vibration of the por-
phyrin ring.

The strong bands at about 835 cm-! are assigned
to the CH out-of-plane deformation vibration of the
methine group.'® The bands at about 848 and 830
cm~! are possibly assigned to the C—C streching of the
ethyl group. Several strong bands are observed at
about 750, 730, and 700 cm-1. A similar set of bands
has been observed for Cu-porphyrin.1® Consequently,
these bands may be assigned to the out-of-plane defor-

14) D. W. Thomas and A. E. Martell, J. Amer. Chem. Soc., 81,
5111 (1959).

15) R. Bonnett, A. D. Gale, and G. F. Stephenson, J. Chem.
Soc., C, 1967, 1168.

mation of the porphyrin ring. The weak bands which
occur in the 650—400 cm~! range are difficult to assign
empirically.

Far-Infrared Spectra. The metal nitrogen strech-
ing vibrations in metalloporphyrins are expected to
appear in the far-infrared region. Free OEP shows
weak bands at 328 and 320—310 cm~!. The former
band shifts to higher frequencies and becomes stronger
by complex formation. It may be due to a ligand
vibration coupled slightly with a metal-nitrogen stretch-
ing mode. The Ni, Co, and Pd complexes exhibit
the highest frequencies at 355, 351, and 348 cm—Y,
respectively, (Takle 2), indicating that the metal-nitro-
gen bond is stronger in the Ni, Co, and Pd than in the
Mg and Zn complexes.

In the 300—200 cm™! region, medium to weak bands
have been observed for metal complexes but not for
free OEP ligand. The frequency of this band is most
sensitive to the nature of the metal and increases in
the order Zn<<Mg< Cu<Co<{Pd< Ni. This band may
due to a relatively pure metal-nitrogen streching vibra-
ration. However, the exact nature of this vibration
cannot be determined without normal coordinate analy-
sis. It is interesting to note that the frequency order
of these metal-sensitive bands in a series of metal ions
studied is similar to that found for the electronic transi-
tions in the UV region (Table 2). The stronger co-
ordination in metalloporphyrins causes the shift of the
«, f, and soret bands to the shorter wave length.l®
This would be attributed to the stabilization in the
ground state through z-conjugative interaction between
2pn-orbitals of the ligand and d-orbitals of the metal
iOn.16’17)

Finally, OEP-GeCl, exhibits the Ge-Cl stretching
mode at 360 cm~!. This frequency is similar to that
reported for the GeClg~ ion (293 cmm—1).18

16) M. Gouterman, J. Chem. Phys., 30, 1139 (1956).

17) M. Zerner and M. Gouterman, Theoret. Chim. Acta, 4, 44
(1966).

18) D. M. Adams, J. Chatt, J. M. Davison, and J. Gerratt, J.
Chem. Soc., 1963, 2198.
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Solvent Effects on the Spin-Lattice Relaxation Times and Chemical
Shifts of N-Methylacetamide and N, N-Dimethylacetamide
Kazuo SATo and Atsuo NisHIOKA

Department of Polymer Engineering, Tokyo Institute of Technology, Meguro-ku, Tokyo
(Received July 20, 1970)

The spin-lattice relaxation time 7, and chemical shift of N-methylacetamide (NMA) and N,N-dimethyl-

acetamide (DMA) were measured in D,O and CCl, solutions.

In D,O solution, it has been found that the weak

interamide hydrogen bonding of NMA does not affect the spin-lattice relaxation entirely, and the molecular motion
of NMA and DMA is almost identical. However, quite different results were obtained for CCl, solution. The
molecular association of NMA in CCl, solution is strong enough to exhibit appreciable effects on spin-lattice relaxa-

tion.

The life time of the associated molecules has been estimated to be longer than 10-1°—]0~1! sec.

The associa-

tion of DMA at high concentration region in CCl, could be verified from the concentration dependence of the

spin-lattice relaxation rate as well as chemical shift.

The contribution of the peptide bond character and
the interamide hydrogen bonding to the conforma-
tional stability of the synthetic polypeptides and proteins
in solutions have long been studied. Quantitative
information about model compounds which contain
peptide bonds is expected to provide basic insight into
the complexity of macromolecules.

So far, the interamide interaction, the double bond
character and the hindered internal rotation of various
amide compounds in solutions have ha#n studied quanti-
tatively, mainly by using IR, high resolution NMR and
thermodynamic technique. IR studies of N-methyl-
acetamide in various solvents by Klotz, Fransen, and
Fornham?3 led us to conclude that in aqueous solution
the interamide hydrogen bonding has no intrinsic
strength, but is moderately strong in apolar solvent.
Recently, Rabinovitz and Pines**® and Neuman et al.®
have studied the proton chemical shift of N, N-dimethyl-
formamide, N,N-dimethylacetamide in CCl, and from
the observed concentration dependence of chemical shift
they argued the dimerization of amides. Equilibrium
properties have been studied extensively, and quanti-
tative features have been obtained and discussed. How-
ever, non-equilibrium properties such as microscopic
molecular motion or relaxation process have not been
studied in detail.

In this study, the proton spin-lattice relaxation time
and chemical shift were measured on N-methylacet-
amide (NMA) and N,N-dimethylacetamide (DMA)
in D,O (aqueous environment) and CCl, (apolar en-
vironment). As is well known, the proton spin-lattice
relaxation in diamagnetic liquid is mainly due to the
dipole-dipole interactions between the nuclear magnetic
moments both in the same molecule and in the neighbor-
ing molecules.

For most molecular liquids, the observed spin-lattice

1) For example S. Mizushima, “Structure of Molecules and
Internal Rotation,” Academic Press, New York (1954), Chap V 1,
p. 117.

2) I. M. Klotz and J. S. Fransen, J. Amer. Chem. Soc., 84, 3461
(1962).

3) I. M. Klotz and S. B. Farnham, Biochemistry, 7, 3879 (1968).

4) M. Rabinovitz and A. Pines, J. Chem. Soc., B, 1968, 1110.

5) M. Rabinovitz and A. Pines, J. Amer. Chem. Soc., 91, 1585
(1969).

6) R. C. Neuman, Jr.,, W. R. Woolfenden, and V. Jonas. J.
Phys. Chem., 73, 3177 (1969).

relaxation time 77 can be expressed as?®

(I/Tl) = (1/Ty)zot. + (1/T1)tranar. (1)
(U Trr. = 75Ky @
(T )ucanr. = S2tyoNJk T 3)

where (1/T}),o.. represents the intramolecular contribu-
tion depending on the rotational motion of the mole-
cule, and (}/7})ianss. represents the intermolecular
contribution which depends on the relative transla-
tional motions of the molecules. 1y is the distance
between ith and jth nucleus; 7. is the rotational cor-
relation time for molecule (including the effect of in-
ternal rotation in certain circumstances): 7 and N
are solution viscosity and spin density, respectively, and
all other notations have their usual meanings.

We measured 77’s and the chemical shifts at various
solute concentrations, and obtained the intramolecu-
lar spin-lattice relaxation time (773),. by the dilu-
tion procedure.®1? We estimated 7. values taking
molecular geometry into consideration. Based on the
results obtained on 7, values, the concentration depend-
ence of T; and the chemical shifts we would like to
discuss the molecular motion, intramolecular interac-
tion and the peptide bond character in aqueous and
apolar environments.

Information on molecular motion or the relaxation
process should help us understand the properties of
these molecules in detail in relation to the information
from equilibrium measurements.

Experimental

Materials. NMA and DMA were reagent grade sam-
ples from Tokyo Kasei Co., Ltd. and used without further
purification, because their NMR spectra did not show any
observable impurity signals. Heavy water and carbon tetra-
chloride were provided by E. Merck AG, Darmstadt and

7) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys.
Rev., 73, 679 (1948).

8) A. Abragam, ‘““The Principle of Nuclear Magnetism,” Oxford
(1961).

9) G. Bonera and Rigamonti, J. Chem. Phys., 42, 171 (1965).
10) J. W. Emsley, J. Feeny, and L. H. Sutcliffe, “Progress in
Nuclear Magnetic Resonance Spectroscopy,” Vol. 3, Pergamon
Press, London (1967), Chap. 5.
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Tokyo Kasei Co., Ltd., respectively. The atmospheric oxygen
dissolved in the sample was removed carefully by several
freeze-pump-thaw cycles in NMR tube (¢==0.5 cm), and the
sample tube then was sealed off in a vacuum (10—5—10-¢
mmHg). After sealing, the sample tube was immediately
subjected to experiment.

NMR Measurements. A JNM-C-60H spectrometer of
Japan Electron Optics Lab. operated at 60 MHz was used.
Measurements of T, were carried out at 25+ 1°C in almost all
cases by the adiabatic rapid passage and saturation recovery
methods.

Experimental errors were smaller
values longer than about 3sec. For T smaller than 3 sec,
errors were smaller than +59%. The signal of N-methyl
protons of NMA splits into doublet due to the indirect spin-
spin coupling with N-H proton. However, because of the
small coupling constant (/~4.8 Hz), only one recovery curve
with a broad line width was observed.

trans- and cis-N-Methyl groups with respect to the carbonyl
group of DMA undergo different shielding effects due to the
double bond character of the central C-N bond. Thus, N-
methyl proton resonance reveals a doublet (4v ~ 9—10 Hz).

Two distinct recovery curves were then obtained, but al-
most all T, values calculated from these were equal within
experimental errors. Thus we adopted the average value as
T, for both N-methyl protons. The chemical shift was meas-
ured at 254 1°C by the usual side-band-technique using
Tetramethylsilane (TMS) as an internal reference.

than 439 for T,

Results and Discussion

The concentration dependence of the relaxation rate
1/T; for methyl protons of NMA and DMA in D,O
and CCl, solutions is shown in Figs. 1 and 2, respectively.
T’s of C-methyl and N-methyl protons in D,O solutions
of NMA or DMA and CCl, solution of NMA are equal
within experimental errors, but not in CCl, solution
of DMA. From the observed linear relation between
1/T; and concentration, it is possible to estimate
(1/T))ror. of the solute molecule for each solution,
except for DMA in CCl, solution. However, at the
concentration range above and below about 3 mol/l,
linearity, appears again, and an estimation of (1/77}),..
or 7, values is possible by extrapolating to infinite
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Fig. 1. Relaxation rate us. solute concentration for MNA and

DMA in D,O solutions at 25°C.
Ty’s of C- and N-methyl protons are equal within the experi-

mental errors, so expressed by the same experimental points.
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Fig 2. Relaxation rate vs. solute concentration for NMA and

DMA in CCl, solutions at 25°C.
Ty’s of C- and N-methyl protons of NMA are equal and
expressed by the same experimental points (open circles).
@—7,’s of C-methyl protons of DMA. @—T,’s of N-

dilution. The results of (77).0.. thus obtained and <z, methyl protons of DMA.
TaBLE 1. T, anD 7, VALUEs OF NMA anp DMA v D,O, CCI, soLutioN AT 25°C
Solute
Solvent NMA ) DMA
Ob d Ob d
protons (T)zos. T x 1012 protons (T2)ror. T X 1012
O O
I I
D,O -C-CH;, 6.90 sec 2.58 sec -C-CH,4 6.90 sec 2.5, sec
|
_N-CH, 6.90 2.50 _N{CH,), 6.90 2.4,
(@) (@) 11.1 Ter: 1.5
| I
ccl, _C-CH, 1.25 14.4 ~C-Cp, 7.40 T 2.4,
' ' 12.2 Ta: 1.4
-N- . 4. -N<£CH,), cl 1
N-CH, 12 1. N<CH)x 7.8, Tea: 2.2,

7e; and T¢, represent the correlation times estimated by extrapolating to infinite dilution

from the low and high concentration regions, respectively.
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estimated by using Eq. (2) are shown in Table 1.
It was found that the relaxation process of NMA
molecule in D,O solution is very similar to that of
DMA. Corresponding results and 7.=1.6Xx10-1%sec
were also obtained at 45°C. However, in CCl, solution
a quite different relaxation tendency resulting from
aqueous solution was observed for both NMA and
DMA molecules.

In order to calculate the interprotonic distance, we
adopted the molecular geometry of NMA proposed
by Pauling.!® We have assumed that the geometry
of DMA is the same as that of NMA except for the
substituted N-methyl proton. Moreover, internal rota-
tion of methyl groups is assumed to be almost frce.
We adopted 1.78 A for the interprotonic distance in
methyl group.

T T T T T T
M4t ~
10+ o
—_ L — 0 -
0 o 0 CCly 1
\: 10.6+ O/ -
ol
:.a - -
= 102F o/ -
Q
: / -
£ 98- o N
© m g — @@ ——@———— @~ —
94 1@ D0 4
- —
90 1 1 1 | |
"0 1 2 3 4 5 6
mol/l

Fig. 3. Concentration dependence of the chemical shift between
the two N-methyl resonance signals of DMA in CCl, (open
circles) and D,O (solid circles) solutions at 25°C.

The concentration dependence of the chemical shift
of N-methyl protons of DMA both in D,O and CCl,
solutions at 25°C is shown in Fig. 3. The behavior
in CCl, solution agrees qualitatively with the results
of Neuman et al.® The concentration dependence of

T T T T T T
60r B
-\. i
6.4 .
& 68 [ -
= QCI}
ﬂ:: - -
G 721 . i
8 L AN 4
§ 76k o i
5 L, T—e
o) ccl o]
80} \O\‘ .
. oo o J
84 L 1 1 1 1 1
0 1 2 3 4 5 6

mol/l

Fig. 4. Concentration dependence of the chemical shift (meas-
ured from internal TMS) of N-H protons of NMA in CCl,
(open circlds) and CDCl; (solid circles) solutions at 25°C.

11) L. Pauling, “The Nature of the Chemical Bond,” Cornell
University Press, Ithaca (1960), Chap, 8, p. 281.

[Vol. 44, No. 1

the chemical shift seems to be similar in its linearity
to the concentration dependence of 1/7;. The con-
centration dependence of N-H proton chemical shift
of NMA in CCl, solution is shown in Fig. 4 with the
additional results!® in CDCI; solution. It is easily seen
that in CCl, solution the chemical shift of N-H proton
appears at a lower field than that in CDCl; solution,
and depends on the concentration slightly. Considering
that the behavior of N-H proton chemical shift of
NMA is mainly due to the interamide hydrogen bond
and the proton participating in the hydrogen bonding
resonates at a lower field, it is suggested that in CCl,
solution this molecule could form relatively strong inter-
molecular hydrogen bonding at about 0.5 mol/l/. This
is in accordance with the conclusion of Klotz and
Fransen® by IR method. They concluded that almost
all the molecules (NMA) associate through the hydrogen
bonding at 0.5 mol// in CCI, solution. Therefore it
may be considered that the extrapolated (77).o. of
NMA in CCl, solution represents the rotational correla-
tion time of the molecule which is restricted in the
associated form but not disturbed by the intermolecular
dipole-dipole interactions.

Since 7. values as well as the concentration de-
pendence of T, for NMA and DMA in aqueous solution
are nearly equal and the chemical shift between the
two N-methyl groups is almost independent of the
solute concentration, the intermolecular interactions
between solute molecules do not seem to be appreciable
as discussed later. This leads us to the consideration
that the estimated 7, values may be related to the
isolated molecule free from solute-solute interactions.
Klotz and Fransen? also concluded that in aqueous
solution the degree of association of NMA molecule
is smaller than 109, even at moderately high con-
centration of about 5 molfl. Their conclusion is in
accordance with our present NMR results.

It is clear from Fig. 3 that the chemical shift, 4,
between the N-methyl protons of DMA in aqueous
solution tends to coincide with that in CCl, solution
at infinite dilution. This suggests that DMA molecules
in dilute CCl, solution do not interact with each other
as strongly as to affect the spin-lattice relaxation process.
Neuman et al.,® and Rabinovitz and Pines*® concluded
from the observed dependence of the chemical shift
of N-methyl doublet that DMA and N,N-dimethyl-
formamide molecules dimerize at moderate concentra-
tion in CCl, solution. We also assume the behavior
of 1/T; at the moderate concentration region to be
due to the dimerization of solute molecules. Thus it
is considered that 7, extrapolated from high concentra-
tion region may be associated with the DMA molecule
weakly influenced by the molecular dimerization and
not disturbed by the intermolecular dipole-dipole in-
teractions.

Let us discuss the solvent effects in both aqueous
and apolar solutions as follows.

Aqueous  Solution. For both NMA and DMA
molecules 7. values of C-methyl and N-methyl groups
are nearly equal. The fact that 7. values of different
methyl groups in the same molecule are equal means

12) K. Sato and A. Nishioka, unpublished data.



January, 1971]

that the molecular rotational motion may be isotropic
with respect to both methyl groups, provided that the
internal rotation of methyl groups are almost in the
same degree. 7, values of NMA and DMA are about
2.5x1071%2sec, and the concentration dependence of
T, or the contribution from intermolecular relaxation
factors is equal. It can be concluded that the molecular
rotational and translational motions are almost the
same for NMA and DMA molecule in aqueous solution.

Recently, Anderson and Fryer!3:14 discussed the effect
of the molecular association on the molecular rotational
motion or the spin-lattice relaxation process, and con-
cluded that if the lifetime of the associated molecules
moving as a unit is longer than the rates of chemical
exchange between the associated molecules, the effect
of association is pronounced, whereas the effect is small
if the lifetime of the molecular association is shorter.
Thus it may be concluded that in aqueous solution the
interamide hydrogen bonding is very weak, and if the
molecular association is formed through the hydrogen
bonding its lifetime is shorter than 10-11—10-12 sec.

Thus the peptide bond character and the interamide
interaction are not appreciable in aqueous solution, and
do not affect entirely the microscopic molecular motion.
From the concentration dependence of the chemical
shift of N-dimethyl doublet of DMA solution, we
conclude that the double bond character of the central
C-N bond through the solute-solute interactions is not
stabilized by the increase of solute concentration. This
means implicitly that in contrast to CCl, solution the
intermolecular interaction or the molecular association
does not exist between DMA molecules in aqueous
solution over the range of concentration studied.

Apolar Solution. The rotational correlation times
of C-methyl and N-methyl groups of NMA are equal;
7,=1.4X10"1sec. The concentration dependence of
1/T; is also in the same order of magnitude. It is
reasonable to consider that the molecular rotational and
translational motions are isotropic as in the case of
aqueous solution. 7, of NMA seems to be about five
to ten times longer than the values observed in ordinary
low molecular weight compounds.!® This provides
another verification that 7, estimated in the present
study is related to the rotational correlation time of
NMA molecule restricted in the associated form of
chain. We might conclude that the interamide associa-
tion through the hydrogen bonding is strong enough
to affect the spin-lattice relaxation, and that the life
time of the association is longer than 10-10—]0-11 sec.
Considering the fact that the interamide association is
strong, and the molecular rotational motion is isotropic
with respect to both methyl groups, we conclude that
the rotational motion is predominant around the asso-
ciated chain.

(See below, the trans configuration of NMA has been
verified and well known.!)

According to Neuman and Rabinovitz, we may

13) J. E. Anderson and P. A. Fryer, J. Chem. Phys. 50, 3784
(1969).
14) J. E. Anderson, ibid., 51, 3578 (1969).
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ascribe the peculiar concentration dependence of the
chemical shift and 7; to molecular dimerization.
Another feature in CCl, solution differing from that
in aqueous solution may be the fact that 7 values
of C-methyl and N-methyl protons are not equal over
the experimental range of concentrations. This probably
means that the molecular motion of DMA in CCl,
is anisotropic with respect to both methyl groups. But
the mechanism of this anisotropy is not clear. We
might discuss from the effect of dimerization the reason
for the concentration depedence of the relaxation rate
in the dilute concentration region differing from that
in the moderate concentration region. We consider
that in dilute solutions the free DMA molecules are
dominant and the fraction of the dimerized molecule
increases linearly with increasing concentration (above
about 3 mol/l). However, almost all DMA molecules
dimerize and produce apparently different relaxation
contributions from those at dilute solution region. 7,
values (denoted by 7.;) obtained by extrapolating into
infinite dilution from lower concentration region is
plausible for most low molecular weight compounds.
The value may correspond to the rotational correlation
time of the isolated DMA molecule. 7. (denoted by
7o) estimated from moderately concentration region is
smaller than twice 7., of the isolated DMA.

The BPP theory” predicts t.=4 n7a3/3k T for the rigid
molecule, where » and a represent solution viscosity
and the radius of spherical molecule, respectively. If
the dimerized molecule with a long lifetime is rigid
enough to affect the spin-lattice relaxation process
considerably, 7., must be roughly eight times greater
than 7, according to BPP. Therefore we conclude
that although the effect of association on spin-lattice
relaxation is appreciable, it is not so significant, and
that life time of association may be at most 10-11—
10-12sec. It seems that both characters of monomer
and dimer influence the relaxation process. This is
also verified from the fact that 7, values of C-methyl
protons differ from those of N-methyl protons to the
same degree as in dilute concentration region in moder-
ately high concentrations where the fraction of associated
molecule is expected to be larger.

7, of the isolated DMA is shorter in CCl, than in
aqueous solution. The reasons might be as follows.

(1) The solution viscosity of aqueous solution at
25°C is larger than that of CCIl; solution by factor
about 1.5.12 (2) The effect of solvation!® of water
molecules around the DMA molecules is expected to
reduce molecular mobilities.
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The Crystal and Molecular Structures of a 3:2 Adduct of
Acetylene and Isonitrile Derivatives

Yoshio Suzuki and Yoichi Iitaka

Faculty of Pharmaceutical Sciences, The University of Tokyo, Hongo, Tokyo
(Received July 24, 1970)

In order to determine the structure of the 3 :2 adduct (acetylene : isonitrile) obtained by cycloaddition
reaction of dimethyl acetylenedicarboxylate with 2,6-dimethylphenylisonitrile and to elucidate the route of the

reaction, a heavy atom derivative of this adduct was prepared and subjected to X-ray diffraction analysis.

The

crystal grown from acetone solution has the composition C;sH,;N,O,,Br,-CH;COCH, and belongs to monoclinic

system with the lattice constants: a=34.134-0.04, b=14.664-0.02, ¢=8.104-0.01 A, =90.54-0.2°.
group is P2,/n containing four formula units in the cell.

The space
The structure was solved by the heavy atom method

and refined by the block-matrix least-squares method for 1482 observed reflections allowing the anisotropic thermal

motions for each atom.

It has been shown that the chemical structure of the adduct is 1-(4-bromo-2,6-dimethyl-

phenyl)-2-(4-bromo-2,6-dimethylphenyl)imino-1,2-dihydro-3,4,5,5,6,7-hexacarbomethoxy-5H-1-pyrindine.

It has been shown that isonitrile reacts as nucleophile,
but substituted acetylene, especially when it has electron
withdrawing groups, reacts as electrophile giving rise
to cyclic products. Takizawa, Obata, Suzuki, and
Yanagida® synthesized cyclopententriimine and biske-
tenimine which correspond respectively to the 1 : 3 and
1 : 2 adducts of acetylene and isonitrile and elucidated
the structures of these adducts as well as the reaction
mechanism. However, this cycloaddition reaction is
very complicated and gives many complex compounds
in addition to 1 : 3 and | : 2 adducts. We have chosen
one of the 3 :2 adducts obtained in the reaction of
dimethyl acetylenedicarboxylate and 2,6-dimethylphe-
nylisonitrile for structure determination. However, the
structure is so complicated that it proved to be difficult
to solve it merely on the basis of spectral data and
chemical reactions.

It was therefore decided to carry out X-ray diffrac-
tion analysis by applying the heavy atom method. In
order to introduce a heavy atom into the adduct,
4-bromo-2,6-dimethylphenylisonitrile was reacted with
dimethyl acethylenedicarboxylate and the 3 : 2 adduct
containing heavy atoms was prepared.

Experimental

The crystals of the 3 :2 adduct, CysH,N,O,,Br,-CH;-
COCH,, recrystallized from acetone solution are monoclinic
deep violet prisms. The amount of the solvent of crystalliza-
tion was calculated from elemental analysis and NMR spec-
trum. The lattice constants were determined from the 0kl
and k0! precession photographs taken with CuKa radiation.
Intensity data were collected from the ¢-axis multiple-film
equi-inclination Weissenberg photographs of zero to six layers
and the b-axis zero layer precession photographs of various
exposures. All were taken with CuKa radiation. The inten-
sities were measured with the aid of a Narumi microdensito-
meter. From systematic absence, the space group was found
to be P2,/n. The unit cell contains four molecules of the
adduct together with four molecules of acetone. After Lorentz
and polarization corrections were made, the structure factors
of various layers of the c-axis were put on the same relative
scale by use of 0! structure factors obtained from the preces-
sion photographs. Since the cross-section of the crystal used

1) T. Takizawa, N. Obata, Y. Suzuki, and T. Yanagida,
Tetrahedron Lett., 1969, 3407.

for the c-axis Weissenberg photographs was about 0.08 x
0.10 mm and the uR value was calculated to be less than 0.2
for CuKa radiation, no absorption correction was applied for
the intensity data. All together 1482 independent reflections
were observed out of 3085 possible reflections within the
sphere of radius corresponding to 20=90° in reciprocal space.
Crystal data

C36H34N,O,,Br, - CH;COCH,, MW 904.5, mp 254—255°C

Monoclinic

a=34.134-0.04, b=14.66--0.02, c=8.104-0.01 A,

p=90.5+0.2°

Volume of the unit cell=4052.8 A3

Density (calculated)=1.483 g-cm—3

Linear absorption coefficient for CuK« radiation=33.2 cm™!

Absent reflections: £0{ when A1 is odd, 0k0 when £ is odd

Space group: P2,/n

Z=4

Structure Determination

The ordinary heavy atom method was applied to
phase determination. From the Harker and other
vectors in the Patterson map, the positional parameters
of the two independent bromine atoms were easily
determined. Three-dimensional electron density map
was then calculated on the basis of bromine contribu-
tions. Several cycles of Fourier and difference Fourier
syntheses revealed the fifty-two atoms composing the
whole molecule. Three cycles of least-squares refinement
were made, in which individual isotropic temperature
factors were assigned coding all atoms as carbon except
for two bromine atoms. At this stage, twelve oxygen
and two nitrogen atoms were distinguished by com-
paring their temperature factors. Using these positional
parameters, difference Fourier synthesis was computed
and the atomic parameters of the solvation molecule
were determined. The R value at this stage was 0.17.

Refinement of the structural parameters for 1482
observed structure factors was carried out by the
method of block-matrix least-squares using the program
HBLS.? Six cycles of calculation with isotropic tem-
perature factors and three cycles with anisotropic tem-
perature factors for all atoms reduced the R value to

2) Y. Okaya and T. Ashida, HBLSIV, The Universal Crystal-
lographic Computing System (I), p. 65. Japanese Crystallographic
Association (1967).
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Structure of a 3 : 2 Adduct of Acetylene and Isonitrile Derivatives

TABLE 1.

ATOM

BR(18)
BR(28)
0(30)
0(31)
0(34)
0(35)
0(38)
0(39)
0(42)
0(43)
0(46)
0(a7)
0(50)
0(s51)
NC 1)
N(19)
cc2)
ce 3
ct 4)
ct 5
cc 6
ct 7
c( 8
ct 9
c(10)
c(11)
c(12)
ctd)
c(14)
C(15)
C(16)
ct17)
Cc(20)
c(21)
c(22)
c(23)
c(24)
C(25)
C(26)
c(27)
C(29)
c(32)
c(33)
c(36)
c(37)
C(40)
C(al)
C(a4)
C(45)
C(48)
C(49)
c(s52)
0(56)
c(sh
C(54)
c(%5)

THE FINAL ATOMIC PARAMETERS AND THEIR STANDARD DEVIATIONS

X
0.279>
[ 2]
0.547/
« 1)
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0.077. In the final calculation, the following weight
system was adopted.

~w = 76/F, when F,>176,
Vw =10 when 76 > F, > 17,
Nw =0 when 7 > F,.

The final atomic parameters and their standard devia-
tions are given in Table 1 and the observed and cal-
culated structure factors in Table 2.

Discussion of the Structure

The present X-ray structure determination has shown
the chemical structure of the 3 :2 adduct to be I-
(4-bromo-2,6-dimethylphenyl) - 2- (4-bromo-2,6-dimeth-
ylphenyl)imino-1,2-dihydro-3,4,5,5, 6,7-hexacarbometh-
oxy-5H-1-pyrindine (I). The chemical structure and
conformation of the molecule are shown in Fig. 1.
From the result of X-ray analysis, the mechanism of the
reaction was clarified which enabled us to suppose the
chemical structures of other reaction products. Details
of the study have been published in a separate paper.®

The bond lengths and angles are shown in Figs. 2
and 3 along with their standard deviations. The
average C—C, C-C(methyl) and C-Br bond lengths
found in the substituted phenyl groups are 1.41 A,
1.54 A and 1.91 A, respectively, which agree well with
the standard values. The average bond lengths found
in the ester groups are 1.50 A for C(ring)-C, 1.20 A

% CHs

0 CHsz

Fig. 1. Chemical structure (I) and conformation of the adduct.

3) Y. Suzuki, N. Obata, and T. Takizawa, Tetrahedron Lett.,
1970, 2667.
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Fig. 2. Bond lengths and their estimated standard deviations.
The e.s.d.’s are given in parentheses denoting the least signif-
icant digits in the bond lengths.

o)

Fig. 3. Bond angles and their estimated standard deviations.
The e.s.d.’s are 2° except those in acetone.

for C=0, 1.31 A for C-O and 1.49 A for O-C(methyl)
which are also in good agreement with those of normal
carbomethoxy groups. The C-C bond lengths found
in the pyrindine ring vary from 1.32A to 1.46 A
except for C(8)-C(5) and C(6)-C(5) bonds which
correspond undoubtedly to single bonds. There are
few examples of X-ray analysis of a compound con-
taining the pyrindine ring. The only one we found
is 1-methyl-6-[5-(1-methyl-1H-1-pyrindinyl)]-1-azonia-
indan iodide (II)¥ which was found to consist of I-
methyl-1H-1-pyrindine and 1-methyl-1-azoniaindan io-
dide groups. The bond lengths in the former group

II

4) H. L. Ammon and L. H. Jensen, J. Amer. Chem. Soc., 88
681 (1966).
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TABLE 3.
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LEAST-SQUARES PLANES AND DEVIATIONS OF THE ATOMS

The planes are of the form AX+BY-+CZ=D, where X, Y, Z, and D are in A unit

relative to the axes a*, b, and c.

Best plane through pyrindine ring
—0.517X —0.311Y +0.798 Z=—6.470

N(1) —0.001 A C(6) 0.012 A
C(2) 0.058 C(7) —0.047
C(3) —0.060 C(8) 0.015
C4) —0.005 C(9) 0.007
C(5) 0.023
Distances from the above plane

C(10) 0.141 A C(37) —1.273 A
N(19) 0.093 C(41) 1.223
C(29) —0.191 C(45) 0.180
C(33) 0.084 C(49) —0.330

Best planes through phenyl groups

0.637X+40.272Y —0.419X4-0.855Y
+0.722Z=10.158 +0.306Z=—1.261

C(10) —0.006 A C(20) —0.029 A
C(11) 0.003 C(21) 0.023
C(12) 0.020 C(22) —0.007
C(13) —0.039 C(23) —0.003
C(14) —0.032 C(24) —0.002
C(15) —0.011 C(25) 0.017
Distances from the above planes
C(16) 0.012A C(26) —0.003 A
C(17) —0.062 C(27) 0.040
Br(18) 0.064 Br(28) —0.015
C(52) —3.745 C(32) —3.603

Best planes through ester groups Distances from the planes
—0.107X4-0.815Y40.569Z=1.495

Cc(3) —0.004 A

C(29) 0.013 C(32) —0.115A
0O(30) —0.005

0(31) —0.004

0.256X+0.139Y+40.957Z=5.030

C4) 0.000 A

C(33) —0.001 C(36) 0.069 A
O(34) 0.000

0O(35) 0.000

0.247X+0.954Y—0.168Z=3.496

C(5) 0.005 A

C(37) —0.019 C(40) —0.098 A
0(38) 0.008

0(39) 0.006

0.857X—0.049Y+0.514Z=10.045

C(5) —0.003 A

C(41) 0.010 C(44) 0.064 A
0(42) —0.004

0(43) —0.003

—0.585X+40.153Y+0.796Z= —6.521

C(6) —0.002 A

C (45) 0.007 C(48) 0.155 A
O(46) —0.003

0(47) —0.002
—0.443X+0.532Y+0.721Z2=6.232

C(7) 0.013 A

C (49) —0.049 C(52) —0.048 A
0(50) 0.020

0(51) 0.016

show a characteristic of aromatic systems, and most
C-C bond lengths (average value of the seven peripheral
bonds is 1.394 A and the length of the transannular
bond is 1.482 A) are in good overall agreement with
those found in azulenes. The bond lengths and angles
in the latter group indicate that the five-membered
ring can be best described as cyclopentenyl while the
six-membered ring can be described as positively
charged pyridinum, since the bond lengths involved in
the six-membered ring agree with similar parameters
in heterocyclic molecules having the character of sp?
hybridization and electron delocalization. The structure
of the pyrindine group in the present compound differs
from that of the above two cases in that it has many
substituents such as six carbomethoxy, a phenyl and a
phenylimino group. Furthermore, the C(2)-N(19) bond
length (1.28 A) is significantly shorter than any other
C-N lengths in the present molecule while the bond
lengths of C(8)—C(5) and C(6)-C(5) (1.54 A and 1.48 A,
respectively) are much longer than other C-C lengths
involved in the ring. It is therefore reasonable to
assume that the six-membered ring has an aromatic
nature and the resonance structure is extended to
N(19) on one side and to C(6) through C(7) on the
other side of the ring. The mean C-C bond length
in the six-membered ring (1.39 A) is almost equal to

that in 2-pyridone® (1.39 A) and in pyridine® (1.395 A)
while the C-N bond lengths (1.38 A and 1.44 A) are
longer than those in 2-pyridone (1.34 A and 1.40 A)
and in pyridine (1.340 A). The nitrogen atom, N(1),
is undoubtedly in a state of sp? hybridization as evi-
denced by the nearly planar configuration of the sub-
stituent atoms (C(2), C(9) and C(10), see Table 3).

Least-squares planes through various groups of atoms
and the deviations of atoms from each plane are shown
in Table 3. Each of the pyrindine ring and the two
substituted phenyl groups is almost planar within ex-
perimental error. These substituted phenyl groups are
twisted with respect to the plane of the pyrindine ring
at angles of 77° and 82°, respectively. Each C(ring)-
COO- group is planar and the terminal methyl carbon
deviates slightly from the plane. The six carbomethoxy
groups are also twisted with respect to the plane of the
pyrindine ring in various degrees ranging from 28° to
79°.

In the NMR spectrum of the present compound, two
signals at 6.7 (s. 3H) and 6.9 7 (s. 3H) which are
assigned to the methyl protons of C(32) and C(52),
appear at a higher field than would be expected for

5) B. R. Penfold, Acta Crystallogr., 6, 591 (1953).

6) B. Bak, L. Hansen, and J. R. Rastrup-Andersen, J. Chem.
Phys., 22, 2013 (1954).
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Br

Fig. 4. Internal rotation angles about the bonds joining the
pyrindine ring and the substituted groups.
Internal rotation angle A-B-C-D shown in Fig. 4 by bold
line, is defined as the angle between the projections of A-B
and C-D, when the projection is taken along the B-C bond.
The positive angle is taken in the same sense as that of the
turning direction of a right handed screw advancing along
the B-C bond.

this kind of proton. The reason for this may be the
effect of ring current of the proximate phenyl groups
which are situated with their planes facing the methyl
groups (see Fig. 1).

The crystal structure projected along the b-axis is
shown in Fig. 5. Intermolecular short distances less
than 3.6 A are indicated in the Figure by dotted lines
and are listed in Table 4. The molecules are denoted
by Roman numerals and the subscript in parentheses
indicates translations along the three edges of the unit
cell. It is seen that the molecules lie along (401) plane
and stack on top of the other mainly by the van der
Waals force between the substituents of the phenyl
group and carbomethoxy groups. The present molecule

C .

[Vol. 44, No. 1

has so many bulky substituent groups of the pyrindine
ring that there remains a wide space between the
stacked molecules. The molecule of acetone is enclosed
in the space as a solvent of crystallization and interacts
with the surrounding adduct molecules by van der
Waals force, the shortest distance being 3.55 A found
between O(56) I(000) and Br(28) III(000). Within
(401) plane, the molecules are bound together through

TABLE 4. INTERMOLECULAR DISTANCES LESS THAN 3.6 A
From To Oof Tr‘:ms- Distance
molecule I atom  molecule lation
Br(18) O(51) 11 010 3.11A
C (45) II 010 3.52
Br(28) O(56) III 000 3.55
0O(30) 0O(30) 111 0710 3.52
C(36) 111 010 3.44
0O(35) O(35) 111 011 3.46
C(36) III 011 3.40
0(38) C(32) 111 011 3.39
O(42) C(52) 11 000 3.45
O(46) C(14) 11 000 3.45
C(52) 11 001 3.40
O(47) C(16) I 001 3.58
O(50) C(16) I 001 3.55
C(17) O(56) I 000 3.56
C(22) C(27) 111 000 3.51
C(24) C(36) III 010 3.26
C(37) C(26) I 001 3.54
G(40) O(34) I 001 3.01
0O(42) I 001 3.43
C4) I 001 3.60
C(33) I 001 3.50

Molecule I at (x, », z)
Molecule II at (14 —x, —l+y, 1h—2)
Molecule IIT at (1 —x,1—y, 1—2)
x, » and z are the fractional coordinates of atoms
given in Table 1.

Fig. 5. Projection of the crystal structure along the b axis. Intermolecular short distances o1
less than 3.6 A are shown by dotted lines.
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van der Waals interactions among the phenylimino
groups and methyl groups. Remarkably short inter-
molecular distances to be noted are 3.01 A found be-
tween C(40) I(000) and O(34) I(00I) and 3.11 A
between Br(18) I(000) and O(51) II(010). Bolton?
has already noted that very short distances are often
found between a carbonyl oxygen atom and a carbon

7) 'W. Bolton, Nature, 201, 987 (1964).

Structure of a 3 : 2 Adduct of Acetylene and Isonitrile Derivatives 63

atom. In the present structure, the four atoms men-
tioned above belong to the ester carbon, carbonyl
oxygen, p-substituent bromine of phenyl and ether
oxygen atoms, respectively, indicating that they should
be highly polarizable.

The authors wish to express their sincere thanks to
Professor Takeo Takizawa for valuable discussions.
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Studies on Cobaloxime Compounds. I. Synthesis of Various Cobaloximes
and Investigation on Their Infrared and Far-Infrared Spectra

Noboru Yamazaki and Yorikatsu HOHOKABE
Department of Polymer Science, Faculty of Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo
(Received July 31, 1970)

Cobaloximes with the general formula: [CoX(DH),B] or [RCo(DH),B] (X: Cl, CN. R: Alkyl groups such

as methyl, ethyl, n-propyl, i-propyl, n-butyl, benzyl, or hydroxypropyl.

DH: Dimethylglyoximato monoanion.

B: Bases such as water, nicotinamide, p-toluidine, pyridine, y-picoline, imidazole, or 4-vinylpyridine), and polymeric
cobaloximes with the general formula: [Co(OH) (DH),(Copoly-AM - VPy)] (Copoly-AM -VPy: a low molecular
weight copolymer of acrylamide and 4-vinylpyridine), were synthesized and their infrared and far-infrared spectra
were examined. The frequency shifts by changing the axial ligands were discussed.

The resemblance of cobaloxime compounds, including
alkylcobaloximes, to cobalamin compounds in their
chemical behavior has been clarified to a great extent
by Schrauzer and Kohnle.l:# Compounds other than
alkylcobaloximes, e.g., the reduced states of cobal-
oximes, have been reported to serve as catalysts in some
reduction reactions.®%

In this paper we wish to report the synthesis of
various cobaloximes including polymeric cobaloximes
by improved methods and an investigation on their
infrared spectra.

Results and Discussion

Synthesis of Cobaloximes. Some chlorocobaloximes
were prepared by the general method similar to
Tschugaeff’s synthesis of CoX(DH),B:»

CoCl, - (6H,0) + 2DH, + 2B + 1/4 O, —
CoCl(DH),B + B.HCI + 1/2 H,O (+6H,0).

In these reactions, one equivalent amount of base is

consumed to neutralize HCI produced in the reactions.

Thus, instead of such organic bases, we could employ
one equivalent of NaOH as follows:

1) G. N. Schrauzer and J. Kohnle, Chem. Ber., 97, 3056 (1964).

2) G. N. Schrauzer, Accounts Chem. Res., 1, 97 (1968); and the
references cited therein.

3) T. Mizuta and T. Kwan, Nippon Kagaku Zasshi, 88, 471
(1967).

4) E. N. Sal’nikova and M. L. Khidekel, Izo. Akad. Nauk.
SSSR, Ser. Khim., 223 (1967); Chem. Abstr., 66, 1049964 (1967).

5) L. Tschugaeff, Ber, 39, 2694 (1906); ibid., 40, 3498 (1907).

CoCl, - (6H,0) + 2DH, + B + NaOH + 1/4 0, —
CoCI(DH),B + NaCl + 3/2 HyO (+6H,0).

The results are summarized in Table 1. The product
is essentially the same as those obtained by the former
method. The latter method is preferable when the
organic base is too invaluable to be used in such a
side reaction, or when it is desirable for all basic residues
such as polymeric ligands to form cobaloximes:

2CoCl, - (6H:0) + 2nDH, jw 4+ aNaOH 4 n/4-0:

Ny

————>CoCI(DH), 3 ‘"™ + aNaCl + 3n/2-H,0 (+6H.0).

When two equivalent NaOH are used in the reaction
in the absence of the organic base, hydroxoaquo-
cobaloxime is produced:

CoCl,- (6H,0) + 2DH, + 2NaOH + 1/4 O, —

Co(OH)(DH),(H,0) + 2NaCl + 1/2 H,O (+6H,0).

As an extension of this idea, all pyridine residues
in a low molecular weight copolymer of acrylamide-
(AM) and 4-vinylpyridine(VPy) were completely com-
plexed with cobaloxime, which was confirmed by Co
analysis. The molecular weights and AM/VPy molar
ratios of polymeric ligands are shown in Table 2.

Cyanocobaloximes were prepared by the general
method:

Co(CH,COO), - (4H,0) + 2DH, + NaCN + 2B + 1/40,
—» Co(CN)(DH),B + B-HOOCCH, + CH,COONa
+ 1/2H,0 (+ 4H,0).
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TABLE 1. SYNTHESIS OF CHLOROCOBALOXIMES
o,
Composition Y(i)eld Formula Found (Galed) (%) Color
(%) (M. W.) c H N «a
"~ CoCl(DH),(H,0) 34  CgH,N,0,CoCl  28.00 4.65 16.25 11.56 pale brown
(342.63) (28.04) (4.71) (16.35) (10.35)
CoCl(DH),(nico)® 58 Cy,H,oN,0;CoCl 38.00 4.91 17.82 8.99 ocher
(446.74) (37.64) (4.51) (18.81) ( 7.94)
CoCl(DH),(tolu)® 95 C,;H,,N,0,CoCl 41.80 5.43 16.01 7.67 light brown
(431.77) (41.73) (5.37) (16.22) ( 8.21)
CoCl(DH),(py)® 63 C,3H,,N;0,CoCl 38.22 4.57 16.93 8.86 ocher
? 40371y (38.68) (4.74) (17.35) ( 8.78)
CoCIl(DH),(pico)® 86 C,,H,;,N;0,CoCl 40.20 5. 2% (125;673) ( 8.21> light brown
(417.74) (40.25) (5.07) (16. 8.50
[CoCl(DH),(VPy)]-H,0% 87 C,,H,,N,0,CoCl 40.60 5.16 15.86 8.18 ocher
(447.75) (40.23) (5.18) (15.65) ( 7.92)
CoCl(DH), (imd)® 68 Cy;H,,N,0,CoCl 33.16 4.67 21.52 10.89 ocher
(392.69) (33.65) (4.62) (21.40) ( 9.03)

a) nico: nicotinamide, tolu: p-toluidine,
imd : imidazole

TaBLE 2. PoryMERIC coBALOXIMES [Co(OH)-

(DH), (Copoly-AM-VPy)]

Co(OH)(DH),
(Copoly-AM-VPy)

Copoly-AM-VPy
(Ligand)
No. ——— Numbers of
= 2. AM/VPy = _o¢y Ccobaloxime-
M, x 10722 ration  Max 1072 ) unit/a poly-
mer chain?

HC025 30 11.9 40 3.2
HC029 24 12.8 31 2.4
HC027 14 13.7 18 1.3
HC030 8.3 17.5 10 0.62

a) Determined by cryoscopic method.

b) Calculated by using the absorbance at 257 mu due
to the pyridine residue.

c), d) Estimated by using M, and AM/VPy ratio of
polymeric ligand.

In these reactions, one equivalent base is again consumed
to neutralize acetic acid formed in the reaction. We
found that without neutralizing acetic acid the cobal-
oximes are formed with one equivalent base to Co-
(CH;COO0),:
Co(CH,COO0),- (4H,0) + 2DH, + NaCN + B + 1/40,

— Co(CN)(DH),B + CH,COOH + CH;COONa

+ 1/2H,0 (+ 4H,0).

py: pyridine,

pico: y-picoline, VPy: 4-vinylpyridine,

The results of syntheses obtained by one of the two
procedures are summarized in Table 3.

Various alkylcobaloximes were synthesized by the
general methods according to Schrauzer and Windgas-
sen,® from CoCl,-6H,0, DH,, NaOH, and alkyl halide
with or without NaBH, in an anaerobic condition.
Some hydroxypropylcobaloximes, ¢.e¢., B-hydroxy-iso-
propyl-, p-hydroxy-n-propyl-, and f,y-dihydroxy-n-pro-
pyl-(pyridine)cobaloximes, were also synthesized with
2-bromo-1-propanol, 1-bromo-2-propanol, or glycerol
a-monochlorohydrin, respectively, as the alkylating
agents which are schematically described as:

H,C CH,0H CH, CH,OH
\/ ] 1
CH CHOH CHOH
| | |
[Co] CH, CH,
: I 1
Py [(:30] [(:30]
Py Py

These cobaloximes might be considered as model com-
pounds for possible intermediates in an enzymatic re-
action, 7. e., in propanediol dehydratase system.

Base Substitution Reaction of Alkylaquocobaloximes.
The water molecule coordinating to Co atom in alkyl-
aquocobaloximes is readily displaced by another organic
base:

TABLE 3. SYNTHESIS OF CYANOCOBALOXIMES
Composition Yield Formula Found (Gated) (%) Color
(%) (M. W.) c H N

Co(CN)(DH),(H,0O) 70 C,H,,N;O,Co 31.39 4.23 20.48 brown
(333.20) (32.44) (4.84) (21.02)

Co(CN)(DH),(py)® 26 C,,H,,N,0,Co 42.74 4.77 21.29 ocher
(394.28) (42.65) (4.86) (21.32)

Co(CN) (DH),(tolu)® 94 C,¢H,3,N;O,Co 45.31 5.60 20.17 ocher
(422.33) (45.50) (5.49) (19.90)

Co(CN)(DH),(pico)® 56 C,:H,,N,0,Co 42.91 5.15 20.48 yellow
(408. 30) (44.13) (5.18) (20.58)

a) py: pyridine, tolu: p-toluidine,

pico: y-picoline

6) G. N. Schrauzer and R. J. Windgassen, J. Amer. Chem. Soc., 88, 3738 (1966).
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TABLE 4. SYNTHESIS OF ALKYLCOBALOXIMES

RCo(DH),B

Found (Calcd) (%)

Formula Color
R BY (M. W.) C H N

CH, H,O CyH,,N,0;Co 33.89 5.87 17.43 reddish orange
(322.21) (33.55) (5.94) (17.39)

CH, nico Cy5Hy3NgO;Co 42.01 5.46 19.73 orange
(426.32) (42.26) (5.44) (19.71)

CH, tolu® C,6HyN;0;Co 44.73 6.52 16.34 orange
(429.37) (44.76) (6.57) (16.31)

CH, Py C,,Hy,N;0,Co 43.63 5.74 18.51 orange
(383.30) (43.87) (5.79) (18.27)

CH, pico C,;H,,N;0,Co 45.52 6.11 17.52 yellow
(397.32) (45.35) (6.09) (17.63)

CH, imd CoH,;NgO,Co 38.70 5.67 22.72 yellow
(372.27) (38.72) (5.69) (22.57)

CH,;CH, H,O C,oH,;N,0O;Co 35.82 6.28 16.29 orange
(336.24) (35.72) (6.30) (16.66)

CH;CH, py Cy:H,,N;0,Co 44.95 6.17 17.50 orange
(397.32) (45.35) (6.09) (17.63)

CH,CH,CH, H,O C;Hy;N,O;Co 37.19 6.48 16.26 reddish orange
(350.26) (37.72) (6.62) (16.00)

CH;CH,CH, py C16H,6N;0,Co 47.06 6.42 17.06 orange yelllow
(411.35) (46.72) (6.37) (17.03)

CH,CH,CH, pico C;,H,y6N;0,Co 48.21 6.37 16.56 yellow
(425.38) (48.00) (6.64) (16.46)

CH,CH,CH, imd C,H,;NO,Co 42.65 6.68 20.52 yellow
(400.33) (42.00) (6.29) (20.99)

CH,CH,CH,CH, H,O C,,H,;N,0,Co 39.58 7.08 15.61 reddish orange
(364.29) (39.57) (6.92) (15.38)

CH,CH,CH,CH, py C,;H,sN;0,Co 48.53 6.61 15.99 orange yellow
(425.38) (48.00) (6.64) (16.46)

CH,CH,CH,CH, pico C1sH;3N;0,Co 48.83 6.98 16.03 yellow
(439.40) (49.20) (6.88) (15.94)

CH,CH(CH,) H,O C,;,H,3N,0;Co 37.43 6.66 16.37 reddish brown
(350.26) (37.72) (6.62) (16.00)

CH,CH(CH,) Py C,HyeN;0,Co 46.82 6.50 17.24 orange
(411.35) (46.72) (6.37) (17.03)

CeH,CH, py CyoHysN;0,Co 51.56 5.55 15.37 orange
(459.39) (52.29) (5.71) (15.25)

CH,CH(OH)CH, py C;6H,y6N;0;Co 44.36 6.22 17.24 yellow
(427.35) (44.97) (6.13) (16.39)

HOCH,CH (CHj,) py C,6H,y6N;0;Co 44.46 6.18 15.85 dark ocher
(427.35) (44.97) (6.13) (16.39)

HOCH,CH(OH)CH, py C16H,y6N;0,Co 43.11 5.87 15.34 orange yellow
(443.35) (43.35) (5.91) (15.80)

a) nico: nicotinamide, tolu: p-toluidine, py: pyridine, pico: y-picoline, imd: imidazole

b) This complex has a water of crystallization: [CH;Co(DH),(tolu)]-H,O.

RCo(DH),(H,0) + B — RCo(DH),B + H,0.

Thus, the addition of equimolar amount of imidazole
to methylaquocobaloxime in methanol causes immediate
color change in the solution from reddish orange to
yellow. This indicates the immediate formation of
methyl(imidazole)cobaloxime, which was actually iso-
lated in quantitative yield. The alkylcobaloximes
synthesized are summarized in Table 4.

Investigation on the Infrared and Far-Infrared Spectra.
All the cobaloximes were identified by elemental analy-
sis and infrared spectra. Characteristic absorption
bands of chlorocobaloximes, methylcobaloximes, and
(pyridine)cobaloximes are tabulated in Tables 5, 6, and
7, respectively.

The Band between 1700 and 1900 cm~': All the
spectra of the complexes investigated contain a weak

broad band between 1700 and 1900 cm-!. It has
been proved that this absorption is attributable to
intramolecular hydrogen bridges” which are schematic-
ally shown below.

This conclusion has been supported by NMR spectra.®
The hydrogen bonded OH frequencies indicated in

7) A. Nakahara, J. Fujita, and R. Tsuchida, This Bulletin,
29, 296 (1956).
8) R. D. Gillard and G. Wilkinson, J. Chkem. Soc., 1963, 6041.
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TaABLE 5. CHARACTERISTIC IR ABSORPTION BANDS OF CHLOROCOBALOXIMES (cm™1)
CoCl(DH),B:
B Vo—g-0 Ve=n Vn-o Vn-o Vco—N(DH)
H,O 1790 1570 1232 1080 508
p-Toludine 1760—50 1570—64 1229 or 1245 1092 513
Nicotinamide —*) 1570, 1565—60, 1236 1090 513
or 1550

Pyridine 1740 1563—53 1242 1091 512
Imidazole 1730—20 1561—51 1236 1087 511
y-Picoline 1710 1562—53 1240 1092 513
4-Vinylpyridine 1700 1549—38 1241 1091 515

a) This band is obscure owing to the overlapping with strong vc-o band of nicotinamide at 1691 cm-1.

b) Itis not known which band is attributable to vc=n.

TABLE 6. CHARACTERISTIC IR ABSORPTION BANDS OF
Co-METHYL COBALOXIMES (cm™!)

CH,Co-

(DHB)zB : Vo-gH--0 Ve=n Vn-o V-0 Vco—N(DH)
H,O 1780 1570 1230 1083 512
Nicotinamide —®) 1563 1233 1087 515
p-Toluidine 1770 1564 1234 1088 518
Pyridine 1760—50 1561 1239 1090 516
Imidazole 1760 1562—52 1234 1087 516
y-Picoline 1760 1562 1238 1090 517

a) This band is obscure owing to the overlapping with
strong vc-o0 band of nicotinamide at 1692 cm1.

CHARACTERISTIC IR ABSORPTION BANDS OF
(PYRIDINE)COBALOXIMES (cm™1)

TABLE 7.

CoX (DH),-

(pyrld)l?c)! Vo_g.-0 Veoen Vn_o VN—0 VCo—N(DH)
n-C,H, 1760 1563 1232 1088 515
HOCH,CH-

(OH)Cf—IZ 1760 1561 1233 1089 514
CH,CH-

(OI—3I) CH, 1760 1562—55 1233 1088 515
C,H, 1760—50 1562—53 1235 1088 516
i-C,H, 1750—40 1561—52 1236 1081 515
CH, 1760—50 1562 1239 1090 516
C.H;CH, 1755 1560 1239 1090 516
n-C,H, 1750 1561—55 1232 1086 516
HOCH,-

(CH3)CZH 1750—40 1563 1234 1089 515
Cl 1740 1563—53 1242 1092 512
CN 1730—20 1562—53 1244 1093 514

Tables 5, 6, and 7 are approximate values, nevertheless
they showed the consecutive order of the strength of
hydrogen bridges. These frequencies in chloro- or
methyl-cobaloximes are shifted to lower wave numbers
when the fifth ligand changes in the order H,O>
p-toluidine >pyridine >imidazole >y-picoline. ~ This is
considered to be in the approximate order of the
weakness of the electron donating power, whereas those
in (pyridine)cobaloximes are shifted to lower wave
numbers when the sixth ligand changes in the order
alkyls™>CI>CN which is in the opposite direction from
the donating power of the bases, #iz., the fifth ligands.
This will be discussed later together with the shifts
of other frequencies.

Others are characteristic bands of amide group.

The Band at around 1560 ¢m=1: The band at
around 1560 cm~! is attributed to C=N stretching
frequency of dimethylglyoximato ligands.”»® The band
is not affected by the change of the sixth ligand, e. g.,
CN, CI, alkyls. It is shifted to lower wave number
when the fifth ligand changes in the order H,O>
p-toluidine >>nicotinamide >pyridine >y-picoline > imi-
dazole>4-vinylpyridine, i. e., with the increase of the
interaction of the base with Co atom. Burger et al.
reported on the basis of the frequency shift of the C=N
vibration that the lower the C=N vibration frequency,
the stronger the metal>N=C donor zn-bond.® Our
results suggest that the increase in electron density on
the cobalt causes the increase of back donation from
Co to nitrogen atoms of DH ligands, resulting in the
increase in conjugation of the five membered chelate
rings.

The Bands at around 1240 ¢cm=' and 1090 cm~': From
the experiments by Blinc and HadZi,” we could assign
the peaks of the spectra at around 1240 cm~! and
1090 cm~! to the N-O stretching vibrations. These
two bands are shifted to lower wave numbers when
the fifth ligand changes in the order 4-vinylpyridine>>
pyridine >y-picoline >>imidazole > p-toluidine ~>nicotin-
amide >H,0O, which is in the approximate order of
the strength of electron donating power, as well as
when the sixth ligand changes in the order CN>CI>
alkyls. Since the increase in the electron density in
N-O bond is considered to cause the high frequency
shift of the vibration, the high frequency shift caused
by the change of the fifth ligand is explained by the
electron donating power of the fifth ligands, viz., the
axial bases, while that caused by the change of the
sixth ligand is unexpectedly in the opposite direction,
which appears at first sight to be inconsistent with
the effect of the fifth ligand, since cyanide is known
as an electron withdrawing group stronger than others
and hence it would cause the decrease in the electron
density of N-O bond through the interaction with Co
atom.

The Band at around 510 ¢cm=': The band at
around 510 cm~! which is attributable to Co-N stretch-
ing frequency between Co and nitrogen atoms of di-
methylglyoximato ligands is not affected by the change

9) R. Blinc and D. Had¥i, J. Chem. Soc., 1958, 4536.
10) K. Burger, I. Ruff, and F. Ruff, J. Inorg. Nucl. Chem., 27,
179 (1965).
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of the sixth ligand, ¢.e., CN, CI, alkyls similarly to
the C=N vibration mentioned above, whereas it is
shifted to higher wave number when the fifth ligand
changes in the order H,O<nicotinamide< pyridine,
imidazole< p-toluidine, y-picoline, which is not in an
exact but approximate order of the strength of the
interaction of the base with, Co atom.

Other Bands Occurring in the Infrared Region:  All
the complexes show the weak broad bands between
2300 and 2400 cm-!, which may be attributed to
another hydrogen-bonded O-H frequency of bisdi-
methylglyoximato moiety according to Hadzi.?'V) The
bands at around 1445 cm~! and around 1375 cm—! are
due to asymmetric and symmetric deformation vibra-
tions respectively, of methyl groups in dimethylgly-
oximes. The bands at around 980 cm~! and 880 cm—?!
may be attributed to deformation vibrations of OH in
bisdimethylglyoximato moiety, and the band at around
740 cm~! to C=N-O deformation vibration.

The characteristic absorption bands due to the axial
ligands are also observed; pyridine derivatives show the
weak bands at 3000—3150 cm~! due to C—H stretching
vibrations of pyridine ring, the band at 1600—1610 cm—1!
to C=C and/or C=N stretching of pyridine ring, and
the band at 750—780 cm~! to C-H deformation of
pyridine ring. The C-H stretchings of alkyl group
linked to Co atom occurring at 2850—2960 cm~! become
distinct in intensity in the order CH;<C,H,<C,H,<
C H, as expected. In isopropyl(pyridine)cobaloxime,
the characteristic absorption bands due to isopropyl
group are clearly observed at 1375 and 1366 cm™!
which are symmetric deformation bands of CHj in
isopropyl group, and 1187 and 1161 cm~! which are
skeleton vibrations of C-C-C in isopropyl group. In
cyanocobaloximes, C=N stretching vibration occurs at
2130—2200 cm~!.  Aquocobaloximes also show the
characteristic bands due to H,O molecule coordinating
to Co atom; the vo-g at 2940—3110 cm-1. J,. at
830—838 cm1, and ¥¢,-o at 357—378 cm™1,

Other Bands Occurring in the Far-Infrared Region: The
band at around 370 cm~! in aquocobaloximes may be
attributed to Go—O stretching vibration between Co
atom and the coordinating water molecule. A few
bands between 420—500 cm~! other than that at around
510 cm™! listed in Tables 5—7 may be attributable to
Co-N stretching vibrations. All the alkylcobaloximes
show an absorption band at around 325 cm-1, which
may be attributed to the Co-C stretching vibration,
while methylcobalamin was reported to show the Co-C

11) In principle the appearance of two OH bands could be ad-
mitted and explained by the splitting of the vibrational levels due
to proton tunnelling. The structure of cobaloxime, CoX(DH),B,
may be schematically described in a resonance as follows:

H..

ne. U d mew . VR0
o |
=N )I(fN:c/C”‘ TSc=N. )I(/Nzc/CH‘
I C(‘ir | > l /Cou | .
C=N" I n=C Gt n=C
e s Y e He” Y B N Clh
0... O 0. .0

The hydrogen atoms in the hydrogen bridges may not occupy a
central position between the oxygen atoms, which would result in
the appearance of two OH bands in 1700—1900 cm~ and in 2300—
2400 cm™1.9)
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stretching band at 348 cm~1.12)

Polymeric Cobaloximes: Polymeric cobaloximes, i. e.,
Co(OH) (DH),(Copoly-AM-VPy) showed characteris-
tic absorption bands due to cobaloxime, other than
due to the polymeric ligands; e. g., ¥y-o at 1230 cm~1
and 1090 cm™1, dy-g at 981 cm~1, and »,-y at 510—
530 cm—1.

Dascussion on the Frequency Shift with Axial Ligands:
The characteristic absorption bands mostly due to di-
methylglyoximato ligands in these cobaloximes do not
shift largely by the change of axial ligands. This
suggests that the strength of the Co-N bonds in the
equatorial position is not much affected by the change
of the axial ligands because the Co-N(equatorial) bonds
are very strong due to metal-N=C n-bond.

However, the definite relationship between the fre-
quency shifts and the consecutive order of axial ligands
was observed as mentioned above. In short, as the
donating power of the base increases, ¥o-g...o at around
1750 cm~! and »c.y at around 1560 cm—! shift to a
lower wave number region, while »y_, at around
1240 cm—1and 1090 cm~1, and »¢,-y at around 510 cm—1
to higher one. These results can be interpreted as
follows. The coordination of more electron-donating
base to Co atom causes the increase in electron density
in Co atom. This facilitates the back donation from
Co to the nitrogen atoms of dimethylglyoximato ligands,
resulting in the increase in electron densities in C=N,
and N-O bonds. The increase in electron density in
N-O bonds causes the stronger hydrogen bridges of
O-H::-O and the higher frequency shifts of N-O stretch-
ing vibrations. The facilitated back donation from
cobalt to nitrogen atoms of dimethylglyoxime means
the increased metal-donor @-bond in the equatorial
moiety of cobaloximes, which causes the stronger in-
teraction of Co with equatorial N atoms, resulting in
higher frequency shift of »c,_y vibration, and causes
more conjugation in five membered chelate rings in-
cluding Co atom, resulting in lower frequency shift of
vc-y Vibration.

On the contrary, the effects caused by the change
of the sixth ligand, ¢. g., CN, CI, alkyls, were observed
to be inverse. As the donating power of the sixth
ligand decreases, ¥o_g...o shifts to lower wave number,
while »y_o to higher. This opposite tendency in the
cis-effect of two axial ligands might be interpreted as
follows: Since the bonding orbitals of both the fifth
and sixth ligands are considered to interact most
strongly with the d;, orbital of the central metal than
the second probable one, i.e., dz-y2 and than other
d orbitals, the effect of one of the axial ligands is con-
sidered to be larger on another axial ligand (frans-
effect) than on the equatorial ligands (cis-effect). More
electron-withdrawing ligand in the sixth position causes
stronger interaction between the central metal and the
fifth ligand in the ¢rans position, which could be caused
by decrease in the cobalt-base bond length. Donation
of electron from the base to Co atom is thus facilitated,
which results in stronger back donation from Co to
the equatorial nitrogen atoms and hence in increase

12) H. P. .C. Hogenkamp, J. E. Rush, and C. A, Swenson, J.
Biol. Chem., 240, 3641 (1965).



68 Noboru Yamazakr and Yorikatsu HOHOKABE

in electron density in the equatorial bisdimethylgly-
oximato moiety. More electron-donating ligand in the
sixth position causes weaker interaction between Co and
the fifth ligand, which results in an increase in the
Co-base bond length, and hence in the decrease in
electron density in the equatorial moiety.

Similar effects of the axial ligands which were ob-
served in the electronic spectra are considered to be
consistent with the results, viz., the stronger the inter-
action between Co and the axial base, the higher the
d-d transition energy, whereas the stronger the donating
power of another axial ligand, the lower the d-d transi-
tion energy.

Experimental

Synthesis of Cobaloximes. Chlorocobaloximes: a) Chloro-
(nicotinamide)cobaloxime: A typical method for the syn-
thesis of chloro(nicotinamide)cobaloxime is as follows. To a
hot solution of 2.55 g (0.022 mol) of dimethylglyoxime (ab-
breviated as DH, hereinafter) in 80 m!/ of ethanol, was added
2.38 g (0.010 mol) of CoCl,-6H,O in 10 m/ of ethanol with
stirring.  After a while, 2.68 g (0.022 mol) of nicotinamide in
20 m!/ of ethanol was added to the mixture, followed by stirring
with aeration for a few hours at room temperature, resulting
in precipitation of the product. The precipitated ocher
powders were collected, washed with water, ethanol, and
finally with ether, and dried in vacuo. The yield was 1.56 g
(35%)-

Another method in which NaOH is used instead of organic
base to neutralize HCI1 produced is as follows. To a hot
solution of 2.55 g (0.022 mol) of DH, in 80 m/ of ethanol,
was added 2.38 g (0.010 mol) of CoCl,-6H,O in 10 m! of
ethanol with stirring. After a while, 1.34 g (0.011 mol) of
nicotinamide in 10 m/ of ethanol and 0.40 g (0.010 mol) of
NaOH in 10 m! of H,O were successively added. The mix-
ture was worked up as above. The yield was 2.60 g (58%,).

Other chlorocobaloximes with organic bases were prepared
using organic bases instead of nicotinamide.

b) Chloroaquocobaloxime:  To a hot solution of 12.8 g (0.11
mol) of DH, in 300 m/ of methanol, 11.9 g (0.050 mol) of
CoCl, -6H,0 in 50 m! of H,O was added with stirring at room
temperature. Fifty milliliters of a saturated aqueous solution
of KCI was added to the mixture which was stood overnight,
resulting in crystallization of the product in pale brown fine
needles. The yield was 5.8 g (34%).

Cyanocobaloximes: A typical method for the preparation of
cyano(pyridine)cobaloxime is as follows. To a hot solution
of 6.40 g (0.055 mol) of DH, in 200 m/ of methanol, 6.23 g
(0.025 mol) of Co(CH;COO),-4H,0 was added with stirring.
After a while, 1.23 g (0.025 mol) of NaCN in 20 m!/ of H,O,
and 4.15g (0.053 mol) of pyridine were added successively
at room temperature, followed by stirring with aeration for
a few hours, resulting in precipitation of the product. The
yellow powders were collected, washed with water, meth-
anol, and finally with ether and dried in vacuo. The yield
was 1.80 g (18%).

Another method in which one equivalent base is enough
to produce this complex instead of two is as follows: To a
hot solution of 6.40 g (0.055 mol) of DH, in 150 m!/ of meth-
anol, 6.23 g (0.025 mol) of Co(CH,COQO),-4H,0 was added
with stirring. After a while, 2.08 g (0.026 mol) of pyridine
and 1.23 g (0.025 mol) of NaCN in 20 m!/ of H,O were added
successively at room temperature, followed by stirring with
aeration for a few hours, resulting in precipitation of the
product. The product was worked up as above to give 2.55 g
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(26%) of yellow powders.

Other cyanocobaloximes with organic bases were pre-
pared using organic bases, instead of pyridine.

Cyanoaquocobaloxime was prepared as above without
adding any organic base but with additional 50 m/ of H,O.

Polymeric Cobaloximes Co(OH) (DH),(Copoly-AM-VPy):
Preparation of polymeric cobaloximes shown in Table 1 was
reported.’® A typical procedure is as follows: A hot solu-
tion of DH, in methanol was mixed with an aqueous solution
of CoCl,-6H,O (DH,: Co molar ratio 2) for an hour. An
aqueous solution of the polymeric ligand (Copoly-AM-VPy)
was then added to the reaction mixture (Co : VPy-residue
ratio ca. 4), after the pH of the mixture was adjusted to 8.0—
8.3. The reaction was complete within 3—4 hr. After con-
centration, the reaction mixture was applied to the Sephadex
column (Sephadex LH-20 or G-25). From the first fraction,
polymeric cobaloxime was recovered, followed by a by-
product, i.e., hydroxoaquocobaloxime. Alternatively the
product was purified by repeated reprecipitation in water-
acetone. The by-product was identified as Co(OH)(DH),-
(H,O) by elemental analysis and its infrared spectrum:

Found: G, 27.87; H, 5.25; N, 16.539%,. Calcd for CgH,,-
N,O.Co: C, 29.64; H, 5.29; N, 17.289,.

Hydroxoaquocobaloxime was also prepared as follows:
To a hot solution of 12.8 g (0.11 mol) of DH, in 200 m/ of
methanol, was added 11.9 g (0.050 mol) of CoCl, -6H,O with
stirring. After a while, 4.4 g (0.11 mol) of NaOH in 70 m/
of H,O was added to the mixture, followed by stirring with
aeration for a few hours. The solution was evaporated to
dryness and the residual product was applied to the Sephadex
G-25 column to give dark brown hydroxoaquocobaloxime.
The yield was 6.3 g (39%).

Found: C, 29.16; H, 3.95; N, 17.31%.
N,OCo: C, 29.64; H, 5.29; N, 17.28%,.

Alkylcobaloximes: Alkylcobaloximes were prepared accord-
ing to two methods by Schrauzer and Windgassen;®) by the
reaction of alkyl halide with Co(I) species reduced by NaBH,,
and by that with Co(I) species formed by disproportionation
of Co(II) species to Co(I) and Co(III) in alkaline media
without any reducing agent. A typical method for the pre-
paration of methylaquocobaloxime is as follows. To a stirred
suspension of 29.0 g (0.250 mol) of DH, in 300 m! of methanol,
29.7 g (0.125 mol) of CoCl,-6H,O was added under nitrogen
atmosphere. Methyl iodide, 25.4 g (0.180 mol), and 15.0g
(0.375 mol) of NaOH in 50 m! of H,O were then successively
added at —20°C, followed by stirring for an hour in a closed
system. After evaporation of methanol under a reduced pres-
sure, the remaining aqueous solution was stood overnight,
resulting in the precipitation of dark red crystals. The yield
was 15.8 g (80%,).

When alkylaquocobaloxime was too soluble to isolate,
pyridine or another organic base was added to the reaction
mixture and alkyl(pyridine)cobaloxime or alkyl(B)cobaloxime
was extracted with ether or methylene chloride. The yields
obtained by the method with NaBH, were generally lower
than those by alternative method, whereas alkyl iodides were
more effective than bromides or chlorides in the preparation
of alkylcobaloximes.

Base Substitution Reaction of Alkylaquocobaloxime. The
coordinating water in alkylaquocobaloxime is readily dis-
placed by another organic base only by the addition of an
equivalent amount of base to the alkylaquocobaloxime. A
typical displacement reaction is as follows. Methylaquo-
cobaloxime, 0.967 g (3.00 mmol), was dissolved in 50 m/ of
methanol followed by addition of 0.204 g (3.00 mmol) of

Calcd for CgH,,-

13) N. Yamazaki and Y. Hohokabe, Chem. Commun., 1968, 829.
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imidazole, resulting in immediate color change in the solu-
tion from reddish orange to yellow. By concentrating the
solution, 1.05 g (94%,) of yellow crystals of methyl(imidazole)-
cobaloxime was obtained quantitatively.

Alkylcobaloximes prepared in this work are summarized in
Table 4. The yields are not given in order to avoid com-

IR Spectra of Cobaloximes 69

plexity originating from the various preparatory methods.

Measurements. The infrared spectra were taken in
KBr pellets with a JASCO, Model IR-G infrared spectro-
photometer, and the far-infrared spectra with a JASCO,
Model IR-F, far-infrared spectrophotometer.
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Studies of Organic Peroxides. XI. The Reaction of Benzoyl Peroxide
with Secondary Amines in Binary Mixed Solvents

Shigeo Hasegawa, Setsuo KasHiNo, and Yoshinobu MukAHI
Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama
(Received July 31, 1970)

The rate constants of the reaction of benzoyl peroxide with some typical secondary amines, namely, diphenyl-
amine, N-methylaniline, and piperidine, were measured in benzene-nitrobenzene binary mixed solvents. The
reaction rates of diphenylamine and N-methylaniline are little influenced by the compositions of the solvents,
while the reaction of piperidine proceeds more rapidly in nitrobenzene than in benzene. The isokinetic relation-
ship holds for the reaction of piperidine in the binary mixed solvents. The isokinetic temperature is calculated
to be 265°K. The analysis of the behavior of these reactions in the mixed solvents leads to the conclusion that,
in the cases of diphenylamine and N-methylaniline, there are no specific interactions between the activated com-
plexes and solvent molecules, whereas in the case of piperidine the activated complex is weakly solvated with the
polar nitrobenzene. The reaction of benzoyl peroxide with N-methylaniline and N-n-butylaniline was also studied
in benzene. These amines have a higher reactivity than would be expected from their basicity. This higher
reactivity is probably due to the resonance stabilization of the activated complex besides the formation of a less-

69

ionic activated complex.

In a previous work,? the reaction of benzoyl peroxide
with some typical secondary amines was studied in
benzene. It was ascertained that the reaction involves
a nucleophilic attack by the amines on the peroxide,
and it was noted that diphenylamine has rather a
higher reactivity in spite of its lower basicity. This
higher reactivity of diphenylamine was explained by
the formation of a less-ionic activated complex. The
explanation, however, was not conclusive.

In the present investigation, in order to obtain more
clear-cut information on the activated complex, the
reaction of benzoyl peroxide with N-methylaniline and
N-n-butylaniline was studied in benzene, further, the
rate constants of the reaction of benzoyl peroxide with
diphenylamine, N-methylaniline, and piperidine were
measured in benzene - nitrobenzene binary mixed
solvents.

Experimental

The benzoyl peroxide, diphenylamine, piperidine, and
benzene were the same as those described in the previous
paper.) N-Methylaniline and N-n-butylaniline were com-
mercially-available GR-grade reagents. The nitrobenzene
was dried with anhydrous sodium sulfate and fractionated at
reduced pressure.

The reaction rates were followed by means of the thermal-
analysis method at temperatures between 20 and 35°C. The

1)" S. Kashino, Y. Mugino, and S. Hasegawa, This Bulletin,
40, 2004 (1967).

apparatus and procedure were also the same as those des-
cribed in the previous paper.)

Results and Discussion

The reactions of benzoyl peroxide with amines were
of the first order with respect to each reactant for all
amines examined. It was reported previously®? that
diphenylamine and piperidine reacted with the peroxide
in amine-peroxide ratios of 1.3 : 1 and 0.6 : 1 respec-
tively. In the reaction of N-methylaniline and N-n-
butylaniline, however, the stoichiometry was found to
be 1:1.

The values of the second-order rate constants, &, for
the reactions of N-methylaniline and N-n-butylaniline
in benzene are shown in Table 1, together with those
for the other amines studied previously;? the values
of the enthalpy and entropy of activation are listed
in Table 2.

TaBLE 1. RATE CONSTANT £ X 10® (! mol~? sec™!) FOR
BENZOYL PEROXIDE-SECONDARY AMINE
REACTIONS IN BENZENE

15°C 20°C 23°C 25°C 30°C 35°C

N-Methylaniline 14.5 20.2 26.9 33.6
N-n-Butylaniline 15.0 21.5 27.0 34.8
Diethylamine®) 1.61 2.43 3.70 5.33
Piperidine® 26.9 35.7 46.1 60.2
Diphenylamine® 7.34 13.8 23.1

a) Data from Ref. 1.
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TABLE 2. ENTHALPY AND ENTROPY OF ACTIVATION FOR THE
REACTION OF BENZOYL PEROXIDE WITH SECONDARY
AMINES IN BENZENE AT 25°C, kcal mol—!
or cal deg~* mol~!

AH ™ 48
N-Methylaniline 7.9 —40.0
N-n-butylaniline 7.5 —41.4
Diethylamine®) 13.3 —25.1
Piperidine® 8.6 —35.8
Diphenylamine®) 12.7 —24.2

a) Data from Ref. 1. AS* is calculated from the rate
constant at 30°C.

As may be seen in Tables 1 and 2, the alkylanilines
have a slightly higher reactivity than diphenylamine.
This can be explained by a mechanism which involves
a nucleophilic attack by the amines on the peroxide,!?
because an inductive effect of the alkyl group would
cause the increase in the electron density on the nitrogen
atom of the amines, thus reducing the activation
enthalpy and increasing the rate of the reaction.

The reactivities of both N-methylaniline and N-n-
butylaniline are almost comparable to that of highly-
basic piperidine, and are obviously higher than that
of diethylamine. It can be said that the alkylanilines
as well as diphenylamine have a rather higher reactivity
than would be expected from the basicity. This suggests
that the aromatic amines, that is, the alkylanilines and
diphenylamine, form activated complexes somewhat
different from those of the aliphatic amines.

TABLE 3. RATE CONSTANTS FOR BENZOYL PEROXIDE-
SECONDARY AMINE REACTIONS IN BENZENE-
NITROBENZENE MIXED SOLVENTS

Molar
fraction Rate constant £ 103 (! mol~! sec™?)

of
nitro- Diphenyl-  N-Methyl- Piperidine
benzene amine aniline

x

25°C  30°C 25°C 20°C 25°C 30°C

0.000 17.6  29.6 20.2 35.7 46.1 60.2
0.224 19.7 28.2 21.8 46.5 65.7 76.1
0.306 20.8 28.5 21.2 48.8 67.9 88.8
0.500 17.3 26.7 23.4 58.2 79.1 104.5
0.635 — — 22.0 58.6 83.6 111.9
0.673 17.6 28.5 — — - -
0.725 16.7 27.5 22.0 70.5 82.1 116.4
1.000 16.0 27.5 22.4 129.9

64.9 97.8

In order to clarify this difference, the solvent effect
was examined. The experimental results are listed in
Table 3 and are plotted in Fig. 1. It may be seen
that, in the cases of N-methylaniline and diphenyl-
amine, the compositions of the solvents have little
influence on the rates of reactions, while in piperidine
the rates obviously increase with the increase in the
molar fraction of nitrobenzene.

These results are in line with the solvent effects

2) D. B. Denney and D. Z. Denney, J. Amer. Chem. Soc., 82,
1389 (1960).
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Fig. 1. Plot of log £ vs. mole fraction of nitrobenzene, x, for
the reaction of benzoyl peroxide with secondary amines in
benzene-nitrobenzene mixed solvents.

1: piperidine, 30°C, 2: piperidine, 25°C, 3: piperidine, 20°C,
4: diphenylamine, 30°C, 5: diphenylamine, 25°C, 6: N-
methylaniline, 25°C

observed by Chaltykyan et al.3% They have shown
that basic aliphatic amines react more rapidly in
acetone than in ethyl ether, while diphenylamine has
almost the same reactivity in these solvents.

For the reaction of piperidine in the binary mixed
solvents, the values of the enthalpy and the entropy

TABLE 4. ENTHALPY AND ENTROPY OF ACTIVATION FOR THE
REACTION OF PIPERIDINE WITH BENZOYL PEROXIDE
IN BENZENE-NITROBENZENE MIXED SOLVENTS AT
25°C, kcal mol~? or cal deg™! mol!

Molar fraction

of nitrobenzene 4H* A8 *
0.000 8.6 ~35.7
0.224 8.7 —34.8
0.306 9.8 —31.0
0.500 10.0 —30.0
0.635 9.9 —30.3
0.725 10.8 —97.1
1.000 11.7 —923.9

14
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Fig. 2. Plot of AH* vs. AS* for the reaction of piperidine with
benzoyl peroxide in benzene-nitrobenzene mixed solvents.

3) O. A. Chaltykyan, E. N. Atanasyan, A. A. Sarksyan, and
D. S. Gaibakyan, Zhur. Fiz. Khim., 32, 2601 (1958).

4) O. A. Chaltykyan, E.N. Atanasyan, N. M. Beileryan, and
G. A. Marmaryan, ibid., 33, 36 (1959).
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of activation are listed in Table 4. It may be noted
that, in this reaction series, a higher enthalpy of activa-
tion does mean a higher rate; this is in contrast to the
majority of reactions. The enthalpy of activation, AH=,
is plotted against the entropy of activation, 4S¥, in
Fig. 2. It may be seen that the isokinetic relationship
holds for this reaction. The isokinetic temperature is
calculated to be 265°K, below the experimental tem-
perature. Pearson® has pointed out that the reactions
in which ionic products are formed from neutral mole-
cules frequently have an isokinetic temperature lower
than the experimental temperature. Thus, it may be
said that the reaction of piperidine with benzoyl peroxide
has the same character as many ionic reactions.

Recently, Kondo and Tokura® have shown that, in
the reactions in which the activated complexes have
polar structures and are solvated in such polar solvents
as nitrobenzene, the plot of log k£ »s. the composition
of the mixed solvent deviates upward. Further, they
have derived” theoretical expressions for the rate con-
stants in binary mixed solvents on the basis of the theory
of the non-electrolyte solution. An application of this
theory was made in analyzing the reaction behavior
of benzoyl peroxide with secondary amines.

According to Kondo and Tokura,” for the system
in which all the solutes yield regular solutions the
theoretical expression for the rate constant in a binary
mixed solvent, km, is given by:

Inkpe = % Ink; + x41In kg — og4%,%, (1)

where k; and x; stand for the rate constant in a pure
solvent, 7, and the mole fraction of the 7 solvent, re-
spectively, and where «,, is a parameter expressing the
deviation from the ideal-solution behavior of the solvent
system.®

For the system in which there are specific interactions
between the activated complex and the polar solvent,
the expression for the rate constant can be given by:

Inky = % Inky + xgInky — {x;In (K+1)
— In(x, K+1) + xpx400,} 2)

where K is an equilibrium constant, defined in terms
of the molar fraction, for the formation of a solvated
activated complex from the unsolvated activated com-
plex and the polar solvent.

The values of «;, for the benzene - nitrobenzene
system have been estimated from the equilibrium vapour
pressure data to be 0.10.”7 The values for X is so deter-
mined that the value calculated for £ from Eq. (2) is
equal to the experimental results at x;=x,=0.5.

The value of K for the reaction of piperidine was

5) R. G. Pearson, J. Chem. Phys., 20, 1478 (1952).

6) Y. Kondo and N. Tokura, This Bulletin, 37, 1148 (1964).

7) Y. Kondo and N. Tokura, ibid., 40, 1433 (1967).

8) G. N. Lewis and M. Randall, ‘“Thermodynamics,” Mc-
Graw-Hill, New York (1923); 2nd Ed. (revised by K. S. Pitzer
and L. Brewer, 1961), p. 287.
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calculated to be 2.0. This means that, in pure nitro-
benzene, the molar ratio of the solvated activated
complex and the unsolvated one is 2 : 1.

The solid lines in Fig. 1 are calculated by means
of Egs. (1) and (2). It may be seen that, in the cases
of N-methylaniline and diphenylamine, the relations
between log £ and the molar fraction of nitrobenzene
are almost linear and agree with the lines calculated
by Eq. (1), and that in piperidine the relation agrees
well with the upward curved lines calculated by Eq. (2).
Therefore, it can be concluded that, in the cases of
diphenylamine and N-methylaniline, there are no spe-
cific interactions between the activated complex and
the solvent molecules, whereas in the case of piperidine
the activated complex is solvated with the polar nitro-
benzene.

The results presented above show that the aromatic
amines form a less-ionic intermediate, whereas aliphatic
amines form a more-ionic intermediate, in the course
of the reaction with benzoyl peroxide; this is in ac-
cordance with the previous proposition.?

However, even in the case of piperidine the solvent
effect is much smaller than in typical ionic reactions,
such as the Menschtkin reaction.” Kondo and Tokura?
have also derived a theoretical expression for the
activation energies in binary mixed solvents. In the
reaction of piperidine with benzoyl peroxide, the solvent
effect is too small to make it possible to discuss the
changes in the activation energies in relation to the
expression. That is, even in the case of highly basic
piperidine the ionic character of the activated complex
is rather small. Therefore, it is difficult to ascribe the
higher reactivity of the aromatic amines only to the
formation of the less-ionic activated complex. It is
more reasonable to take other factors into consideration.

With regard to this higher reactivity of aromatic
amines, another plausible reason is the resonance stabili-
zation of the activated complex. Horner and Steppan!®
have proved that, by the reaction of N-ethylaniline with
benzoyl peroxide at 20°C, O-benzoyl- N-ethyl-N-phenyl-
hydroxyamine, N-benzoyl-o-hydroxy- N-ethylaniline,
and p-benzoyloxy ethylaniline are formed; that the
latter two products are not formed by the rearrangement
of the former, but are formed directly by the reaction
with benzoyl peroxide. Further, Denney and Denney?
have shown that the reaction of diphenylamine with
benzoyl peroxide labeled with oxygen-18 in the carbonyl
positions forms, as the main product, N-(o-hydroxy-
phenyl)-N-phenylbenzamide, which contains 559, of
oxygen-18 in the carbonyl oxygen and 459, of oxygen-
18 in the phenol oxygen, and that, in the case of di-
benzylamine, no such equilibration of oxygen-18 occurs.
These facts may be evidence of the resonance of the
activated complexes from aromatic amines.

9) Y. Kondo and N. Tokura, This Bulletin, 40, 1438 (1967).
10) L. Horner and H. Steppan, Ann., 606, 47 (1957).
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Structure and Intramolecular Motions in Triethylenediamine
as Studied by Gas Electron Diffraction

Akimichi Yokozek1l and Kozo KucHiTsu
Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Tokyo
(Received August 13, 1970)

The structure and intramolecular motions in triethylenediamine have been investigated by gas electron dif-
fraction with a parallel study of bicyclo[2.2.2]octane in our previous paper. The structural parameters determined
by a least-squares analysis on molecular intensities, with estimated limits of error, are as follows: rg(CG-N)=1.472+
0.007 A, r,(C-C)=1.5624-0.009 A, /C-CG-N=110.240.4°, ,C-N-C=108.740.4°, r,(C-H)=1.11,40.01, A
and ,H-C-H=111.,+5.,°. The gas-phase structure is in good correspondence with that in the crystal phase
determined by Weiss et al. by X-ray diffraction. The potential function with regard to the twisting motion around
the C, symmetry axis is shown to have a broad minimum around the Dj; conformation, being quite analogous to
that for bicyclo[2.2.2]octane; in terms of the torsional angle ¢ about the C-C axis, it probably has a small hump
of the order of 100 cal/mol at ¢—0° and a double minimum around ¢$=10°. ‘The above study was made with a new
nozzle assembly, by which the sample can be heated to about 200°C. The detail of the design and operation is
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described.

According to our previous study of gas-phase electron
diffraction,? bicyclo[2.2.2]octane (hereafter abbreviated
as BO) has such a characteristic intramolecular motion
with a large amplitude of twisting about the Cj axis
that the molecular symmetry should rightly be called
“quasi-Dy,”.  Since triethylenediamine (TEDA), or
1,4-diazabicyclo[2.2.2]octane (Fig. 1), has an analogous

Fig. 1. Triethylenediamine, (C,H,);N,; ¢ denotes a torsional
angle defined by the dihedral angle between the planes
N,-C,—C; and C,—C;-N,.

skeleton, a similar problem of molecular dynamics is
expected for TEDA. In fact, the intramolecular and
overall motions in the crystal phase have been investi-
gated by various experimental methods;*>~® a particular
attention has been paid to the solid-state properties of
TEDA, since it belongs to the so-called ‘“‘plastic crys-
tals.””9:10)

1) A. Yokozeki and K. Kuchitsu, This Bulletin, 43, 2017 (1970).

2) P. Britesch and Hs. H. Giinthard, Spectrochim. Acta, 22, 877
(1966).

3) M. P. Marzocchi, G. Sbrana, and G. Zerbi, J. Amer. Chem.
Soc., 87, 1429 (1964).

4) G. S. Weiss, A. S. Parkes, E. R. Nixon, and R. E. Hughes,
J. Chem. Phys., 41, 3759 (1964).

5) T. Wada, E. Kishida, Y. Tomiie, H. Suga, S. Seki, and
1. Nitta, This Bulletin, 33, 1317 (1960).

6) L. N. Becka, J. Chem. Phys., 38, 1685 (1963).

7) G. W, Smith, ibid., 48, 4325 (1965).

8) A. Zussman and S. Alexander, ibid., 48, 3534 ( 1968).

9) A. Farkas, G. A. Mills, W. E. Ermer, and J. B. Maerker,
Ind. Eng. Chem., 51, 1299 (1959), J. Chem. Eng. Data, 4, 334 (1959).

10) J. C. Trowbridge and E. F. Westrum, Jr., J. Phys. Chem.,
67, 2381 (1963).

In spite of such studies, however, the potential func-
tion for the twisting motion has not been explored in
detail ; nor has any conclusion regarding the equilibrium
symmetry (D, or D;) been reached. Therefore, an
electron-diffraction study of gas-phase TEDA was
initiated to parallel that of BO. In contrast to the
case of BO, where closely-spaced C-C bond distances
(C,—C, and C,~C,;) were hardly separable, the corre-
sponding analysis for TEDA to separate N;-C, and
C,-C, distances poses no serious problem.

In order to get a sufficient vapor pressure, a nozzle
assembly, which can be heated to about 200°C, has
been constructed. A detail of the design and operation
is described in the Appendix.

Experimental

Anhydrous TEDA (classified as extra pure) was purchased
from the Tokyo Chemical Industry Co. Ltd. The sample was
loaded in a sample holder (Fig. 3a) in a dry atmosphere.
Diffraction photographs were taken on Fuji Process Hard
plates with the camera length of 113 mm at the temperature
of 120°C (in the sample holder and on the nozzle tip) for
2 min with an apparatus equipped with an r3-sector.’t The
accelerating voltage, about 40 kV, was stabilized within 0.19%
during the experiment, and the beam current was 0.40 yA.
The scale factor of the diffraction pattern was calibrated to
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Fig. 2. [Experimental (dots) and calculated (upper solid curve)
molecular intensity functions for triethylenediamine; the
lower curve represents [gM(q)ezp—gM(q)catc].
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within 0.079, with reference to the 7,(C-O) bond length of
carbon dioxide, 1.1646 A,') and to the r,(N-N) distance of
the nitrogen gas, 1.1007 A.1» Other experimental and inter-
pretational procedures are similar to those described in Ref. 1.
A typical observed molecular intensity'® and the difference
between the observed and theoretical best-fit curves are shown
in Fig. 2.

Analysis

The analytical procedures closely followed those em-
polyed in the study of BO. The mean amplitudes and
nonlinear shrinkage corrections'¥) on all the internuclear
distances were calculated for a Dy, structure with sets
of the Urey-Bradley force constants transferred from
those for cyclohexane!® and amides.'® The vibrational
frequencies calculated by the use of the force constants
given in Table | are in fair agreement with the observed

TABLE 1. UREY-BRADLEY FORCE CONSTANTS FOR
TRIETHYLENEDIAMINE®) (in md/A).

K (C-N) 5.5 H(H-C-H) 0.42
K (C-C) 2.3 F(C--N) 0.70
K(C-H) 4.3 F(C-.-C) 0.30
H(C-C-N) 0.30 F(N-..H) 0.52
H(C-N-C) 0.35 F(C---H) 0.41
H(C-C-H) 0.225 F(H..-H) 0.07
H(N-C-H) 0.28 Q) (0.11)

a) Estimated from the force constants for cyclohexane,'®
acctamide and thioamides!®
b) See text; in md-A units.

values reported in the literature,?% as shown in Table 2.
The mean amplitudes and vibrational corrections are
insensitive to the moderate changes in the force con-
stants, except for the torsional force constant Y.»
Systematic variations in Y, 0.11 (estimated upper
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limit), 0.08, 0.05 and 0.025 md-A, yielded the lowest
vibrational frequencies of 137, 118, 94 and 67 cm—1,
respectively. All the other frequencies were independent
of Y; this indicates that the normal mode of twisting is
separable almost completely from the other modes.
The mean amplitudes and vibrational corrections cal-
culated for 120°C are listed in Tables 3 and 4.
Least-Squares Analysis. On the assumption that
the H-C-H plane is perpendicular to the N-C-C plane
and bisects the N-C-C angle and vice versa, the molecular
intensity (g=21 to 120) was first analyzed by a standard
least-squares method!” with the sets of constant mean
amplitudes and shrinkage corrections, given in Tables 3
and 4, and with the following six variable parameters:
the N-C and C-C bond distances, the N-C-C angle,
the C-H distance, the H-C-H angle, and the equilib-

TABLE 3. CALCULATED MEAN AMPLITUDES FOR
TRIETHYLENEDIAMINE®)
C,-N, 442 N,;-N, 657 C;-Hy, 1004
C,-C, 519 C-H 781 N,;-H, 1014
C;-N, 602 C,-Hy, 1069
Se® I 1 mor v VvV

C,-C, 695 695 699 704 709
GC,;-C, 728 877 922 1014 1222
C;-H,, 1562 1591 1623 1675 1774
C,;-H,, 1514 2004 2165 2475 3142
C,-H,, 1043 1050 1053 1059 1069
N;-Hg 1176 1276 1317 1399 1588

a) Calculated by using the force constants given in Table
l1; in 10~* units. The hydrogen-hydrogen amplitudes
are omitted.

b) Sets I through V correspond to the torsional force
constants Y (see text), assumed to be oo, 0.11, 0.08,
0.05 and 0.025 md-A respectively. Values listed in
the upper section do not depend on the choice of Y.

TABLE 2. VIBRATIONAL FREQUENCIES OF TRIETHYLENEDIAMINE

Calcd® Obsd® Calced Obsd Caled Obsd Calcd Obsd
A, 2970 2866 A, 3001 2920 E’ 3017 2950 E” 3003 2930
1465 1447 1222 1243 2971 2866 2985 2882

1309 1335 966 1019 1490 1452 1516 —
1121 965 1379 — 1442 1316 1446 1447

957 800 1267 1295 1338 —

571 600 A,”" 2984 2882 1203 1061 1210 —

1457 1460 995 891 1008 —
A’, 3014 — 1415 1350 781 825 601 580
1224 — 1031 987 386 — 288 335

750 — 890 765

a) Calculated by the use of the force constants listed in Table 1; in cm~! units.

b) Observed values? in CS, and CCl, solutions or solid state.

Refs. 3 and 4 for some of the frequencies.

c¢) The value calculated in Ref. 3, 60 cm™!, seems to be in error.

11) Y. Murata, K. Kuchitsu, and M. Kimura, Japan. J. Appl.
Phys., 9, 591 (1970).

12) K. Kuchitsu, This Bulletin, 40, 498 (1967).

13) Numerical experimental data of the levelled total intensity
have been filed with the Chemical Society of Japan. A copy may
be secured by citing the document number (Document No. 8002)
and by remitting, in advance, ¥300 for photoprints. Payment
may be made by check or money order payable to the Society.

Essentially similar values are given in

See Ref. 1.

14) Y. Morino, S. J. Cyvin, K. Kuchitsu, and T. Iijima, J.
Chem. Phys., 36, 1109 (1962); K. Kuchitsu and S. Konaka, ibid., 45,
4342 (1966).

15) H. Takahashi and T. Shimanouchi, J. Mol. Spectry., 13, 43
(1964).

16) I. Suzuki, This Bulletin, 35, 1279, 1449, 1456 (1962).

17) Y. Morino, K. Kuchitsu, and Y. Murata, Acta Crystallogr.,
18, 549 (1965).
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TaABLE 4. CALCULATED CORRECTIONS FOR NONLINEAR
SHRINKAGE EFFECTS FOR TRIETHYLENEDIAMINE®)

Set? I 11 I IV v
C,-C, 11 54 69 102 187
Cy-C, —4 17 24 40 80
C,-C, —4 —11 13 —18 —30
C,-N, 15 26 30 39 62
Cy-N, —1 5 8 13 26
N,-N, -9 -9 —9 -9 -9
C-H 119 167 188 232 344
Cy-H,, 48 134 168 239 423
C,-H,, —27 16 29 60 143
C,-H,, —18 —61 —78 —114 —208
C,-H,, 30 83 105 149 265
C,-H,, 28 43 50 63 97
N,-H, 55 104 125 167 276
N,-H, 16 38 46 63 108

a) Corrections 7a—r, (Ref. 14) calculated by using the
force constants given in Table 1; in 10~% A units.
Corrections for the H-H pairs are omitted.

b) Sets I through V correspond to those in Table 3.

rium torsional angle ¢, defined in Fig. 1. The de-
pendence of the ¢, parameters on Y was similar to that
observed in the analysis of BO: By the use of Y=0.11,
0.08, and 0.05 md-A, the cycles converged to nonzero
sets (D,) of @, 9.841.1°, 8.540.9°, and 5.44-3.0°
respectively, while ¢, tended to 0° (Ds,) for Y=
0.025 md-A.

The situation that the alternative [twisted (D;) or
untwisted (Ds)] structures were derived from the
analysis is in accordance with that encountered in the
crystal-structure study of Weiss et al., where the Dj,
and D, (with a twist angle of about 10° corresponding
to ¢,~16°) structures, both reasonable answers of their
three-dimensional X-ray analysis, made them suggest a
double-minimum potential for the twisting motion. A
similar trend observed in BO has been explained by a
potential with a broad trough and shallow double
minima.?? Therefore, TEDA is also expected to have
a large-amplitude motion around the Dj, position, as
is discussed below.

The rest of the independent parameters were un-
affected by the choice of Y. The parameters obtained
from the analysis are listed Table 5 with their limits of
error (estimated as 2.5 times random errors plus sys-
tematic errors).1’-1% The corresponding error matrix
is given in Table 6. In contrast to the case of BO,

TABLE 5. STRUCTURAL PARAMETERS FOR
TRIETHYLENEDIAMINE®)
N,;-C, 1.472+0.007 ZN;-C,-C, 110.2+0.4°
C,-C, 1.562+0.009 £Cy-N;-C, 108.7+0.4°
C-H 1.11,+0.01, ZH-C-H I11.545.6°

» 0.97 +0.04

a) Distances (rg) in A and r, angles with estimated limits
of error (See text).
b) Index of resolution (dimensionless).

18) K. Kuchitsu, T. Fukuyama, and Y. Morino, J. Mol. Struc-
ture, 1, 463 (1968).
19) K. Kuchitsu, This Bulletin, 32, 748 (1959).
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TABLE 6. ERROR MATRIX®

CN C-C CH /N,-C,-C, /HC-H ¢, &

CN 8 —6 —6 2 —17 10 --18
c-c 25 11 15 20 40 46
C-H 40 6 69 11 38
Z/N,-C,-C, 20 33 —44 —1I3
~H-C-H 316 —53 63
e 197 91
k 146

a) Error matrix for fixed mean amplitudes. Units ( X 10—4)
for the distances are A those for the angles are rad, and
the index of resolution & is dimensionless. Elements of
the matrix are given by gzy=sgn[(B~1):s]-[|(B~)|-
V*PV|(n-m)]'/?, where the notations follow Ref. 20. The
diagonal element gy represents the standard error for the
parameter i.

the analysis evidenced that none of the distance and
angle parameters had strong correlation with the mean
amplitudes. Therefore, it was further possible to treat
a number of mean amplitudes as variable parameters
in the least-squares calculations, from which the ampli-
tudes listed in Table 7 were obtained, with no significant
influence on the distance and angle parameters and
their uncertainties given in Table 5.

MEAN AMPLITUDES FOR TRIETHYLENE~-
DIAMINE (in A units)

TABLE 7.

Obsd®) Calcd®
C-C 0.0514+0.004 0.0519
C-N 0.046,=+0.002 0.0442
C-H 0.076,=+0.002 0.0781
C,-C, 0.063,=-0.005 0.0695
C,-C, 0.083,-0.009 0.0877
C;-N; 0.059,-+0.005 0.0601
N,-H, 0.110,-0.007 0.1014

a) Errors represent random standard deviations obtained
by a least-squares analysis (see text).
b) Calculated by Set II of Table 3.

Determination of the Potential Function. The po-
tential function for the twisting motion around the
C; symmetry axis, as characterized by a single torsional
coordinate ¢ illustrated in Fig. 1, was assumed to have
a quadratic-quartic type, V(¢)=~k,$2+k,¢% The mo-
lecular intensity function was averaged classically by
the Boltzmann weight in regard to ¢. The coefficients
of V(¢) were determined by a least-squares method,
by which the experimental molecular intensity was
allowed to fit to the theoretical expression? by the
use of the mean amplitudes of set I given in Table 3.
The most probable set was found to be ky=—5.5+4+4.2
kcal/mol rad? and £,=86.2450.2 kcal/mol rad*. The
parameters specifying the potential shape are compared
in Table 8 with those for BO.

The radial distribution curve corresponding to the
best-fit potential is in good agreement with the ex-
perimental curve, as shown in Fig. 3, where a theoretical
curve corresponding to a Dy, structure with small
amplitudes of twisting and frame vibrations is also

20) K. Hedberg and M. Iwasaki, Acta Crystallogr., 17, 529 (1964).
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TABLE 8. COMPARISON OF POTENTIAL PARAMETERS®)

ks ks v (0)” pe”) $e" g >
TEDA" —5.5+4.2 86.2+50.2 87+100 10 19.5 11.0+1.5
BO® —4.0+3.3 54.2+34.5 75=+100 11 21.5 12.0£1.5
units kcal/mol kcal/mol cal/mol deg. deg. deg.

a) The twisting potential function, V (¢) =k,$2-+-k,0* (¢ in rad); errors for k, and k, represent standard deviations.

b) Potential hump at $=0°.
c) Potential minimum.
d) Classical turning point at 20°C (see Ref. 1).

e) Root-mean-square amplitude of twisting with limits of error estimated by a consideration of the correlation

between the k, and k4 parameters.?D

{) Triethylenediamine, determined in the present study (see text).

g) Bicyclo[2.2.2]octane (Ref. 1).

60

['O

20

I 1

20 25 30

s

35 &)

Fig. 3. Radial distribution curves for a region sensitive to the
twisting motion.
Solid and broken lines represent synthetic curves calculated
for the quadratic-quartic potential function V (¢) determined
in the text and for a quadratic function, V (¢)=c¢? with c=
17 kcal/mol rad?, corresponding to the force constant for
torsion, ¥=0.08 md-A,b respectively; cirlces represent experi-
mental values and their estimated uncertainties.

displayed. The distinct peak at about 2.8 A is mainly
composed of the nonbonded C,—Cg and Cj;—C, pairs;
a single sharp peak corresponding to a “rigid” Ds,
conformation, where those pairs are equidistant, gets
flattened as the system exerts a large-amplitude twisting
motion. Thus, the contour of this peak offers a sensitive
measure for the feature of the twisting potential.

Discussion

Structure. The C-N bond distance, 1.472-+
0.007 A, is significantly longer than that of trimethyl-
amine (1.4514-0.003 A)22 but is nearly equal to those
of dimethylamine (1.4664-0.005 A),2» methylamine
(1.4674-0.002 A),29 and ethylenediamine (1.4684-0.005
A).29 The rest of the parameters are almost identical

21) Y. Morino and T. Nakagawa, J. Mol. Spectry., 26, 496 (1968).

22) J. E. Wollrab and V. W. Laurie, J. Chem. Phys., 51, 1580
(1969).

23) J.E. Wollrab and V.W. Laurie, ibid., 48, 5058 (1968). See
also B. Beagley and T. G. Hewitt, Trans. Faraday Soc., 64, 2561
(1968).

24) * H. K. Higginbotham and L. S. Bartell, J. Chem. Phys., 42,
1131 (1965).

with those for BO, as is contrasted in Table 9. The
C,—C; bond length, which has been determined with
a much higher accuracy than that of BO, is significantly
(about 0.02 A) longer than that of cyclohexane.2® A
similar lengthening has recently been observed in the
C-C distance of ethylenediamine.?® The C-C-N bond
angle is found to be equal to that in ethylenediamine,
both slightly larger than the tetrahedral angle. The
bridgehead angle (£LC-N-C) is about 2° smaller than
that in trimethylamine.??

A good correspondence has been observed between
the gas-phase and crystal structures of TEDA, as com-
pared in Table 9. A similar correspondence reported
in Ref. 1 between the free BO and a crystal-phase
BO derivative?? suggests that the intramolecular geo-
metrical parameters for such globular molecules are
little influenced by intermolecular interactions, which
should exist in the solid state.

Potential Function. From the potential function
determined in Table 8, one sees that TEDA has a
“quasi-Dyy” structure analogous to that of BO (Fig. 4).
Both molecules have potentials with double minima at
¢~10° and small humps at $=0°. In this connection,

(v)

J J T

-20 0 20 (¢")

Fig. 4. The twisting potential function determined in terms of
a torsional coordinate ¢, V (¢)=—D5.5 $2+86.2 ¢* (kcal/mol);
horizontal lines, calculated energy levels for this potential

function (see text).

25) A. Yokozeki and K. Kuchitsu, This Bulletin, 43, 2664 (1970).

26) H. Kambara, K. Kuchitsu, and Y. Morino, ibid., to be
published.

27) O. Ermer and J. D. Dunitz, Hely. Chim. Acta, 52, 1861 (1969).
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TABLE 9. COMPARISON OF THE STRUCTURES OF TRIETHYLENEDIAMINE AND RELATED COMPOUNDS
Molecule TEDA BO EDA
Method ED% XD ED® ED"Y
N-C®) 1.472 1.46+0.013 (1.46) 1.538+0.015 1.468+0.005
C-C 1.562 1.57+0.014 (1.54) 1.552+0.029 1.556+0.010
ZN-C-C9 110.2° 110.0=+1.0° (109.5°) 109.7+0.7° 110.2+-0.8°
£ C-N-C° 108.7° 108.9-+0.8° (108.2°) 108.9+0.6° —_
C-H 1.110 — 1.107-+0.009 —
~ZH-C-H 111.5° — 110.1+45.6° —

TEDA; triethylenediamine, BO; bicyclo[2.2.2]octane, EDA, ethylenediamine, ED; electron diffraction,

XDj; X-ray diffraction.

a)
b)

(Units; in A for distances.)
Present study (See Table 5), 4 distances and r, angles.
Crystal structure in Ref. 4. Values in parentheses represent the average structure of an acentric

(D;) conformation with the twist angle of about 10°

Ref. 1, rg distances and r, angles.
Ref. 25, ry distances and r, angle.

o Qo0
~———

a similar potential for the 1-fluoro derivative of BO
has recently been observed by Hirota from a microwave
study.2®

The origin of the hump at D;, may be explained
by a semi-empirical calculation of strain energy, if
plausible models can be estimated for nonbonded N-N
and N-H interactions. One of the primitive approaches
to this problem is to assume that the N-N and N-H
interactions are equal to those for the C-C and C-H
pairs, respectively. Such a calculation of the strain
energy, analogous to that for BO, yielded a potential
hump of about 130 cal/mol with double minima at
$~13.5°, in reasonable agreement with the observed
potential.

On the basis of the potential determined above, the
energy levels for the twisting mode were estimated by
the procedure described in Ref. 1. With an effective
reduced mass of 26.8 amu calculated on the assumption
of a semi-rigid framework, the levels given in Table 10
were obtained.

For BO, the letter N should be replaced by C.

: [ ]
U 45 b
il ] /
3 [124
beam .-
5!
i \
e 5Cm E 4
Fig. la.

TABLE 10. ESTIMATED ENERGY LEVELS OF THE TWISTING
MOTION FOR TRIETHYLENEDIAMINE®) (cm™!).

v E, v E, v E,
0 28.8 '3 205.6 6  500.2
1 59.9 4 295.1 7 613.7
2 128.0 5  393.7 8

733.3

a)

Semiquantitative estimates based on the experimental
potential function, V=—5.5¢2--86.2¢* (kcal/mol,
¢; in rad), determined in the present study.

Appendix

Construction of a High- Temperature Nozzle Assembly. A
nozzle assembly which can be heated to about 200°C was
constructed for structure studies of compounds with vapor
pressures less than several Torr at room temperature. The
assembly, illustrated in Fig. la, may be classified into three
parts: a) the nozzle body equipped with a heating pipe 4
and a cooling pipe 5 with water ducts 12, and a mechanism

wa}er

10 },/J

Nozzle assembly settled on a side-wall 6 of the diffraction chamber.

The system is made vacuum-tight with metal O-ring contacts at 5—15,

13—14 (sliding) and 6—14 (fixed).

28) E. Hirota, Private communication (1970).
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Inside section of the box 9 and the heater 10.

The walls are covered with asbestos. a-d: valves, e, f: electric
heaters, g-i: paths of hot nitrogen gas, j: sample inlet, k: pipe
corresponding to 4 in Fig. la, /: outlet of the nitrogen gas, s:
sample holder with a connection 4, B shown in Fig. 3a, R:
reference gas inlet, P: outlet to a vacuum pump.

Fig. 2a.

for adjustment 7, 8; b) an electric heater 10 supplying hot
nitrogen gas as a thermal medium; c¢) values a—d (Fig. 2a)
and a sample holder (Fig. 3a) installed in a box 9.

The sample is heated to a required temperature in the
sample holder. Valves a and b are then opened, and the
sample vapor is allowed to flow through a horizontal stainless-
steel pipe (3 mm inside diameter) in the heating pipe 4 and
emit through a capillary 3 (0.2 mm i. d.) into the diffraction
chamber, where it crosses the vertical electron beam at a
preset distance (0.4—0.6 mm) from the nozzle tip and con-
denses on a trap cooled with liquid nitrogen.'?

Parts b and ¢ are shown in Fig. 2a. The nitrogen gas
heated by f (5002) flows through bellows g and & into a pipe
i, heating the sample path j, and returns into the box, where
the gas is again heated by ¢ (125()) and ejected from the box
(/) after heating the sample holder and the valves. At a
normal flow rate of about 500 /-atm/min, and with A. C.

Intramolecular Motions in Triethylenediamine 77

Fig. 3a. Cross section of the sample holder.
4, B: see corresponding parts in Fig. 2a, o: heat-resistant O-
rings, ¢: teflon stopper.

voltages of 55 V applied on f and 25 V on ¢, the temperatures
on the nozzle tip and inside the box reach 100°C. No dis-
turbance on the electron beam caused by the heater currents
is observed. The temperatures are measured with a copper-
constantan thermocouple and a mercury thermometer, as
shown in Fig. la. Thermal equilibrium is reached in several
minutes, and a constant temperature (within4-1°C) can be
maintained during the experiment (of the order of 10 min).
The values (a—d) made of glass and teflon with heat-resistant
O-rings are set up in the box: a and b for the sample, ¢ for a
reference gas, and d for an exhaust valve. The sample holder
with valve a can be removed from the other parts in the box
(at positions 4 and B in Fig. 3a) in order that the sample may
be loaded or unloaded outside the box.

The nozzle assembly can be moved in two directions per-
pendicular to the electron beam so as to make the beam pass
through the aperture 19 by means of ball-bearing systems 7,
8 and sliding systems 13—15 with O-rings shown in Fig. la.
The changes in the camera length by this adjustment and by
thermal strain are found to be within 0.01 mm. The camera
length is first estimated by a cathetometer and is later deter-
mined by the analysis of a diffraction pattern for a standard
sample (CO, or N,), which can be introduced into the dif-
fraction chamber by the use of valve ¢ in place of the sample
to be studied at an identical experimental condition. In this
way, the scale factor can be calibrated to within 0.079%,.
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Calorimetric Study of the Glassy State. VI. Phase Changes in
Crystalline and Glassy-Crystalline 2,3-Dimethylbutane

Keiichiro Apacui, Hiroshi Suca, and Syazé Sexi1
Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka, Japan
(Received August 14, 1970)

2,3-Dimethylbutane has two crystalline phases, high temperature form (crystal-I) and low temperature form
(crystal-II). On account of the supercooling effect of crystal-I, its glassy crpstalline state (non-equilibrium frozen-
in state) is established below T, (76 K) by rapid cooling. The heat capacities for various phases were determined
from 13 to 300 K from principal interest in the thermodynamic properties of the glassy crystal. The transition
temperature from crystal-II to crystal-I and melting point were determined to be 136.02 K and 145.05 K, respec-
tively. The heats of transition and of fusion were determined to be 6427 J mol~ and 788 J mol~?, respectively.
From these data, the residual entropy and T, temperature were determined to be 7.4 JK—! mol~* and 65 K, respec-
tively. We also calculated the ratio of T, to T}, for several glassy crystals known hitherto, which amounts to 1.15—
1.20. The stabilization effect was studied by the measurement of the change of the configurational enthalpy in

the glassy crystalline state.

irreversible transition from the supercooled crystal-I to crystal-II.

Also, we discovered a new meta-stable intermediate phase (crystal-III) in the course of

The thermal properties of this phase were also

studied and its residual entropy was determined to be 2.7 JK~! mol—2.

Although the glass transition phenomenon is generally
considered to be characteristic of the supercooled liquid
state, it is known that the supercooled crystalline state
of some materials also shows a similar behavior.l=®
We studied the heat capacities of cyclohexanol and
concluded that the anomalous jump of the heat capacity
curve of the supercooled high-temperature form is
attributed to the glass transition phenomenon. We
have proposed a new term “Glassy Crystal” for the
frozen-in state of the supercooled crystalline phase which
has glass transition point. We would like to present
the results of heat capacity measurements on the glassy
crystalline state of 2,3-dimethylbutane as well as on
various other stable phases and also on a metastable
phase of this material. The thermal study of this
substance has already been carried out by Douslin and
Huffman.®? They revealed that it has two crystalline
phases, a high-temperature form (crystal-I) and a low-
temperature form (crystal-II). The easy supercooling
effect of the high-temperature form with rapid cooling
has been confirmed in the study of nuclear magnetic
resonance by Segall and Aston.® The thermal data of
the supercooled crystal-I, however, were not given by
Douslin and Huffman. In this article we report on the
residual entropy of the glassy crystal as well as the
T, temperature which was defined by Gibbs and
Adam.® The relaxation phenomenon of the enthalpy
was observed below glass transition temperature by
annealing. An attempt has been also made to clarify
the temperature dependence of the relaxation time.
Furthermore, in the course of the irreversible transition
from the supercooled crystal-I to crystal-II, we have
discovered a metastable intermediate phase (crystal-

1) K. Adachi, H. Suga, and S. Seki, This Bulletin, 41, 1073
(1968).

2) H. M. Huffman, S.S. Todd, and G. D. Oliver, J. Amer.
Chem. Soc., 71, 584 (1949).

3) J. G. Aston, H. Segall, and N. Fuscheillo, J. Chem. Phys., 24,
1061 (1956).

4) D. R. Douslin and H. M. Huffman, J. Amer. Chem. Soc.,
68, 1704 (1946).

5) H. Segall and J. G. Aston, J. Chem. Phys., 23, 528 (1955).

6) J. H. Gibbs and G. Adam, ibid., 43, 139 (1965).

IIT). Based on the heat capacity data of the crystal-III,
the heat of transition from crystal-III to the supercooled
crystal-I and the residual entropy of crystal-III have
also been estimated.

Experimental

Material. The material was a mixture of two parts
which had different purity. About 60 cc of 2,3-dimethyl-
butane (Tokyo Kagaku Seiki Co., Ltd. standard material
99.09%,) was washed with concentrated sulfuric acid (including
a small amount of potassium chromate) for ten hours at room
temperatures to remove olefins involved. After this treat-
ment the specimen was separated from the sulfuric acid solu-
tion by vacuum distillation and finally fractionally distilled.
About 30 cc of the middle fraction of the distillate was ob-
tained (A). On the other hand, 40 cc of the specimen
which was claimed to have near 99.99, purity (Tokyo Kagaku
Seiki Co., Ltd.) was purified by vacuum distillation at —70°C
and about 20 cc of the middle fraction was obtained (B).
The fractions (A) and (B) were mixed and the mixture was
further distilled in a vacuum at —70°C. The purified speci-
men was introduced into the sample container for heat capa-
city measurements by vacuum distillation. The sample which
had the same purity as that for heat capacity measurements
was used for differential thermal analysis. The purity deter-
mined from equilibrium temperatures during fusion process
was found to be 99.87%, as will be described below.

Apparatus. The heat capacity was measured by a
Nernst type adiabatic calorimeter with a platinum resistance
thermometer. The details of the apparatus were reported
previously.”® The weight of the specimen employed in the
measurement was 19.844 g (about 30 cc) after the correction
for buoyancy due to air. A small amount of helium gas
(0.2—0.5 cc at room temperature and 1 atm) was added as
a heat exchange medium. After the sample and helium gas
were introduced into the container, the filling tube (copper
capillary) was pinched off and shielded with a soft solder.
The apparatus for the differential thermal analysis has also
been reported.?

7) T. Matsuo, H. Suga, and S. Seki, Reported at The 3rd
Japanese Calorimetry Conference 1967.

8) H. Suga and S. Seki, This Bulletin, 38, 1000 (1965).

9) H. Suga, H. Chihara, and S. Seki, Nippon Kagaku Zasshi,
82, 24 (1961).
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Experimental Results

Differential Thermal Analysis (DTA). For the
preliminary study of thermal behaviors of this material,
differential thermal analyses have been carried out.
The results are shown in Fig. 1. Run-1 is for a cooling

Crystal-IIl

Run-3

EXO <~ — ENDO

rystal-1I

Run -4 _ . %

1 1 1

1
120 140

8 100
T (K)
Fig. 1. DTA curves of 2,3-dimethylbutane.
curve with a rate about —1.4 K min-. The liquid
state is supercooled to about 128 K where a sharp
exothermic peak due to an abrupt crystallization has
been observed. No remarkable thermal anomalies have
been observed on further cooling. On account of noise
effects and of a slow cooling rate between 80 K and
60 K, a reliable DTA curve has not been obtained.
When the temperature was raised rapidly as soon as
the sharp exothermic peak was observed at about
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128 K in Run-1, only a peak due to the fusion effect
was observed at about 145 K. This is shown by the
curve for Run-2. From these DTA curves, it was
confirmed that the high-temperature form (crystal-1)
is easily supercooled. Run-3 is of a heating curve
after slow cooling down to 65 K with a similar condition
for Run-1. The heating rate of Run-3 is of about
1 K min-1. It is seen that the supercooled crystal-I
exhibits an anomaly resembling glass transition at about
78 K. The anomaly has been attributed to the glass
transition phenomenon. An exothermic change was
successively observed at about 89 K where the super-
cooled crystal-I was irreversibly transformed into an-
other crystalline phase. We designate this crystalline
phase as crystal-III, although we have not confirmed
by X-ray analysis whether it is a pure single phase or
a mixture of several modifications. After the formation
of crystal-III, a gradual heat evolution was observed
between 95 K and 105 K. It is considered that a part
of crystal-IIT was transformed into a low temperature
form (crystal-II) irreversibly in this temperature region.
At about 107 K, the phase transition from crystal-III
to an unknown crystalline phase was observed. This
unknown phase is, however, unstable and irreversibly
transformed to another crystalline phase. The resulting
crystalline phase is evidently a stable modification below
136 K as shown by Run-4. Here Run-4 is for the
heating curve determined after Run-3 has been stopped
at about 125 K and cooled to a lower temperature.
We designate this stable phase as crystal-II. Crystal-II
was then transformed to crystal-I at 136 K, followed
by the fusion of crystal-I at about 145 K. In this case
we have always observed a small anomaly at about
135 K just before the II-I transition point in Fig. 1,
and the anomaly is rather exaggerated. Occurrence of
this anomalous hump!® was influenced by previous

T T T T

140

120

100

80

60

T

Cp (Jk! mol-?)

401

;—I_.___.__-___--_—.——_

1 1 1
200 240 280
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Fig. 2. The heat capacity curves of 2,3-dimethylbutane.
@ the crystal-I, the supercooled crystal-I and the glassy crystal
O the crystal-II (below 136 K) and the liquid (above 136 K)

/\ the crystal-III

10) After the experiment was over, more clear and doubly separated peaks were observed by use of a new type DTA apparatus con-

structed in our laboratory. The details will be reported elsewhere.
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TABLE 1. MOLAR HEAT CAPACITIES OF 2,3-DIMETHYLBUTANE
Mol wt=286.179 0°C=273.15K
Tyve AHIAT AT Tey. AHAT AT Ty AH[AT AT Toy AH[AT AT
K JKImol™?* K K JKmol? K K JKmol1 K K JKmol! K
Series 1 95.323 76.420 2.74 98.134 78.253 2.78
(Glassy crystal and Supercooled crystal-I) 101.344 80.333 3.64 104.939 82.752 3.55
14.481 9.420 1.62 16.259 11.817 1.92 108.451 85.240 3.47 111.888 87.751 3.40
18.444 14.826 2.45 20.972 18.374 2.61 115.248 90.157 3.33 118.542 92.571 3.26
23.381 21.623 2.20 25.681 24.567 2.40 121.402 95.416 3.54 125.444 98.430 3.46
27.949 27.368 2.13 30.596 30.443 3.16 128.855 102.503 3.36 132.188 111.636 3.30
33.584 33.678 2.82 36.281 36.423 2.58 134.814 216.86 1.95
39.313 39.268 3.48 42.662 42.234 3.21 Series 7
45.764 44.861 3.00 48.673 47.289 2.82 (Crystal-I)
51.429  49.595 2.69 54.404 51.975 3.26 138.319 137.20 1.6l 139.847 138.68 1.45
57.589 54.706 3.10 60.635 57.447 2.96 141.283 142.27 1.42
63.570 60.269 2.83 66.638 63.509 3.16 Series 8
69.823 68.428 2.98 72.813 78.974 2.69 (Supercooled crystal-I and Crystal-I)
75.198  98.343 1.98 76.849 117.104¢ 1.74 133.939 136.11 0.98 134.919 137.02 0.98
78.547 125.021 1.65 136.071 137.35 1.32 137.394 137.54 1.32
Series 2 Series 9
(Glassy crystal and Supercooled crystal-I) (Supercooled crystal-I)
71.507  72.651 1.81 73.397  86.856 1.98 129.809 134.38 1.28 131.353 136.11 1.80
74.905 111.857 1.04 75.918 120.114 0.99 133.147 137.05 1.79 134.935 137.28 1.79
76.900 121.025 0.98 77.876 122.50 0.97 Series 10
Series 3 (Supercooled liquid and Liquid)
(Supercooled crystal-I) 141.900 144.02 0.86 142,908 144.40 1.15
76.755 121.151 0.85 77.472 122.940 0.56 144.630 144.77 2.29 146.915 145.31 2.28
Series 4 149.192 145.73 2.27
(Crystal-III) Series 11
50.368 47.832 2.10 55.354 51.823 2.55 (Liquid)
60.269 55.727 2.37 64.882 60.156 2.28 153.254 146.73 2.59 155.836 147.31 2.58
69.190 64.925 2.07 73.218 69.611 1.96 158.409 147.82 2.57 160.974 148.53 2.56
77.248  74.961 2.29 81.691 81.723 2.14 163.531 149.05 2.55 166.078 149.64 2.54
83.871 84.698 2.08 169.373 150.37 4.05 172.656 151.01 2.52
Series 5 175.926 151.82 4.02 179.932 152.80 3.99
(Crystal-III) 183.915 153.74 3.97
26.399  24.485 1.11 27.988  26.300 2.05 Series 12
29.946 28.532 1.87 31.886 30.708 2.0l (Liquid)
33.824 32.827 1.87 35.634 34.725 1.75 187.462 154.61 3.95 190.662 155.39 2.45
47.239 45.191 1.75 51.319 48.561 2.08 193.843 156.21 3.91 197.730 157.14 3.89
55.342 51.792 1.95 59.124 54.745 1.84 201.617 158.20 3.87 205.474 159.15 3.85
63.566  58.697 2.30 67.997 64.017 2.14 208.595 159.98  2.39
72.153  69.016 2.0l 76.075 73.267 1.91 Series 13
80.018 79.013 2.25 82.254 82.122 2.18 (Liquid)
Series 6 212.836 161.12 2.60 214.304 161.86 0.34
(Crystal-II) 215.509 161.86 2.07 218.606 162.69 4.12
13.033 3.865 3.24 16.061 6.966 2.82 222.719 163.73 4.10 226.806 165.08 4.07
18.989 10.566 3.04 21.662 14.062 2.30 230.910 166.34 4.14 234.989 167.57 4.02
23.607 16.616 1.58 95.445 18.982 2.09 238.997 168.76 3.99 242.977 170.09 3.97
27.769 21.962 2.56 30.170 24.854 2.25 Series 14
32.944 28.033 3.30 36.056 31.398 2.92 (Liquid)
39.372 34.699 3.71 42.911 37.975 3.37 233.074 166.96 2.57 236.407 167.96 4.10
46.151 40.775 3.12 49.170 43.324 2.92 240.497 169.31 4.08 244.560 170.74 4.04
52.366 45.890 3.47 55.742 48.500 3.28 248.592 171.96 4.02 252.599 173.36 3.99
58.948 50.932 3.13 62.009 53.295 2.99 256.583 174.66 3.98 260.543 176.07 3.94
64.940 55.471 2.88 67.936 57.568 3.12 264.510 177.42 3.99 268.452 178.85 3.89
70.996 59.696 3.01 73.958 61.707 2.92 272.332 180.20 3.87 276.656 181.65 4.78
77.067 63.926 3.30 80.324 66.310 3.21 280.527 183.07 2.96 284.372 184.52 4.73
83.483 68.534 3.10 86.546 70.744 3.02 289.071 186.33 4.67 298.723 188.10 4.63
89.53¢ 72.707 2.95 92.458 74.562 2.89 298.340 189.75 4.60 302.921 191.52 4.56
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thermal history and may be attributed to the effect
of impurities.

Measurement of Heat Capacity. The results of the
heat capacities are listed in Table 1 and heat capacity
curves are shown in Fig. 2, where direct results of
the measured heat capacities are given by A4H[AT,
that is, an increment of the molar enthalpy divided by
the corresponding temperature increment. Series-1
shows the heat capacities of the glassy crystalline state
of crystal-I which has been established by supercooling
the specimen with an average cooling rate of —2K
min-! from 150 K to 75 K. In series-1 and series-2,
the average heating rates were about 10 K/hr and
4 K/hr, respectively, in the glass transition region. The
glass transition temperature was determined to be about
75 K from series-1 and 76 K from series-2. As is well
known, it is considered that the discrepancy resulted
from the difference in heating rates.!:1?) Series-2 also
shows the heat capacity of the glassy crystalline state
of crystal-I after supercooling with a cooling rate about
—2 K min~!. In the glass transition region, the measure-
ments were disturbed by heat evolution due to the
relaxation of enthalpy. This phenomenon was observed
from 55 K and gradually increased up to 72 K. This
heat evolution due to relaxation effect was removed
by treating it as if it had arisen from heat inflow due
to an incompleteness of adiabatic conditions. In other
words, these relaxation effects were subtracted by the
correction of a temperature drift in the computation
of the heat capacities.!® If we treat the heat due to
the relaxation effect in this way, the calculated values
of the heat capacities correspond to those of constant
configuration; ¢.e. those measured with an infinitely
rapid heating rate. The data of supercooled crystal-I
which were obtained successively after the annealing
experiments (described later) are shown in series-3.
The aim of the measurements of this series was to see
whether the irreversible transition from the glassy
crystal to another phase had occurred or not during
the course of annealing. Series-4 and series-5 give the
selected values for crystal-III.  The condition for
establishing this phase is determined on the basis of
the DTA measurements. Series-6 shows the heat capaci-
ties for crystal-II. The heat capacities of crystal-I and
supercooled crystal-I are given in series-7,8 and 9.
The heat capacities of supercooled crystal-I were meas-
ured after the specimen was slowly cooled (about
—1 K min~?) to about 133 K. However, below 133 K,
the irreversible transition from supercooled crystal-I to
the low temperature phase occurred gradually before
the adiabatic condition for measurement was established.
On account of this instability, the heat capacities of
supercooled crystal-I between 80 K and 130 K could
not be measured. The heat capacities of the liquid
state are given in series-10—I14. Heat capacities meas-
ured in this investigation have been compared with
the data of Douslin and Huffman.#? The deviation is
found to be about 4-0.59%, below 20 K, whereas the
data agree quite well within 0.1%, between 25 K and

11) B. Wunderlich, J. Polymer Sci., G 6, 137 (1963).
12)" J. A. McMillan, J. Chem. Phys., 42, 3497 (1965).
13) For temperature drift, see Ref. 8.
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100 K for crystal-II. However, near transition tem-
perature (136 K), our results are larger than those of
Douslin and Huffman. The deviation between 110 K
and 120 K is from 0.39 to 19, and between 120 K
and 130 K about 29%,. The deviation near the transition
point might be due to impurity. In the region from
136 K to 220 K, the data of Douslin and Huffman is
about 0.29, smaller and in the region from 220 K to
300 K, about 0.59, smaller.

TABLE 2. EQUILIBRIUM TEMPERATURES
DURING FUSION PROCESS

Fraction melted F I/F Temperature
(%)
46.8 2.137 144.488
58.7 1.704 144.578
71.2 1.404 144.646
84.1 1.189 144.702
97.1 1.030 144.752

Melting point of pure 2,3-Dimethylbutane 145.04+ 0.01K
Mol %, of impurity 0.139%,

TABLE 3. MOLAR HEAT OF FUSION

AH|J mol—*
Ist experiment 794.3
2nd experiment 793.1
mean 793.7+1.0

TABLE 4. MOLAR HEAT OF TRANSITION

AH[K]J mol—1
Ist experiment 6.423
2nd experiment 6.428
3rd experiment 6.430
mean 6.425-+0.01

Molar Heats of Transition and Fusion. Equilibrium
temperatures during fusion process and the molar heats
of fusion and transition are given in Tables 2,3, and
4, respectively. As shown in Table 2, the impurities
in the specimen are determined to be 0.139, from the
fractional melting data assuming no formation of solid
solution. Compared with the data of Douslin and
Huffman® both the melting point and the transition
point of this study are somewhat lower. The values
of the heat of fusion and the heat of transition are
also smaller than those of Douslin and Huffman. A
part of the disagreement may be attributed to the
effect of the impurity. Another origin of the discrepancy
may be attributed to the ambiguity in the estimation
of the normal heat capacity curve. For the determina-
tion of the standard entropy, however, an error due
to this ambiguity is small enough because the error
of the entropy change at the transition point is corrected
by heat capacity due to pre-transition. The increment
of the molar entropy from 120 K (below transition
point) to 150 K (above melting point) is compared
with the value calculated from the data of Douslin and
Huffman. The difference of these values is only 0.4 J
K-tmol-1. Therefore the molar entropy may not be
affected severely by the impurity of about 0.19, involved
in the present specimen.
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Estimation of the Heat Capacity of Supercooled Crystal-I
between 80 K and 130 K. The heat capacity of
supercooled crystal-I between 80K and 130K is
estimated to be

Cp, = 0.18571T + 111.143 JK™* mol™? (1)

which corresponds to the straight line obtained by
connecting the values of the heat capacities at 80 and
130 K as shown in Fig. 2 (dotted line). Based on this
interpolation equation, the molar enthalpy of super-
cooled crystal-I was calculated. Here, we have taken
the value of the enthalpy of crystal-IT at 0 K as 0 for
the standard point of the enthalpy of this material.
This value is compared with the directly determined
value of the molar enthalpy of supercooled crystal-I
at 77.72 K. Direct determination of the molar enthalpy
of crystal-I was made as follows. If the temperature
of glassy-crystal-I be raised up a little above 7%, say
77.7 K, a spontaneous exothermic transition takes place
to another metastable phase which is finally transformed
into the most stable crystal-II. If an adiabatic condition
of the calorimeter cell is maintained during the irrever-
sible changes, the molar enthalpy of supercooled crystal-
I at 77.7 K can be determined by measuring the tem-
perature at which the irreversible transitions terminate,
since the enthalpy of crystal-II at this temperature is
already known. In the actual measurement, an excess
electric energy was supplied to terminate the phase
change more rapidly. Assuming a complete adiabaticity,
the calculation was made as follows.

H(77.720) = Hy;(125.984) + 5125’984cp(empty cell)dT
720

77.

— Y(supplied electric energy) (2)

Here, H;(77.720) and H;;(125.984) are the enthalpies
of supercooled crystal-I at 77.720 K and of crystal-II
at 125.984 K, at which the irreversible transition ends
completely under a specified condition for energy supply.
Thus the enthalpy of supercooled crystal-I at 77.720 K
was determined to be 6084.8 Jmol-1. Calculation from
the integration of Eq. (I) gives, on the other hand,
6211.1 Jmol-1. For this discrepancy, the following
three possibilities are considered; 1) True heat capacity
curve of supercooled crystal-I is located above the
estimated one. 2) The actual glassy crystal contains
some amounts of the crystal-II phase due to insufficient
cooling rate in the preparation of glassy crystal. 3)
Experimental error due to the incompleteness of adiaba-
tic conditions. In the calculation of various ther-
modynamic functions, the mean value 6150470 Jmol-!
has been employed.

The Residual Entropy of the Glassy Crystalline State.
By comparison of the gaseous entropy determined from
thermal data with that computed from spectroscopic
data, it was concluded by Scott et al. that the crystal-1I
has no residual entropy at 0 K.1* Based on this result
the residual entropy of the glassy-crystalline state at
0 K has been determined by a well defined method.
Contributions below 13 K have been determined from
extrapolated heat capacities assuming the Debye theory.

14) D. W. Scott, J. P. McCullough, K. D. Williamson, and
G. Waddington, J. Amer. Chem. Soc., 73, 1707 (1951).
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The Debye temperatures were taken to be 129.44 K
and 101.35 K for crystal-II and the glassy crystal-I,
respectively, by assuming 6 degrees of freedom. The
increment of the entropy of the supercooled crystal-I
between 80 and 136 K was calculated by using Eq. (1)
with a slight correction (0.6 JK—!mol-1) due to the
uncertainty of this equation as described above. The
calculation is shown in Table 5 and the residual entropy
of the glassy crystal is determined to be 7.44-1.3 J K-1

mol-1,

TABLE 5. THE THIRD LAW ENTROPY OF CRYSTAL-I
AT 136.02 K via II-I TRANSITION AND via
GLASSY CRYSTALLINE STATE

48 (JK-1 mol-?)

Temperature (K) Contribution

via I1-1 transition

0— 12.5 Debye extrapolation 1.16
12.5—136.02 JC,(II) dInT 98.22
136.02 Transition (6427/136.02) 47.25
146.63
via glassy crystalline state
0— 13.5 Debye extrapolation 2.92
13.5— 80.0 JC, (Glassy cryst.) din7  66.35
80.0—136.02 JC, (I) dInT+0.6% 70.0
139.27

a) VEquation(l) is used for Cp(I) and 0.6 JK-! mol-?! is
added after integration for correction.

Crystal-111. On account of intricate irreversible
transitions, the heat capacity of crystal-III between
80 K and 107 K and the heat of transition which occurs
at 107K from crystal-III to other unknown phase
could not be measured. The molar enthalpy of the
crystal-IIT at about 80 K has been measured by the
same procedure as that employed in the determination
of the enthalpy of supercooled crystal-I. The procedure
gives 4990+40 J mol-! at 78.39 K. Using this value,
we have attempted to estimate the heat of transition
at 107 K. We assumed that the unknown crystalline
phase into which crystal-III is transformed at 107 K is
supercooled crystal-I. The heat capacity of crystal-III
between 80 K and 107 K is estimated by the extrapola-
tion equation which is represented by

C, = 0.782T + 16.3 JK~* mol (3)

From these assumptions, the heat of transition from
crystal-ITI to supercooled crystal-I has been calculated
to be 2370 J mol-1.

The residual entropy of crystal-IIT which amounted
to 2.7 JK-1 mol-! was calculated from the heat of
transition determined above and the estimated heat
capacity equations 1 and 3. The calculation is given

TABLE 6. THE THIRD LAW ENTROPY OF CRYSTAL-I
AT 136.02K via III-I TRANSITION

Temperature (K) Contribution 4S8 (JK~1 mol?)
0— 24.5 Debye extrapolation 10.81
24.5— 82.0 [Cp (1) dInT 54.72
82.0—107 JCp (III) dInT 23.8
107 Transition (2373/107) 22.2
107 —136.02 JCp (1) dInT 32.4
143.9
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in Table 6 where contributions to the entropy below
about 25 K has been estimated by using the Debye
function with the value of 107.6 K for 6, and by assuming
6 degrees of freedom. There appears an anomalous
swelling in the heat capacity curve around 70 K. At
this temperature range, a fairly long time was required
to attain thermal equilibrium (about 25 min). Above
75 K, gradual heat liberation due to the irreversible
transition to crystal-II was observed.

Thermodynamic Functions. Thermodynamic func-
tions for the three crystalline phases and for the liquid
phase are all listed in Table 7. The molar enthalpies
and the molar entropies of respective phases are plotted
in Figs. 3 and 4.

Relaxation of Enthalpy below the Glass- Transition Point.
It is well known that the configurational degrees of
freedom of the glass-forming materials are virtually
frozen below T, on account of the long relaxation

time.

However, if the temperature is regulated to be

constant below glass transition point, the configurational

TaBLE 7. THERMODYNAMIC FUNCTIONS OF 2,3-

DIMETHYLBUTANE (unit: JK='mol™?)

TK) Cp 8§ (H—HYT —(G—H)IT
(Crystal-II)

5 (0.224) (0.0747) (0.0569) (0.0187)
10 (1.787) (0.5976) (0.4481) (0.1495)
20 11.89 4.457 3.303 1.154
30 24.65 11.73 8.327 3.404
40 35.31 20.34 13.79 6.549
50 44.03 29.18 18.79 10.39
60 51.73 37.89 23.81 14.08
70 59.02 46.43 28.33 18.10
80 66.07 54.77 32.60 22.17
90 73.02 62.96 36.71 26.25
100 79.44 70.99 40.66 30.33

110 86.30 78.88 44 .49 34.39
120 94.01 86.70 48.29 38.41
130 103.18 94.58 52.15 42.43
136.02 Transition

(Crystal-I)
140 137.72 151.08 103.29 47.49
145.04 Fusion
(Liquid)

150 145.92 166.81 110.69 56.12
160 148.16 176.30 112.97 63.33
170 150.43 185.35 115.11 70.24
180 152.81 194.01 117.11 76.90
190 155.22 202.34 119.06 83.28
200 157.73 210.37 120.94 89.43
210 160.23 218.12 122.76 95.36
220 163.03 225.64 124,52 101.12
230 165.98 232.95 126.26 106.69
240 169.09 240.08 127.98 112.10
250 172.39 247.05 129.69 117.36
260 175.83 253.88 131.40 122.48
270 179.32 260.58 133.11 127.47
280 182.91 267.16 134.82 132.34
290 186.61 273.65 136.54 137.11
300 190.40 280.03 138.27 141.76
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o §°—S8% (H°—H5 —(G°—Hj
TK) G (8) @)IT — @)T
(Glassy crystal and Supercooled crystal-I)
5 (0.4669) (0.1557) (0.1167)  (7.6)
10 (3.637)  (1.234) (0.9238)  (7.7)
20 17.01 7.71 5.54 9.6
30 29.75 17.10 11.56 12.9
40 39.91 27.10 17.42 17.1
50 48.40 36.93 22.78 21.5
60 56.84 46.49 27.71 26.2
70 68.88 56.03 32.63 30.8
80 126.00 69.27 41.32 35.4
90 (127.9) (84.3) (50.9) (40.8)
100 (129.7) (98.0) (58.8) (46.6)
110 (131.6)  (110.5) (65.5) (52.4)
120 (133.4)  (122.2) (71.1) (58.5)
130 (135.3)  (133.3) (76.1) (64.3)
. 89 H°—HS —(G°—H°
TK) G, (II1) EIII))/YQ (I(II))/T"
(Crystal-III)
5 (0.3906)  (0.1302)  (0.0977)  (2.7)
10 (3.073) (1.037) (0.7768)  (3.0)
20 (16.27) (6.90) (5.00) (4.6)
30 28.60 15.94 10.91 7.7
40  39.00 25.64 16.68 11.6
50 47.48 35.28 22.01 16.0
60 55.53 44.66 26.93 20.5
70  65.87 53.95 31.71 25.0
80 78.85 63.55 37.74 28.6
T T T T I T T T T 1T T 1 T |
liquid—2,
16000
Crystal I<
14000~ !
12000+ Tm -
fn 10000 .
E Supercooled
5 ol 5 _
o

Fig. 3.

T (K)

The enthalpy curves.
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150 —

supercooled

Crystal- 1 —L’

Glassy Crystal

T (K)
Fig. 4. The entropy curves.

enthalpy returns gradually to the equilibrium value
from that of non-equilibrium frozen state.!® We have
revealed previously? that a similar behavior to ordinary
glass is observed in the glassy crystalline state of cyclo-
hexanol. The relaxation process for the glassy crystal
of 2,3-dimethylbutane was investigated in the same way
below T,y by annealing. The experiments were carried
out as follows. Crystal-I was supercooled with the
cooling rate of about —2 K min~1. Cooling was stopped
at a definite temperature below T, and the temperature
was regulated to maintain constant value for at least
20 hr.  These studies were carried out at 60.7, 65.1,
69.7 and 72.0 K and the temperatures were regulated
in the range of 4+0.3 K. After annealing for 20 hr,
the temperature of the specimen was raised by supplying
electric energy under adiabatic conditions to a tem-
perature where an internal equilibrium was established,
say 76 K. From the supplied energy, the difference
in the enthalpies between the annealed glassy crystal
at the initial temperature 7; and the supercooled
crystal-I at T, (about 76 K) was determined. Of
course a part of the supplied electric energy is used to
change the enthalpy of some degrees of freedom which
is not frozen at the 7,. Thus, the enthalpy change
due to this kind of degree of freedom (increment of
the energy of vibrations or so) was subtracted from the
total change of enthalpy in order to see directly the
change of the configurational enthalpy. The heat
capacity due to the vibrations (Cp(vib)) was estimated
by the following equation between 60 and 80 K.

Cp(vib) = 0.9200T + 1.72 JK™* mol™* (4)
The change of the configurational 4H, is given by

T
AH, = AH —JT:' C,(vib)d T Jmol™® (5)

15) R. O. Davies and G. O. Jones, Advances in Phys., 2, 370
(1953).
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where T; and T; were defined above and 4H is the
electric energy supplied per mol. The calculated
values of 4H, are modified so that the final temperature
T, is 76.40 K by using the measured heat capacities
near T,. We take 7,=76.40 K as the reference point
for 4H,=0. The results are shown in Fig. 5 and Table
8. During the course of annealing, the rates of the

TABLE 8. RELAXATION OF THE CONFIGURATIONAL
ENTHALPY OF THE GLASSY CRYSTAL

TK) T,K) 4H AH(vib) 4H,
1 69.669  76.425 671.7 465.6  206.0
2 65.138  76.346  913.7  748.7  165.0
3 60.692  76.327 1146.8 1012.3  134.4
4 72.028  76.328  493.4  300.9  192.6

The unit of 4AH is Jmol—1. AH represents the supplied energy
to raise the temperature from T'; where the specimen was

annealed to T'y. AH (vib) indicates_[:f Cp(vib)dT. Cp(vib)
(3

is given by Eq. (3). 4H_represents the difference of the
configurational enthalpy, i.e. AH—AH (vib).

Hc (Jmol-Y)

-200|—

| | | |
60 70 80

T (K)

Fig. 5. The relaxation effect of the configurational enthalpy.
A-B-F Equilibrium curve calculated from Eq. (1).
A-B-C Change of the configurational enthalpy of the glassy
crystal when it was heated with the rate of 4 K/hr after
cooled down to about 50 K with the rate of —2 K/min.
A-D-G-C  Estimated value of the enthalpy after cooling
with the rate of —2 K/min.
G-H The point G shows the value of H, just after the
crystal-I was chilled to 72 K. After the annealing period of
20 hr the enthalpy changes to the point H.
H-I-A Estimated change of the configurational enthalpy
when the specimen is heated from H with the rate of about
10 K/hr.
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TABLE 9. THE RATE OF CHANGE OF
CONFIGURATIONAL ENTHALPY

Annealed at

72.0K 69.7K 65.2K 60.7K
,__A—\¢ ’—b\o /-—’;—\o — .
Time —H, Time —H, Time —H, Time —H,
0.53 54.4 1.33 27.9 1.33 9.99 0.83 3.25
0.66 48.0 3.09 14.2 4.58 3.20 2.17 2.35
2.58 14.5 4.33 10.4 5.50 4.32 5.00 1.74
5.42 7.50 5.58 8.22 18.75 1.94 6.25 1.58
8.42 4.07 7.00 6.86 19.50 2.16 11.17 1.22
10.66 3.43  9.09 5.09 14.25 1.04
20.00 1.29 15.09 3.88 17.25 1.35
17.83 2.87 19.92 0.81
19.83 2.22

(time unit: hr; —He:10-2J mol~'min-1)

Time (hr)

Fig. 6. Curves of the rate of the enthalpy change at various
temperatures below 7.

heat evolution due to the reversion of the enthalpy to
the equilibrium state were determined from the rate
of spontaneous temperature rise under the temporarily
adjusted adiabatic conditions. The rates of the enthalpy
change at various temperatures were calculated from
these measurements and are shown in Fig. 6. and
Table 9.

Discussion

Residual Entropy and Frozen-in State. Crystal-I of
this material belongs to the so-called “plastic crystal”
named by Timmermans.!® It is known that in the
plastic crystalline phase, the constituent molecules
change their orientations rather rapidly at their lattice
points. The self-diffusion phenomenon is also observed
in many plastic crystals just below their melting

16) J. Timmermans, J. Phys. Chem. Solids, 18, 1 (1961).

Calorimetric Study of the Glassy State. VI 85

points.1”1® The second moment of NMR absorption
line for crystal-I was reported to be 0.7 gauss? at about
140 K.»» This may be explained also as a result of
the rapid motion of molecules in the plastic crystal
phase. It was also reported that the broadening of
the line width of NMR spectrum was observed in the
supercooled crystal-I at about 85 K, about 10 K higher
than T, (=76 K).» This behavior resembles that of
ordinary glasses.2® On the other hand, we have ob-
served the relaxation effect of the configurational en-
thalpy below T, where the relaxation time turns out
to be 20 hr or more. These facts indicate that the
probability of reorientation of molecules becomes smaller
at lower temperatures due to the existence of hindering
potential. At a temperature around 10 K higher than
T,, the frequency of the reorientation is estimated to
be of the order of 103 times per second from the NMR
data. Below T, on the other hand, the relaxation
time becomes longer than the experimental time scale
for heat capacity measurement, resulting in an establish-
ment of non-equilibrium state. Therefore, it is expected
that the main origin of the residual entropy can be
attributed to the randomness of the orientation of molec-
ules. If one calculates from the residual entropy the
average number of configurational states permitted for
a molecule in the glassy crystalline state by using the
relation S,=RIn W, W amounts to 2.4+4+0.3. Here,
Sy, R and W are the residual entropy, the gas constant
and the number of states, respectively. Unfortunate-
ly, the crystal structure of crystal-I is unknown and
quantitative treatment for the orientational degree of
freedom is impossible at the present stage. We should
like to discuss, however, its contribution to the residual
entropy briefly. If we assume the face-centered or
body-centered lattice?" for crystal-I and the center of
gravity of the molecule located at the lattice point, it
is plausible that the orientation of the molecular axis
is directed to one of the three axis of the cubic cell
with respect to their elongated sphere shape of a
molecule. Here, the molecular axis is taken as the
line parallel to the C—C bond connecting two (CH,),CH-
groups. There remains further the degree of freedom
of the rotation of a whole molecule around this axis.
The possible number of orientations permitted for this
degree of freedom may be 4, at least even the con-
formation of the molecule being fixed. Thus, it may
be concluded that at the limit of the most random state,
the molecule will have about 12 kinds of orientations
(3%x4). In other word, the configurational entropy due
to the orientational degree of freedom may be Rln 12
(21 JK-1 mol-1) at high temperature. Comparing this
value with the residual entropy (RIn 2.4), it may
be said that the ordering of orientation should take
place with the decrease of temperature. Furthermore,
we may take into consideration the contribution of

17) H. Suga, M. Sugisaki, and S. Seki, Mol. Cryst., 1, 377
(1966).

18) C. P. Smyth, J. Phys. Chem. Solids, 18, 40 (1961).

19) R. G. Eades, G. P. Jones, J. P. Llewellyn, and K. W. Terry,
Proc. Phys. Soc., 91, 124 (1967).

20) for example, K. Luszczynski, J. A. E. Kail, and J. G. Powles,
ibid., 75, 243 -(1960).

21)  W.J. Dunning, J. Phys. Chem. Solids, 18, 21 (1967).
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the molecular conformations to residual entropy. It
is possible for the molecule of 2,3-dimethylbutane to
have two different conformations by internal rota-
tion,2?) {.e. one frans-form and two identical gauche-
forms. The energy difference between them in the
liquid state has been reported from the studies of the
infrared and Raman spectra and from the absorption
of sound wave. Szasz and Sheppard?® proposed two
possibilities for the energy difference between two
conformations in the liquid state, i.e. either less than
100 cal/mol or very high value from the temperature
dependence of the Raman spectra, based on the fact
that no measureable intensity changes were observed
in the spectra investigated at various temperatures.
Brown and Sheppard studied further the IR and Raman
spectra of the crystalline state and concluded the
existence of only the trans-form.2# They reported,
however, that crystallization took place by raising the
temperature of the “glassy state.”’®® They also reported
that the spectrum in the “glassy state” closely resembled
that in the liquid state. Accordingly, supercooled
crystal-I is considered to be composed of a mixture
of the trans-form and the gauche-form with the ratio
of about one to two. On the other hand, Chen and
Petrauskas determined the energy difference between
two conformations to be 4.0 KJ mol-! from their study
of the absorption of the hypersonic sound wave in the
liquid state.2® The energy difference in the gaseous
state was estimated to be 6.7 KJ mol-! by Pitzer.2?
Scott et al. concluded, however, that it was very small
(less than 100 cal mol-!) from studies of the heat
capacity and the entropy in the gaseous state.l¥ We
have reinvestigated the infrared spectrum of the glassy
crystal at 404-30 K and found that the spectrum was
nearly the same as that of the liquid.?® The study
has been carried out in the region of 1050—800 cm—1.
If we assume that the mixing ratio of the isomers is
frozen at the glass transition point and that the energy
difference is 100 cal mol-1, the contribution of this
degree of freedom to the residual entropy amounts
to 8.6 JK-1mol-1. Here, the gauche form is taken as
the higher energy species. This value exceeds the
actual value of the residual entropy. Thus, we under-
stand from spectroscopic experiments that most of the
residual entropy can be attributed to the random-
ness in the conformation of molecules. That the
residual entropy can be explained only by the freez-

22) R.I. Podlovchenko, L. M. Sverdlov, and M. M. Sushchinskii,
Optics. Spectr., 6, 96 (1959).

23) G. J. Szasz and N. Sheppard, J. Chem. Phys., 17, 93 (1949).

24) J. K. Brown and N. Sheppard, ibid., 19, 976 (1951).

25) They decribed it as a “glassy state”. It is, however, in-
correct, because they did not find any glass transition point. This
“glassy state” may be the supercooled crystal-I and the crystal (in
their notation) is presumably crystal-II.

26) J. H. Chen and A. A. Petrauskas, ibid., 30, 304 (1959).

27) K. S. Pitzer, Chem. Rev., 27, 39 (1940).

28) The results are shown in Fig. 7. Almost the same spectra
were observed in liquid state. Podlovchenko et al. concluded from
calculation of the normal modes of vibration that these bands are
attributed to those of trans-isomer and gauche-isomer as shown in
Fig. 7. Since the specimen sealed in a polyethylene container was
used, transmittance was rather bad. Accordingly, the intensity
of each band is not very reliable.
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Fig. 7. Infrared spectra in the glassy crystalline state of 2, 3-
dimethylbutane.

T; the absorption band due to the ¢rans-form.
G; the absorption band due to the gauche-form.

ing of conformational degree of freedom was already
observed in the case of the glassy crystalline state of
cyclohexanol.? This seemingly strange result can
be explained if we assume that the conformational
degree of freedom is strongly coupled with the orienta-
tional degree. It should be noted that if the confor-
mation be independent of the neighboring molecules,
its contribution to heat capacity should be Schottky-
type and may be much smaller than the actual jump
of the heat capacity at 7, which is caused by the release
from frozen-in state.

T, Temperature. In order to explain Kauzmann’s
paradox,?® Gibbs and Adam have proposed an equa-
tion for the temperature dependence of the relaxation
time in terms of the configurational entropy of the
supercooled liquid.® The theory predicts that the
relaxation time of viscoelastic properties becomes
infinite at a temperature (7,) where the configur-
ational entropy disappears. 7T, temperature is deter-
mined from the equation described below by assuming
that the equilibrium heat capacity is given by the
extrapolation of the heat capacity curve above T.

o TQ
5 = [ "ICy(ea) ~Cy(gDId In T, (6)

where S,°, Cp(eq) and Cp(gl) are the residual entropy,
the heat capacity of the supercooled crystal-I and that
of the glassy crystal, respectively. Here, Eq. (1) ex-
trapolated to lower temperature is used for Cp(eq).
T, Temperature determined in this way amounts to
65.04-0.7 K. It is known empirically that for ordinary
amorphous glass, the ratio of T, to T, is about 1.3.

29) W. Kauzmann, Chem. Pev., 43, 219 (1948).
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TasLe 10. VALUEs oF 4C,, Sy, aAND T[T,
FOR GLASSY CRYSTALS

-  T,K) 4G, S, T[T,
2,3-Dimethylbutane 76 51 7.4 1.17
Cyclohexanol®) 150 24 4.7 1.18
cis-1,2-Dimethylcyclohexane® 94 54 8.6 1.15
Molecular compound® of 2,3-

Dimethylbutane and 2,2- 69 56 10.0 1.19
Dimethylbutane

The unit of ACp and So; JK-! mol~*
a) From Ref. 1.

b) Calculated from Ref. 2,

¢) Calculated from Ref. 3

For the glassy crystals including some other examples
known hitherto the ratio 7,/7, amounts to about
1.15>—1.20 as shown in Table 10. Angell discussed
the value of T,/ T, for ordinary glass®® and considered
the glass having the value of Ty/T,=1 to be an ideal
glass. The small value of T,/T, for glassy crystal
may be explained from the fact that glassy crystal
has higher positional order than ordinary glass. It
is interesting to compare the glassy crystal of 2,3-di-
methylbutane with the glassy state of 2-methylbutane
(isopentane), the study of which was reported previ-
ously.30 The values of Ty/T,, ACp and S;° of 2-methyl-
butane amount to 1.30, 52 JK-! mol~! and 14.1 JK-1
mol-!, respectively. Although their structures differ
slightly the difference between their residual entropies,
6.7 JK-1 mol-1, seems to be attributable to the entropy
of positional disorder of the glassy state of isopentane.
The glassy crystal is considered to be positionally ideal
glass from Angell’s viewpoint.

Relaxation of Enthalpy. If one assumes an expo-
nential decay for the change of configurational enthalpy
in the period of annealing below T, it may be repre-
sented by the equation

4H,(t) = 4H,(0) exp (—t/7). (7)

Here, 4H, is the difference between configurational
enthalpy of frozen state and that of equilibrium state
and 7 the time constant. Differentiation of Eq. (7)
with time gives

log (—H,) = —t/t + constant, (8)

where H, represents dH./d¢. The experimental result
shown in Fig. 6, however, do not fit such ‘a type of
linear equation. From this figure, we recognize imme-
diately that the rate of the enthalpy relaxation is more
rapid at the initial stage than the corresponding ex-
ponential decay with a nearly equal time constant.
This may be explained in two different ways. If one
assumes the existence of different relaxation processes
with different relaxation times, the results shown in
Fig. 6 can be explained. For example, if there exist
two relaxation processes, the equation will be given by

AHy(t) = AH, exp (— /1)) + 4H, exp (—1[ty). (9)

Co-existence of two relaxation processes has been demon-

30) C. A. Angell, J. Amer. Ceram. Soc., 51, 117 (1968).
31) M. Sugisaki, K. Adachi, H. Suga, and S. Seki, This Bulletin,
41, 593 (1968).
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strated experimentally by Macedo and Napolitano?2:33
for boro-silicate glass. Another explanation is given
by considering that the time constant is not only a
function of temperature but also of the thermodynamic
variables of the glassy state. Gibbs and Adam considered
that the mechanical relaxation time in the supercooled
liquid depends on the configurational entropy as well
as on the temperature.® We have examined the ap-
plicability of their theory to the relaxation of the
configurational enthalpy. The H.(¢) at time ¢ is given
by

— H,(t) = W(T)H,(t). (10)

Here, W (T) is the transition probability of the region
in which molecules (or segments) change their con-
figuration co-operatively. W (T') is given by

W(T) = Aexp (C/TS,). (11)

Here, A and C are constants and S, the configurational
entropy. From Eq. (10) and (11), we obtain

log (—H,/4H,) = —C/(2.30TS,) (12)

From the data of annealing at 69.7 K and 72.0 K, the
values of log(—H./4H,) are plotted against 1/S; in
Fig. 8. The values of S. at various time values are
determined by the equation

Su(t) = S.0) — | (Hy/T)dt + 4S,,,. (13)
vo

Here, S.(0) is equal to the residual entropy and A4S,

is, the irreversible entropy production.!® The latter

is however, too small (less than 19, of the integral

term) and can be neglected. As is seen in Fig. 8, the

log (—H/A4H,)

|
0.150

1/S.

Fig. 8. The plot of In (— H¢/AH ) vs. 1/Se.
O calculated from the data of annealing experiment at
720K
@ calculated from the data at 69.7 K

agreement between theory and experiment is roughly
established. From the slopes, the value of the constant
C in Eq. (12) is determined to be about 9.9 KJ mol-1
for 69.7 K and 9.1 KJ mol-! for 72.0 K. In the Gibbs-
Adam theory, constant C is related to the number of

32) P. B. Macedo and A. Napolitano, J. Res. Natl. Bur. Std.
(U. 8. A)), 71A, 231 (1967).
33) A. Napolitano and P. B. Macedo, ibid., 72A, 425 (1968).
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molecules or segments Z* in a minimum cooperative
region by the equation

C = AuS.Z*|R, (14)

where Ay is the activation free energy per mole and
R the gas constant. We have assumed for a moment
that the value of 4u is equal to the difference between
the Gibbs free energies of crystal-I just below melting
point and of the glassy crystal at 70 K. It turns out
to be 1.5 KJ mol-1. This assessment on Ay is rather
small judging from the fact that the apparent activation
energy for the rotational diffusion of molecule in the
plastic crystals is known to be about 8 KJ mol-1.3%
Therefore, we take 1.5—8 KJ mol-! for the value of
Au and determined the value of S.Z* to be 10—
55 JK-1mol-1 by putting 9.9 KJ mol-! for the value
of C. Taking the residual entropy (=7.4 JK-! mol-1)
for S., Z* is calculated to be 1—7. It may be noted
that the relaxation effect was still observed below T,
temperature as shown in Fig. 5. This fact does not
contradict the Gibbs-Adam theory because the glassy
crystalline state prepared in this way has a finite value
of S..

The Heat Capacity Below T ,. As shown in Fig. 2,
the heat capacity of the glassy crystal is anomalously
large at low temperature compared with that of crystal-
II. The frequency spectrum of lattice vibration for
the glassy crystalline state seems to be of interest. The
data of C, (the heat capacity at constant volume) is
necessary, but as the expansion coeflicient and com-
pressibility of this material are unknown at low tem-
perature, it is impossible to know the C,—C,. Based
upon the theory of Hovi®*® and Pautano, we have
tried to find out the difference in the spectra of the
glassy crystal and crystal-II from the difference of their
heat capacity. Here, it is assumed that the Cp—G,
of each state are equal and all the vibrations are harmo-
nic. According to the notation by Hovi and Pautano,
the equations are given by

A.X, = C,; and
A-X; = Cy,

where X; and C; are the column vectors representing
the magnitude of the histogram of the spectrum and
that representing the heat capacities for the glassy
crystal, respectively, and X, and C, are those for cystal-
II. The difference between Egs. (15) and (16) is
given by

A-AX = AC,

where 4X is X;— X, and 4C is C;—C,. In the region
from 0 to 30 cm~1, the frequency spectrum is assumed
to follow the Debye model. The cut-off frequency is
then taken as 130 cm~! judging from the Debye tem-
perature 130 K (=90 cm™1) for crystal-II. The region
from 30 to 130 cm—! is devided into five sections with
equal width of 20 cm~. The values of the specific heat

34) A. Bondi, ‘“Physical Properties of Molecular Crystals, Li-
quids and Glasses,” J. Wiley and Sons, Inc., New York (1968),
p. 106—121.

35) V. Hovi and Y. Pautano, Ann. Acad. Sci. Fenn. Ser. A, 6, 1,
(1960).
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Fig. 9. The difference in the frequency spectrum of the lattice
vibration between the glassy crystal and the crystal-II.

at 14, 17, 20, 25, 30 and 40 K are employed for 4C
in Eq. (14). The result is shown in Fig. 9. The positive
value of the spectrum below 30 cm~! can be explained
by the lower density of the glassy crystal compared
with that of crystal-II. Unfortunately, the data of
the density of this material at low temperature is not
available at present. It is known, however, that the
large increase of the molar volume is associated with
the transition from the low-temperature phase to the
plastic phase, so the lower density of the glassy crystal
may be the case. The large negative spectrum at
80 cm~! suggests that a sharp peak (the vibrational
mode —) exists in the spectrum of crystal-II whereas
the spectrum is smoothed out in the glassy crystalline
state. Dean3® has shown this feature of the smoothing
out effect of the spectrum of the perfect crystal by
introducing a glass-like disorder.

The Entropy of Transition. Guthrie and Mec-
Cullough discussed the transition entropy 4S; from the
low temperature form to the plastic phase for various
materials by considering molecular symmetry and sym-
metry of the crystal lattice of the plastic phases.?”)
They interpreted A4S, from the viewpoint of the random-
ness of orientation and of the conformation of molecules.
However, we can expect the contribution of entropy
of the lattice vibration to be not negligible because the
large change of the frequency spectrum is expected
on account of softness of the plastic phase. It is con-
sidered that A4S, is the sum of 4S,, 4S. and A4Sy,
where 48,, is the difference of entropy due to orienta-
tional change, 4S5, that due to conformational change
of the molecule and 4S,; that due to the change in
lattice vibration. We calculated 48,; for the 2,3-
dimethylbutane from the difference in the spectrum of
vibration which is given in Fig. 9. It amounts to
12.8 JK-! mol-! assuming the spectrum of the glassy
crystalline state is retained even at transition tem-
perature. A4S, and 4S. have been estimated to be 21
(~Rln 12) and 9 (~RIn 3) J K-! mol-!, respectively
at the most random state (see page 85). Their sum
becomes 43 JK-1mol-' which is comparable with
the experimental value of A4S, (=47.25 JK-1mol-?).

36) P. Dean, Proc. Phys. Soc., 84, 727 (1960).

37) G. B. Guthrie and J. P. McCullough, J. Phys. Chem. Solids,
18, 53 (1961).

38) J. R. Green and C. E. Sheie, ibid., 28, 383 (1967).
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The agreement will be improved if we take account
of the variation of the frequency spectra (Fig. 9) at a
higher temperature. The data3® of the elastic constant
measured with high frequency ultrasonic wave for the
plastic phase of the cyclohexanol will be helpful for
this consideration. The Debye temperature calculated
is 60 K around 265 K whereas the Debye temperature
in the glassy crystalline state (at 50 K) has been deter-
mined to be about 90 K from thermal data.? If the
effect is taken into account, the value of 4S8,; becomes
larger and a better agreement is obtained between

Calorimetric Study of the Glassy State. VI 89

experimental and calculated 4S;. We would like to
point out that the contribution of A4S, is not negligible
for the explanation of the content of 45,.

Crystal-111. It has been revealed that the residual
entropy of crystal-IIT is determined to be 2.7 JK-1
mol-! and that there exists an anomalous hump in the
heat capacity curve around 70 K. From these facts,
there is the possibility that the state of crystal-III
below 70 K is also glassy crystalline. This can not be
confirmed, however, as the relaxation phenomenon has
not yet been observed.
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Normal Coordinate Treatment and Force Constants of Alkanonitriles

Tsunetake Fustyama
Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo
(Received August 24, 1970)

Force constants of the Urey-Bradley type are calculated for a series of alkanonitriles.

The calculation covers

the mononitriles: CH,CN, CH,CH,CN, (CH,;),CHCN, (CH,);CCN, and the dinitriles: NCCH,CN, NCCHDCN,
NCCD,CN, trans-NCCH,CH,CN, gauche-NCCH,CH,CN. The results show that the force constants can be trans-

ferred from molecule to molecule as a group.
a corresponding chemical structure or a substituent.

One of the most important problems in the field
of vibration spectroscopy is to find a reliable set of
force constants which may explain the frequencies of
many molecules with similar chemical structures. For
the purpose of finding transferrable force constants of
alkyl cyanides, a series of stadies have been made.

There exist some difficulties in the normal coordinate
treatment of rather complicated molecules which are
composed of many different atoms or substituents. The
most important problem, from the viewpoint of force
field, is that the number of force constants which should
be considered in calculations often exceeds that of
information obtained from vibration spectra. Conse-
quently, the force constants obtained from the calcu-
lation are somewhat ambiguous and sometimes cause
an erroneous conclusion when they are transferred to
other molecules.

In the case of molecules consisting of a few atoms or
of many but similar atoms or chemical bonds, the
problem is easily settled or does not exist at all, because
the number of force constants which should be deter-
mined is small, while many pieces of information can
be obtained not only from the vibrational frequencies
themselves but also from the other experimental results.
One solution for this problem may be obtained by
carrying out the normal coordinate treatment of many
molecules having similar chemical structures. However,
there still remain doubts as to whether the method can
also be applied to the case in which two or more chem-
ical structures are combined in one molecule.

In the present report the result of the normal co-
ordinate treatment of some basic alkanonitriles will
be discussed.

It is also shown that a group of force constants is characteristic of

Calculation of Force Constants and Results

The infrared spectra and their frequency assignment
necessary for the present work will be found in the
references,1=® and are not discussed here. The method
of calculation exactly follows that of the reference?

CH3CH,CH3
a
CH3CN CH3CH3
a
CD3CD3
NCCH,CN
NC CHDCN —@Cﬂz CN | NCCH,CH,CN
a
trans & gduche
NCGCD,CN
( CH3)oCHCN
(CH3)3CON
Fig. 1. The Diagram of the Determination of Force Constants

of Alkylnitriles.

1) T. Fujiyama, the MA-thesis submitted to the University of
Tokyo (1963).

2) T. Fujiyama and T. Shimanouchi, Spectrochim. Acta, 20, 829
(1964).

3) T. Fujiyama, K. Tokumaru, and T. Shimanouchi, ibid., 20,
415 (1964).

4) T. Shimanouchi, J. Chem. Phys., 17, 245, 734, 848 (1949).
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and is not repeated here.®

The process for the determination of the force con-
stants is illustrated in Fig. 1. Prior to the explanation
of the process, it is convenient to classify the force
constants of alkanonitriles into three groups: a hydro-
carbon group, an «-carbon group, and a cyanide group.
The significance of these groups is illustrated in Fig. 2.

Ve
\ C
Hydrocabon / Cyanide Grou
Group /c yon! P
H

ol~Carbon Group

H

Fig. 2. Classification of Force Constants.

The a-carbon group is composed of the force constants
associated with the a-carbon to any extent and the
other two groups are composed of those associated with
the f-carbon or with the cyanide radical. The force
constants of acetonitrile obtained by Nakagawa?® and
those of normal hydrocarbons obtained by Takahashi!®
are a good starting set for the present calculation.
First, malononitrile and its deuterated compounds
are treated using the force constants obtained from
acetonitrile and propane. In this process, it was found
necessary to make essential changes in the values of
some force constants. The molecules studied next was
ethylcyanide.  The force constants determined for
malononitrile were directly transferred to those asso-
ciated with a-carbon and cyanide groups, while those
for a methyl part were transferred from ethane. These
two processes were designed for finding the force con-
stants of alkanonitriles associated with the cyanide group
and the a-carbon group. A little refinement of the
force constants was necessary in the process from
malononitrile to ethyl cyanide in order to obtain a good

[Vol. 44, No. 1

agreement between the observed and the calculated
frequencies. However, the force constants of the hydro-
carbon group and of the cyanide group remain un-
changed.

Then the study was extended to larger molecules by
two routes. One route was for succinonitrile in order
to confirm the reliability of the force constants for the
a-carbon and the cyanide groups. The results obtained
were satisfactory both for the trans and the gauche con-
formations of succinonitrile. The other route was
designed for finding the force constants associated with
the secondary and the tertiary a-carbons. In this case
also, the force constants were transferred from ethyl-
cyanide. It must be emphasized here that in the
treatment of the last three molecules, NCCH,CH,CN,
(CH;),CHCN, and (CH,;);CCN, the force constants of
the hydrocarbon and the cyanide groups were not
changed essentially.

The final set of force constants thus obtained are
summarized in Table 1 and in Table 2. The calculated
frequencies are compared with the observed frequencies
in Figs. 3(a) and 3(b).

Interpretation

In the previous section, the difficulty of the normal
coordinate treatment of rather complicated molecules
has been emphasized. The alkyl cyanides are just such
molecules which are composed of many chemically
different atoms, H, C, and N. As easily be understood
from many chemical phenomena, the chemical proper-
ties of the atoms associated with the «-carbon atoms
are much different from those of the B-carbon atom.
The effect of the substituent, the —CN radical, extends
not only to the a-carbon but also to the atoms attached
to the a-carbon atom.

One of the main object of this calculation is to see
whether we can obtain a set of force constants which
may be transferred as a group from one molecule to
another. If the force constants of the hydrocarbon

TaBLE 1. FORCE CONSTANTS FOR THE CYANIDE AND THE HYDROCARBON GROUPS
Cyanide Hydrocarbon
Molecule
_ F (CCN) F(HCH) F(CCQC)
K (C=N) H(CCN) K(C-H) K(C-C) H(HCH) H(CCC) x(CH,)
NCCH,CN 18.159 0.501 — — — — — o
0.141 — —
NCCH,CH,CN 18.30 0.50 — 2.50 — — —
0.14 — —
CH,;CH,CN 18.47 0.50 4.48 2.00 0.07 — 0.01
0.15 0.44 —
(CH,),CHCN 18.47 0.55 2.00 0.07 0.33; 0.01
0.15 0.44 0.27
(CH,),CCN 18.47 0.50 4.48 2.00 0.07 0.33, 0.01
0.15 0.44 0.27;

The «’s are expressed in the unit of md - A. All the other parameters are in md/A.

5) After the completion of this work, a few papers were reported
in which a few of the alkylnitriles of the present topics are dis-
cussed.~® It is important to notice that their spectral assign-

ments are often inconsistent with ours.V
6) J. J. Lucier, E. C. Tuazon, and F. F. Bentley, Spectrochim.

Acta, 24, 771 (1968).
7) P. Klaboe, ibid., 26, 87 (1970).
8) R. Yamadera and S. Krimm, ibid., 24, 1677 (1968).
9) I. Nakagawa and T. Shimanouchi, ibid., 18, 513 (1962).
10) H. Takahashi, Nippon Kagaku Zasshi, 82, 1304 (1961).
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TABLE 2. FORCE CONSTANTS FOR THE ((-CARBON GROUP
F (HCH) F(CCH)®® F(CCH)°N F(CCC) F (CCH)
Molecule K(C-H) K(C-CN) pHCH) H(CCH) H(CCH) H(CCC) H(CcH)  *(Co)
NCCH,CN 4.200 3.202 0.101 — 0.507 0.300 — 0.05
0.342 — 0.210 0.430 —
NCCH,CH,CN 4.20 3.10 0.10 0.54 0.51 0.32 — 0.025
0.34 0.16 0.21 0.36 —
CH,CH,CN 4.34 2.60 0.10 0.54 0.51 0.34 0.48 0.05
0.36 0.19 0.21 0.38 0.14
(CH,),CHCN 4.20 2.60 — 0.54 0.51 0.44 0.48 0.11
— 0.19 0.21 9.35 0.14
(CH,;);CCN — 2.60 — — — 0.34 0.48 0.11
— — — 0.38 0.14

The #’s are expressed in the unit of md:A. All the other parameters are in md/A.
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Fig. 3(b). Vibrational Frequencies for Alkanodinitriles.
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group and the cyanide group are to be transferred
unchanged from one molecule to the other, then the
force constants which should be refined through the
series of calculations are limited to those of the a-carbon
group.

The Cyanide Group (see Table 1). The C=N
stretching vibration has little effect upon the other
frequencies because it is an almost completely localized
vibration. Consequently, the stretching force constants,
K(C=N), can be determined with good accuracy. The
K(C=N) changes its magnitude from the dinitriles to
the mononitriles as is shown in Table 1. The tendency
is interesting if the K(C=N)’s are compared with the
values of K(C-CN) of Table 2. The magnitude of
K(C-CN) decreases from the dinitriles to the mono-
nitriles, while that of K(C=N) increases its magnitude.
This implies that there exist some interactions between
the C-CN and the C=N bonds. As will be found
elsewhere, this is also confirmed by the change of the
bond length of the C-CN.

The force constants of the linear part, C-C=N, are
transferred quite successfully from one molecule to
another in this series of calculations.

The Hydrocarbon Groups (see Table 1). The force
constants belonging to this group have the same values
as those of normal hydrocarbons. The K(C-H) of
isobutylonitrile is not given in Table 1 because the
high frequency separation has been made in the normal
coordinate treatment of this molecule.

It may seem rather curious that the K(C-C) of
succinonitrile has the value of 2.50 md/A, while the
other K(C—-C)’s have the values of 2.00 md/A. However
the superposed effect from two adjacent a-carbon atoms
on the C-C bond of succinonitrile certainly explains
the relatively large value of the obtained force constant.
The C-C bond of succinonitrile is sandwiched between
two a-carbons, so that the effect of the substituents is
supposed to be very large. Therefore, it should rather
be classified into the cyanide group. Actually, some
specific characters of the C—C bond have been reported
and a hyperconjugation between the C—C and the
C-N bonds has been proposed. Consequently, the
anomalous value of this force constant does not spoil
the transferability of this group force constants.

The a-Carbon Group (see Table 2). The stretching
force constants, K(C-C)’s, are a little smaller than
those of hydrocarbon group. This may suggest that
the effect of the substituent extends to the nature of

the bond between the a-carbon and the hydrogen
atoms. A similar conclusion can be obtained from

the values of F(H--H) and H(H-C-H). As the corre-
lation between these two force constants is large, we
cannot compare the magnitudes of these force constants
separately. As a pair, however, an apparent decrease
in the magnitude can be recognized for the F(H--H)
and the H(H-C-H) values when they are compared with
those of normal hydrocarbons.!?? The result is related
with the fact that the CH, scissoring vibrations occur
relatively lower frequencies for the alkanonitriles than

11) After this work was finished, quite different values were
reported for the force constants of normal hydrocarbons. How-
ever, the magnitude of the F-matrix element does not change at all.
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for normal hydrocarbons.1?

The molecular tension around the a-carbon atom
does not satisfy the transferability in this group. In
the case of a methyl group, the values of 0.01 md-A
are commonly used for all the methyl parts of the
molecules. According to the discussion of our laboratory,
the reliable values are hardly be found as for the mo-
lecular tension of the skeletal part. For the purpose
of finding reliable and transferable parameters, the
result is not desirable (see the last column of Table 2).

In the 7th column of Table 2 the repulsive and the
bending force constants, F(C--H) and H(CCH), are
given. At first, they were expected to behave just like
those for hydrocarbon molecules and were readily trans-
ferred from ethane. However, it was found through the
calculation of ethylcyanide that their values must be
reduced considerably in magnitude so as to obtain the
reasonable frequencies for the C-C stretching, the C-CN
stretching, and the methyl rocking vibrations. The
force constants thus settled must be quite different
from those for the simple hydrocarbon group. Never-
theless, they exhibit good transferability as the com-
ponents of the a-carbon group (see Table 2). This
result suggests that the effect of the substituent extends
to the a-carbon or to the bond between «- and f-carbon
atoms.

Discussion

Reliability of the Force Constants Obtained. The
force constants obtained for each group may be quite
reliable, because they show good transferability among
the eight molecules treated in the present work. More-
over, the force constants of the hydrocarbon group are
consistent with those of normal hydrocarbons. The
cyanide group force constants are rather consistent with
the results for acetonitrile. The agreement of the
calculated frequencies with the observed frequencies
given in Figs. 3(a) and 3(b) is very satisfactory. This
gives ultimate supports for the reliability of the force
constants obtained in this calculation.

Determination of the Force Field of a Complicated Molecule.
The conclusions we have drawn from the present
analysis of the force constants are itemized as follows:

1) Transferability of force constants is satisfied as
a group.

2) Let there be two sets of force constants, one for
a group A and another for a group B which is chemically
different from A. If both sets of force constants are
well determined, there is a reasonable hope of cal-
culating the normal vibrations of such a molecule as
A-B satisfactorily.

3) Moreover, the force constants of such molecules
as A-C-B can be obtained rather definitely. We may
well transfer the sets of force constants associated with
the groups A and B, while the refinement should be
made only for the set which is associated with C.

4) In this process, the number of force constants
to be determined is rather small despite the com-

12) It was found later that the CH, scissoring vibration de-
creases its frequency in accordance with the magnitude of the
electronegativity of the substituents.



January, 1971] Normal Coordinate Treatment and Force Constants of Alkanonitriles 93

plexities of the molecules.

5) If the force constants obtained from A and B
are accurate, then the accuracy of the force constants
obtained from the A-C-B will be confirmed. Thus,
we can obtain the force constants associated with the
C part with little ambiguity and the force constants

thus obtained will be able to become good measures
for considering the specific character of the C part.

The present work is completed under the guidance
of Professor Takehiko Shimanouchi of the University
of Tokyo. The author is grateful for his useful discussions.
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Dissociation Constants of the Oxalato-Titanium (III) Complex as
Determined from Spectrophotometric Measurements

Kuan PaN, Chin Chan LaAi, and Teh-Shoon HuaNG
Chemistry Research Center, National Taiwan University, Teipei, Taiwan, China
(Received August 25, 1970)

The dissociation constant of Ti(C,0,),™ ions in hydrochloric acid media was evaluated from the data obtained
by spectrophotometric measurements at 25°C. The average value of pK for the reaction, Ti(C,O,),~=Ti(III)+
2C,0,2™, at an infinite dilution was estimated as 9.0, while that for the Ti(C,0,),=Ti%++2C,0,2~ reaction was

evaluated as 8.7,.

The preparation of the oxalato-titanium (III) com-
plex, MTi(C,0,),-2H,0 (M=K, Rb, NH,), has been
reported by Stahler.)? The composition of the oxalato-
titanium(III) ion in an aqueous solution was spectro-
photometrically determined as Ti(CyO,),~ by Pecsok,?
while Subbanna, Rao, and Bhattacharya® asserted the
molar ratio to be 1 : 1, corresponding to the formula,
H(TiOGC,0,) from their spectrophotometric and con-
ductometric measurements, however, they did not give
an detailed data or the observed pH range. Afterwards,
Jérgensen? suggested that the complexes M'Ti(Cy0y4),-
2H,O contain a tetrahedral, Ti(CyO,),~ anion, while
Eve and Fowles® proposed the polymetric structure
for M'Ti(Cy0,),°10H,O on the basis of the diffuse
reflectance spectra.

The present investigation was undertaken in order
to redetermine the composition and to evaluate the
dissociation constants of the oxalato-titanium (III) com-
plex in a hydrochloric acid solution on the basis of
spectrophotometric measurements at 25°C.

Experimental

Titanium(III) chloride was prepared by heating titanium
sponge (99.9%, purity, Alfa Inorganics, Inc., U. S. A.) with
a 3N hydrochloric acid solution. Additional hydrochloric
acid was added as the reaction progressed to prevent the
hydrochloric acid concentration from falling below the point
where hydrolysis could occur. The solution was then cooled
and maintained under an atmosphere of nitrogen to prevent
the formation of any appreciable quantity of Ti(IV). The

1) A. Stahler, Ber., 37, 4405 (1904).

2) R. L. Pecsok, J. Amer. Chem. Soc., 73, 1304 (1951).

3) V. V. Subbanna, G. S. Rao, and Bhattacharya, J. Sci. Ind.
Res., 18B, 127 (1959).

4) C. K. Jgrgensen, “Inorganic Complexes,” Academic Press,
New York (1963).

5) D. J. Eve and G. W. A. Fowles, J. Chem. Soc., 1966, 1183.

Ti(III) content was determined by addition to an excess of
ceric sulfate in a sulfuric acid solution, followed by potentio-
metric back-titration with a standard solution of ferrous
sulfate. The chloride ion content was determined by poten-
tiometric titration with silver nitrate. Hydrochloric acid,
sodium chloride, and sodium hydroxide were used to adjust
the H;O+t ion concentration and the ionic strength of the
solution.

The oxalato-titanium(III) complex was prepared by the
rapid addition of Ti(III) chloride to an aqueous solution of
oxalic acid, according to Eve and Fowles,» and dried in a
vacuum.

A Bausch & Lomb recording spectrophotometer, model
505, equipped with a constant temperature holder controlled
to +0.2°C was used.

For the spectrophotometric determination of the oxalato-
titanium (III) complex, calibration curves for a series of solu-
tions in an excess of oxalate at various H,O* ion concentra-
tions and ionic strengths were prepared. All the solutions
were prepared from deaerated water and were kept in an
atmosphere of nitrogen. All the reactants and their mixtures
were kept in a thermostat whose temperature was controlled
within 4-0.2°C.

Since no time effect on the absorbance of the mixture of
Ti(III) and oxalate ions in hydrochloric acid was observed
in this pH range, and since the mixture of Ti(III) and oxalate
as well as KTi(C,0,),-2H,0 in oxalic acid has the same ab-
sorption band at 440 mu, a mixture containing a known
content of Ti(III) in a HCI solution and a desired amount of
a slight excess of oxalate was for the spectrophotometric
measurements. The absorbance at 440 mu was taken for
the calculation of the dissociation constants.

Results and Discussion

Extinction Coefficients of Ti(III) Ions in Hydrochloric Acid
Media. The titanium(III) ion has been known to
form chloro-complexes such as [TiCl(H,O);]>* and
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[TiCly,(H,0O),]* ® even if the formation of the hydrolysis
products, e. g. [Ti(OH)(H,0);]** and [Ti(OH),-
(H,0),]*, is neglegible in strong acid media. As a
first degree of approximation, however, we may assume
only the coexistence of [Ti(H,0)¢]%+ and [TiCl(H,O);]**
(abbreviated as Ti** and TiCl?t) in chloride media
at pH 1—2.5 after the independence of the H;O+ ion
concentration of the absorbance of the Ti(III) ions
has been confirmed. Since no detailed data on the
extinction coeflicients of these ions is available, a series
of spectrophotometric measurements were conducted
for the determination of the extinction coefficients (¢;)
of Ti(III) ions in a mixture of 0.2—0.6n HCI and
KCI solutions at 25°C.

TABLE 1. THE EXTINCTION COEFFICIENTS OF
Ti (III) v HCI anp KCI ar 25°C

(&, in { mol~* cm™?)

[CI7]/A mu 0.2 0.3 0.4 0.5 0.6 Average
400 1.1 1.3 1.4 1.5 1.5 1.4
420 2.5 2.5 2.4 2.7 2.7 2.6
440 3.7 3.9 4.1 4.3 4.2 4.1
460 5.2 5.4 5.5 5.8 5.7 5.5
500 5.9 6.0 6.1 6.2 6.2 6.1
520 5.5 5.6 6.8 6.7 6.7 6.7
550 4.7 4.8 4.8 4.7 4.8 4.8

Since the extinction coefficient of Ti(III), &;, in the
presence of a large excess of Cl- ions was found to be
practically independent of the H;O* and Cl- ion con-
centrations in the H;O% ion concentration range men-
tioned above, we took the average value of 4.1 / mol-!
cm™! for ¢; at 440 my..

Extinction Coefficients of Oxalato- Titanium(III) Complexes.
Since, even in the acid media of pH 1.5—2.5, the
mole ratio of the oxalato-titanium(III) complex was
found to be I :2 by the continuous variation plot
(Fig. 1), the formation of the Ti(CyO,),~ ion in the
presence of HCI at pH 1.5 to 2.5 was assumed. The
extinction coefficient of the complex was determined
by plotting the absorbance against the total concentra-
tion of Ti(III) in a large excess of oxalate ions over

08} N

—

0 l 0:2 . OT4 OA.6 ‘ 0.‘8 l 1.0
[Ti(IL1)]/(Ti(IID)] + [H,C,0,]

Fig. 1. Continuous variation plot for the Ti(III)-oxalate system.
[Ti(IIT)] +[H,C,0,]=0.062m [Cl-]1=0.254Mm, pH 1.5

6) H. Hartmann and H. L. Schlifer, Z. Phys. Chem., 197, 116
(1951).
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this pH range at a constant jonic strength. The extinc-
tion coefficient of the oxalato-titanium(III) complex,
¢,, was found to be practically independent of the
H;O* and Cl- ion concentrations, or of the ionic
strength over the pH range of 1.5—2.5. We therefore,
also took the average value of 320/ mol-! cm-1 for e,
in the calculation of this investigation.

Dissociation Constants of the Oxalato-Titanium(1I1I) Com-
plex. When the Ti(C,O,),~ ion is in equilibrium
with Ti(III) and HC,O,4~ ions in a 10-3>—10-N hydro-
chloric acid solution, the stoichiometric equilibrium
constants for the dissociation of Ti(C,0,),~ and HC,O,~
ions (denoted as TiX,~ and HX-),

TiX,™ + 2H,0* = Ti(III) + 2HX~ + 2H,0  (I)
and HX~ + H,0 = H,O* + X2~
at a constant ionic strength are given by
_ [TiII)J[HX"]?
&= T W
[H][X*7]
X (2)

and ky =

where £, is the secondary ionization constant of the
HC,O,~ ion.
From Eq. (1) and Eq. (2), the apparent dissociation
constant of Ti(C,O,),";
TiX,~ = Ti(III) + 2X2~ (I1)
is given by
[Ti(IID)][X2]2 3)
[TiX,]
where Ti(III) represents a mixture of Ti(III) ions
other than the oxalate complexes.
The molar concentration of the unchelated oxalate
ions is represented by

[X]o — 2[TiX,7] = [HX] + [HX7] + [X*] (4

and that of the free C,0,2~ ion concentration is given
by

K, = K3 =

[XJo — 2[TiX,7]
[H*] [H*]?
! + k2 + k1k2
where [X], is the total concentration of oxalate ions
and [TiX,~] is the concentration of oxalato-titanium-
(III) ion as estimated from the spectrophotometric data.
When the absorption of the solution at 440 mp. is
assumed to be associated with the equilibrium between
the Ti(III) and TiX,~ ions, the absorbance of the
solution, D, can be expressed by;

D = g (a—x) + gox (6)
where a is the total molarity of the Ti(III) ions, x is
that of the complexes, and ¢; and ¢, are the extinction
coefficients of the unchelated and chelated ions re-
spectively in a mixture of HCI and NaCl solutions.

From Eq. (6), therefore, the molar concentrations
of TiX,~ and Ti(III) ions can be given by;

[xX*] = (5)

ew . D—D,

e (7)

and; ¢ —x = [TiID)] = De =D (8)
& — &

where Dy=¢; a for x=0 in the absence of oxalate ions
and D.=¢, a for x=a in a large excess of oxalate ions.
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Thus, by substituting the ratio of Eq. (8) to Eq. (7)

into Eq. (3), the apparent dissociation constant of the

complex can be given by;

(D,—D)[X>7]?

D — D,

The substitution of Eq. (5) into Eq. (9) gives;

(De—DY{[X]o—2[TiX,7]}*
[H*] | [H']*\2

0=Do(1+T )

where &, and £, are the step-by-step ionization constants

of oxalic acid, given by k;=5.38X 1027 and k,=

5.18X10-5® at 25°C.

Taking the average values of the extinction coeffi-
cients, ¢&;=4.1 and ¢,=320/mol-'cm~! for the un-
chelated Ti(III) ions and the chelate ion, Ti(Cy0,),™,
the values of Dy and D, at a specified total titanium (IIT)
ion concentration, a, were evaluated. The substitution
of the values of [TiX,~] calculated by means of Eq. (7),
and that of [Cy04%~] calculated by means of Eq. (5),
into Eq. (10), the apparent dissociation constant of
Ti(Cy,0,),~ ion was evaluated. The results are sum-
marized in Table 2.

Ky = (9)

K, = (10)

TABLE 2. SPECTROPHOTOMETRIC DATA FOR THE
Ti (III)-O0XALATE SYsTEM AT 25°C
([KHC,0,]=0.02m)

I 1°z » [cr], A9 100 10wk, pk
° [H] [G0,;7] T e Phe
0.1 0.656 0.1331 0.0844 1.244 6.480 2.457 8.6l
1.312 0.2798 0.0848 1.089 7.235 2.640 8.58
4.868 0.9872 0.0939 0.933 6.537 2.520 8.59
2.624 0.6308 0.0857 0.778 9.345 2.917 8.54
0.2 1.312 0.2604 0.1848 1.089 7.273 3.139 8.50
4.868 0.9355 0.1939 0.933 6.691 3.042 8.52
2.624 0.6021 0.1857 0.778 9.460 3.556 8.45
3.280 0.8041 0.1861 0.622 11.192 3.824 8.42
0.3 0.679 0.1113 0.2850 1.656 6.251 3.826 8.42
1.540 0.2596 0.2795 1.177 6.619 4.032 8.40
3.079 0.5901 0.2751 0.954 7.501 3.856 8.41
1.510 0.3468 0.2842 0.765 10.509 4.421 8.36
0.4 1.540 0.2496 0.3864 1.177 6.642 4.412 8.36
1.588 0.2933 0.3823 1.147 6.770 4.579 8.34
2.566 0.4498 0.3781 1.028 7.252 4.674 8.33
0.927 0.1403 0.3853 0.656 13.390 4.989 8.30
14 - -
12}
w 10 ]
T B o—0—0—0o—
&8
6 4
4

0 0.1 02 03 04 05 06 0.7
VT
Fig. 2. Plot of pK, vs. o/ T at 25°C.

7). W.]J. Harned and L. D. Fallon, J. Amer. Chem. Soc., 61, 3111
(1939).
8) L. S. Darken, ibid., 63, 1007 (1941).
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TABLE 3. DEPENDENCE OF AVERAGE pK,
VALUES vs. IONIC STRENGTH

I (m) 0.1 0.2 0.3 0.4
[CI-], (average) (M) 0.0872 0.1876 0.2809 0.3830
pK, (average) 8.58 8.47 8.40 8.33

By plotting the average values of pK, at each ionic
strength against /7, as is shown in Fig. 2, and by
extrapolating to zero ionic strength, the limiting value
of pK°=9.0 at 25°C was obtained. Since the value of
K, varies slightly with the H;O* and Cl- ion con-
centrations, as is shown in Table 2, however, we must
also take into consideration the hydrolysis and the
formation of chloro-complexes of Ti3+ ions;

Ks
Ti#* + 3H,0 —= TiO* + 2H,0* (III)
K.
Ti3* 4+ CI- == TiCI** (IV)
Ky
and; TiO* + CI- == TiOCl (V)

and represent the stoichiometric equilibrium constants
as;
[TiO*][H*]?

K; = [Ti**] (ll)
. [micet]
K = Traver (12)
and; K; = [TiOCI] (13)

® = [TiO*][CIT]
respectively, at a constant ionic strength. Thus, the

total concentration of Ti(III) ions other than the
oxalato chelate may be given by;

QD) = (1e3f (14 KO + K1+ KD s |

(14)
and the apparent dissociation constant for the reaction
(IT) may be given by;

_ [rerjxe)e

1
K = [TiX,]

]
[H']
(15)
by substituting Eq. (14) into Eq. (3). Therefore, when
the true dissociation constant of Ti(Cy0,),~;
TiX,™ = Ti%* 4 2X2~
is represented by;

{(1 +KL[CI]) + Ky(1 4+ K,[CI)

(VI)

7 +— v —

6

5 /M/u/

4 a 5 :

10° K,
w
Kj\

1/[H+]2x 10~

Fig. 3. Plots of K, vs. 1/[H*]? at various Cl~ ion concn.
[C1-]y(average): O 0.085m, @ 0.184Mm, (o) 0.278m, (P 0.385m.
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_ [Ter]xe]®
K= [TiX,"] (16)
the observed value of K, is related to that of K4 by;
— - 1
K, = Kf (1 KO + K1+ KO ) ey ) (17)

By plotting the K, values against 1/[H*]2 at a constant
ionic strength and Cl- ion concentration, as is shown
in Fig. 3, a series of straight lines was obtained. The
slope (5;) corresponds to the value of K¢K3(1+4K;[CI-]),
and the intercept (4), to that of Kg(14K,[Cl-]).

Since the slopes of these lines are practically in-
dependent of the Cl- ion concentration, we may
estimate that the value of K, is smaller than 0.1, and

1 /

0 0.1 0.2 0.3 0.4
(€I,

Fig. 4. Dependence of intercept (4) upon total Cl~ ion concn.

10° 4
w
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that the product, K¢K;, corresponds to the slope of
S$;=5%X10"%.  On the other hand, by plotting the
value of the intercept, (4), obtained from Fig. 3,
against the Cl- ion concentration, a straight line was
obtained (Fig. 4). From the intercept, B=1.8X10-9,
and the slope, S,=6.4X10-°% the values of Kg K,,
and K; were evaluated to be 1.8 X10-9, 3.6, and 3 10-5
respectively. The formation constant of the TiCl2+
ion, K,=3.6, obtained in this experiment is in fair
agreement with that of 2.18 estimated by Duke and
Quinney® in their kinetic study of the reduction of
the perchlorate ion by Ti(III).

Though there was some inevitable under-estimation
of the H;O% ion concentration, which caused some
deviation in the evaluation of the K, values, the fact
that the value of K, thus calculated decreases with
an increase in the H;O* ion concentration and increases
with an increase in the Cl- ion concentration seems to
support the reaction mechanism proposed.

This work was carried out as a part of the research
projects of Chemistry Research Center, National Taiwan
University, CRC-5802 which was supported by the
National Council on Science Development.

9) P.R. Duke and J. D. Quinney, J. Amer. Chem. Soc., 76, 3800
(1954).
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Average Values of Bond Angles

Kozo KucHiTsu
Department of Chenustry, Faculty of Science, The University of Tokyo, Hongo, Tokyo
(Received August 29, 1970)

A number of definitions with clear physical significance regarding the “average bond angles” (nonlinear case)
are presented. Simple expressions of the average angles in terms of the linear and quadratic mean values of the

displacements in the internuclear distances are given.

CH,, CD, and SO, are estimated by means of a normal-coordinate analysis.
The root-mean-square angles for linear molecules (HCN, DCN, CO, and CS,) are also

fractions of one degree.
calculated.

In a previous paper,’ the merits and demerits of
the two ‘‘average structures” (r, and r,) have been
discussed. The r, distance, which represents a thermal-
average value of an instantaneous internuclear distance,
is readily accessible from an experiment of gas electron
diffraction.?? A scheme has been devised relating the
ry distance to the r, and r, distances® defined as the
distances between the ‘“‘equilibrium” and ‘zero-point
average’’ positions of the nuclei, respectively, with ref-
erence to a molecule-fixed coordinate system.# This

1) K. Kuchitsu, J. Chem. Phys., 49, 4456 (1968).

2) L. S. Bartell, ibid.,, 23, 1219 (1955); K. Kuchitsu, This
Bulletin, 40, 498 (1967).

3) T. Oka, J. Phys. Soc. Jap., 15, 2274 (1960).

4) Y. Morino, K. Kuchitsu, and T. Oka, J. Chem. Phys., 36,
1108 (1962).

The differences in the various average angles for H,O, D,O,

The differences are shown to be small

scheme provides a theoretical basis of a comparative
study of the molecular structures determined from elec-
tron-diffraction and spectroscopic data.l»5¢) The pur-
pose of the present paper is to extend the theory to
the specification of bond angles: A similar scheme of
conversion among the “‘average bond angles” based on
various definitions is presented, and the orders of
magnitude of their mutual differences are estimated.

Definitions of Bond Angles

Bond angles can simply be defined in terms of the
re and r, representations, since they are based on

5) K. Kuchitsu and S. Konaka, ibid., 45, 4342 (1966).
6) K. Kuchitsu, T. Fukuyama, and Y. Morino, J. Mol. Struc-
ture, 1, 463 (1968).
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“nuclear positions.” For a set of X—Y and Y—Z
bonds in a molecule, the cosine rule can be applied
to the bonded and nonbonded (r. and r,) distances,
n(X=Y), r,(Y—2) and r3(X—Z), to make equilibrium
and zero-point average bond angles, ¢, and ¢, re-
spectively,

@ = cosTt [(r 2+ 12 —152)[2r1,] (1)

An effective bond angle, ¢, corresponding to the r,
coordinates” is often used in microwave spectroscopy.
However, since no definite physical significance can be
attached to the r, coordinates, one needs to be content
with a qualitative estimate® that ¢; should be very
close to ¢@..

On the other hand, some consideration is needed in
gas electron diffraction to define physically significant
bond angles,” since only thermal-average internuclear
distances, instead of angles or nuclear positions, are
measured by this technique.!® The 7, distance for a
nonbonded pair does not correspond exactly to any
geometrical arrangement consistent with the corre-
sponding r, distances for bonded pairs. As is known
in terms of the linear and nonlinear shrinkage effect,!1,12
an “effective” bond angle (provisionally named ¢4)
calculated from the bonded and nonbonded r, distances
by Eq. (1) is, in general, different from the ¢, or ¢,
angles.131% Tt should also be different from the “‘ther-
mal-average value of an instantaneous bond angle”
(here denoted as ¢,) defined in parallel with r,

By = Ccos™ (272 =19 2n5]>r (2)
where 7T represents the Boltzmann statistical average
for temperature 7" over all the vibrational states of
the molecule.’® The differences between ¢, and ¢,
for simple hydrides (water,'%1? ammonial?’-29) and
methane??), often denoted as <{da>>, have been in-
vestigated in detail in relation to the anharmonicity
in the angle-bending vibrations and to the hydrogen-

7) C. C. Costain, J. Chem. Phys., 29, 864 (1958); Trans. Amer.
Crystallogr. Soc., 2, 157 (1966).

8) K. Kuchitsu, T. Fukuyama, and Y. Morino, J. Mol. Struc-
ture, 4, 41 (1969).

9) K. Kuchitsu, This Bulletin, 32, 748 (1959).

10) In most of the past electron-diffraction studies, an effective
bond angle derived from Eq. (1) with bonded and nonbonded 7,
distances? are reported without specification.

11) Y. Morino, J. Nakamura, and P. W. Moore, J. Chem. Phys.,
36, 1050 (1962).

12) Y. Morino, S. J. Cyvin, K. Kuchitsu, and T. Iijima, ibid.,
36, 1109 (1962).

13) L. S. Bartell and D. A. Kohl, ibid., 39, 3097 (1963).

14) Bartell and Kohl,' in their analysis of hydrocarbon struc-
tures, introduced a ‘““‘mean” structure with a set of the 7 parameters,
which consist of 7y bond distances and ¢¢ angles. They further
estimated the shrinkages in the nonbonded 74 distances dependent
on the torsional motions of the hydrocarbon chain as functions of
the mean-square librational amplitudes.

15) For simplicity, the subscript T will be left out from the
subsequent expressions.

16) K. Kuchitsu and L. S. Bartell, J. Chem. Phys., 36, 2460 (1962).

17) L. S. Bartell, ibid., 38, 1827 (1963).

18) E. A. Halevi, Trans. Faraday Soc., 54, 1441 (1958).

19) Y. Morino, K. Kuchitsu, and S. Yamamoto, Spectrochim.
Acta, 24A, 335 (1968).

20) K. Kuchitsu, J. P. Guillory, and L. S. Bartell, J. Chem. Phys.,
49, 2488 (1968).

21) K. Kuchitsu and L. S. Bartell, ibid., 36, 2470 (1962).
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deuterium isotope effect.2?)

It may also be useful for some purpose to consider
¢. defined by
Pe = cosTcos ¢ = cosTH(ry? + 192 —13%) [2r115) (3)
The angles ¢. and ¢.° corresponding to the r. and
ra? structures, which may be derived from electron-
diffraction experiments, have been used in some previ-
ous studies;1:6:23 ¢, is supposed to be essentially the
angle composed of the thermal-average nuclear posi-
tions, so that ¢.9 the angle extrapolated to 0°K,
should be essentially equivalent to ¢,. For PF,,2% the
$.® angle was estimated to be nearly equal to the ¢
within the experimental uncertainty of 0.2°.

Analytical Expressions

Nonlinear Case. For a nonlinear arrangement
(¢e<m), Eq. (1) may be expanded in terms of the
instantaneous displacements in the internuclear distances
around g,

dr; = Ty — (rc>i (2: 1, 2, 3) (4)
3 3 3

& = Pe + Dla;dr; + 12 D) byydridry + - ()
1=1 =17=1

<]
The coeflicients ¢ and & are functions of ¢, and o¢;=
(re)i™l,
a, = oy cot ¢, — 0, cosec P,
ag = (0,0,/03) cosec ¢,

by = Loloz cosec ¢, — (0,,2 + %a,f) cot @,

2
by = (0,%+0,7) cosec g, — (0,105+a,a5) cot §,

bys = (0,04/05)a; cosec? ¢,

(6)

by = %(010'2 cosec ¢, — as? cot ¢,)

where k=1, 2 and /=2, 1 are to be taken in the same
order. According to a simple order-estimation, higher-
order terms of Eq. (5) do not contribute significantly
to the following discussions.

By taking the thermal average of ¢ in Eq. (5), one
gets a simple analytical expression of ¢,

g = Pe + ;ai<Ari> + %;bij<dridr,> + .- (7)

Since (r4); is defined as <r;>, ¢s defined above is
given by
Pa = cosTH({r? + (rpd? — (rd?)[2{r ) {ryp)] (8)
so that it may be related to ¢, as
Pa = Pg — %;bij(<AriArj> = dry{drp) + - (9)

In a similar way, it follows from Eq. (3) that
1 3 3
b = ¢, + ~2‘c0t ¢021‘, Zl}a,-aj«AriAr,)—(Ar,-)(Arj)) + .-+ (10)
1=1 j=

If ¢ is expanded around the zero-point average nuclear
positions, instead of the equilibrium positions as is
shown in Eq. (4), ¢, can be related to ¢, as

22) M. Wolfsberg, Ann. Rev. Phys. Chem., 20, 449 (1969).

23) K. Kuchitsu, J. Chem. Phys., 44, 906 (1966).

24) Y. Morino, K. Kuchitsu, and T. Moritani, Inorg. Chem., 8,
8674(1969).
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TABLE 1. AVERAGE VALUES OF DISPLACEMENTS®)
{dry) {drs> Az {dz3)o {dr®> {dr?) {drdry {drdrs> Ref.?
H,O 1713 2350 1431 2255 465 1282 10 334 16. 28
D,O 1271 1649 1061 1587 337 913 3 231 ’
CH, 2159 2810 1405 2294 618 1556 17 452 91
CD, 1594 2048 1029 1681 446 1093 2 312
SO, 477 762 408 757 124 302 —10 80 29
HCN® 1688 618 —431 25 570 601 —14 508 30
DCN® 1250 395 —122 232 407 448 —21 357
CO, 503 471 235 471 121 156 —39 79 31
CS, 448 196 98 196 151 170 —63 84 32
{dry {dz5), {dry?) {drydrs) Ref.
HCN® 538 456 117 96 30
DCN® 515 354 117 89

a) See text for notations: in 10~5 A for the linear averages and 10-5 A2 for the quadratic averages.
b) References from which the potential constants were taken. See also Ref. 27.
¢ ) The numbers 1 and 2 represent the C-H and C=N bonds, respectively. They are equivalent for the other molecules.

¢0 = ¢z + EZai<ri_(rz)i>
+ Engt_K[rt"(rt)i] [ry— ()1 + -

which may be rewritten as

¢u = ¢z + 2“1[(’0)1:_(’5)1]
+ Elsg}bij(<AriAr/>T + {dz;> Az

— Ldrdpldz g — {dr;peldz;e) + - (12)
by noting that ¢,~¢, and that? r,~r.+ <4z>,,
where 4z is the projection of 4r onto the z axis taken
in the direction of the equilibrium nuclear positions
of the pair, and the average 0 is taken for the ground
vibrational state.

Linear Case. For a linear arrangement, where
¢ tends to =, Eq. (5) is no longer valid. Although it
is not impossible to define ¢, in a similar way to Eq.
(2) providing that ¢<m, the arccosine function in
Eq. (2) can not readily be expanded in terms of the
displacements around ¢=m, so that the problem deviateg
from that of the ordinary normal-coordinate analysis.
It is much simpler, instead, to take the mean-square
angle, <(m—¢)2>, as a measure of the average bending
displacement. It can be shown that

=) = g}ci<Art> + Xz‘g_,‘dijmnmp + e (13)

where

(11)

e = 2(0,+0y) = —¢3, dyy = —0y(20,+0),
dyg = —2(0,2+0,05,+0,%), dyy = 204(0,+0,),

dy3 = —0,0,

(14)

The first sum may be rewritten as

;%Q”z) = 2("1+‘72>50 (15)

where d, is the “linear shrinkage’ defined by!V
Og = (rghr + (rg)a — (79)s (16)
One may also define ¢, given in Eq. (10) and another
effective average angle ¢,,
$o =1 — [<Ap*>2[(re)s + {dp*>'?/(re)s] (17)

where 4p; represents a displacement perpendicular to
the equilibrium molecular axis.

Application

The average displacements in the above equations
can be calculated by means of a normal-coordinate
analysis!6-21:25-2") provided the quadratic and higher-
order potential constants for the molecule are known.
Thus the present problem is, in principle, straight-
forward.

Table 1 lists the average displacements for a number
of simple hydrides (with their full deuterides) and
nonhydrides calculated by the use of the experimental
anharmonic potential constants given in the litera-
ture.28-3% It should be noted that the cross mean values
of bonded and nonbonded displacements, <Ar,Adr,>
and <dr,Ar;>, are comparable in the order of magni-
tude with the corresponding mean-square displacements,
LAr2>, <Ar,2> and <dr2>.

The differences among the various angles calculated
for nonlinear molecules are given in Table 2, together
with their experimental ¢,.28:3®  The differences be-
tween the ¢, and ¢, for H,O (D,O) and CH, (CD,)
are essentially equal to their equivalents, <{d«>, re-

25) A. Reitan, Acta Chem. Scand., 12, 785 (1958); Thesis (Trond-
heim, Norway) (1958).

26) Y. Morino and T. Iijima, This Bulletin, 35, 1661 (1962).

27) K. Kuchitsu, #bid., 40, 505 (1967).

28) W. S. Benedict, N. Gailar, and E. K. Plyler, J. Chem. Phys.,
24, 1139 (1956).

29) Y. Morino, Y. Kikuchi, S. Saito, and E. Hirota, J. Mol.
Spectrosc., 13, 95 (1964).

30) T. Nakagawa and Y. Morino, This Bulletin, 42, 2212 (1969).

31) C. P. Courtoy, Can. J. Phys., 35, 608 (1957).

32) B. P. Stoicheff, ibid., 36, 218 (1958).

33) K. Kuchitsu and Y. Morino, This Bulletin, 38, 805, 814
(1965).

34) S.J. Cyvin, “Molecular Vibrations and Mean Square Am-
plitudes,” Universitetsforlaget, Oslo, and Elsevier, Amsterdam
(1968), pp. 202, 311.

35) A part of the entries have already been published by the
present author (Table 1 of Ref. 27). See Refs. 16, 21, 25, 26, and
34 for earlier calculations of the mean displacements. The mean-
square amplitudes and shrinkages for HCN and DCN are in essen-
tial agreement with those calculated by Cyvin®® by a harmonic
approximation.

36) S. Saito, J. Mol. Spectrosc., 30, 1 (1969).
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TABLE 2. DIFFERENCES IN AVERAGE ANGLES
(Nonlinear Case) (in degrees)

¢e ¢v_¢e ¢g—¢G ¢a_¢c ¢a‘¢z ¢z_¢ec)
H,O 104.523% 0.022 0.367 0.176  0.025 —0.07%
D,0O 104.474* —0.069 0.280 0.131 0.017 —0.12%9

—0.286 0.360 0.218 —0.295 O
—0.228 0.286 0.164 —0.241 0
0.043 0.091 0.061 0.034  0.02,»

CH, 109.471
CD, 109.471
SO, 119.33

a) Ref. 28.

b) Ref. 29 and 36.

¢ ) Experimental estimates.
d) Refs. 19 and 23.

ported in previous studies.’®2l) In addition, the dif-
ferences between the ¢,—¢. and ¢,—¢, calculated
here are consistent with the corresponding experimental
estimates of ¢,—¢, derived from the rotational constants
by way of a slightly different procedure.?3” As is
expected from the previous estimates of nonlinear
shrinkages,12-3%) the differences among the various angles

37) D.R. Herschbach and V. W. Laurie, J. Chem. Phys., 37, 1668
(1962).
38) Ref. 34, p. 319ff.
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are as small as a few tenths of a degree, which are
comparable with or smaller than ordinary experimental
uncertainties.  Nevertheless, it may not always be
permissible to simply ignore the differences without
discretion. The differences may be significantly larger
when the molecule has a low-frequency, large-amplitude
bending vibrations. This remark applies particularly
to the dihedral angles of torsion'® and the angles
associated with ring-puckering motions, to which the
above-mentioned definitions of the average angles can
be extended.

TaBLE 3. AVERAGE ANGLEs (Linear Case)
(in degrees)

{(-g)HV2  n-g» n-gp")
HCN 13.643 13.675 13.894
DCN 12.624 12.650 12.785
CO, 7.747 7.753 7.786
Cs, 7.673 7.679 7.700

a) Equation (3) is applied on condition that ¢<r.
b) Equation (17).

The root-mean-square angles for linear molecules are
listed in Table 3. The differences among them seem
to be smaller than the uncertainties in their estimates.
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A Remark on the Dipole Moment of Cyclohexane-1,4-dione in
Relation to Its Flexible Molecular Conformation

Ariyuki AiHARA and Chikazu Kitazawa
Department of Materials Science, Denki-Tsushin University, Chofu, Tokyo
(Received September 3, 1970)

A critical remark on the interpretation of the polarity of cyclohexane-1,4-dione molecule has been made taking
into consideration a possible contribution of atomic polarization estimated from the electric permittivity of the com-
pound in the solid state. The value 9.6 cc has been assigned as the minimum for atomic polarization which gives di-
pole moments, 1.16D (28.6°C), 1.20D (42.9°C), and 1.22D (60.8°C) obtained in benzene solutions. A theoretical
calculation of the dipole moment has been made also with an assumed potential barrier of the form, V(8)=V,-
[(m—6)—2pB]/2«, in relation to a flexing intramolecular movement of the molecule, where 6 is the angle between
two carbonyl groups substituted at the opposite sites of the molecule, V; is the potential for a boat form A (with
two carbonyl groups at the bow and the stern), and «, § are constants to be determined by applying boundary condi-
tions: V(6)=0 for 6=180°—137°, and V' (91°)=V,. By taking 2.46D as the bond moment of carbonyl group, the
best fit has been realized between the theoretical and experimental dipole moments when V; is assumed to be close to
6000 cal/mol, . e., twice as large as the hindering potential for the internal rotation of ethane molecule. Mention
has also been made of the mechanism of dielectric absorption by this molecule in benzene solution with particular re-
ference to the flexing motion suggested above.

. X-ray crystal analyses of cyclohexane-1,4-dione by  1.3—1.6 Debye,>® have been obtained by a number
Mossel and Romers? and by Groth and Hassel® have
revealed very clearly that the molecule exists as a 3) O. Hassel and E. Naeshagen, Tids. Kjemi Bergvesen, 10, 81
twisted-boat conformation in the crystal. This is of  (1930). .

. . . . . . . 4) a) C. G. Le Févre and R. J. W. Le Févre, J. Chem. Soc.,
particular interest in view of the peculiar dielectric 1935, 1696; b) ibid, 1956, 3549
behavior of the SUbS.tance which has long ‘been a subject 5)’ S. M’izushima, “Structure of Molecules and Internal Rota-
of controversy. Fairly large values of dipole moment, tion,” Academic Press, New York (1950), p. 176.
6) Takehiko Chiba and Yonezo Morino, private Communica-
1) * A. Mossel and C. Romers, Acta Crystallogr., 17, 1217 (1964). tion.
2) P. Groth and O. Hassel, Acta Chem. Scand., 18, 923 (1964). 7) M. Rogers and J. M. Canon, J. Phys. Chem., 65, 1417 (1961).
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of investigators both in solution and in gaseous state,
in spite of the presumed nonpolar conformation of the
molecule (chair form), while microwave measurement
with benzene solutions'® suggests a smaller dipole
moment of ~0.4 Debye, dielectric loss of the solution
being far less than the value which might be expected
for a normal polar molecule with dipole moment of
1.3—1.6 Debye. An attempt to solve this problem
by measuring the Kerr constant has proved to be
unsatisfactory.11:12)

The flexible conformation of cyclohexane-1,4-dione
molecule, as revealed by X-ray analyses,"? might
explain the apparent dipole moment of the molecule
when it is compared with the calculated values of the
moment, assuming that the polarity of the molecule
is due to a libration of the two polar moieties of the
molecule in some range of angles,® or to a fixed polar
form in which two carbonyl groups substituted at the
opposite sites of the molecule make an angle of 155°
between each other.?

However, we must not forget that most experimental
values in literature have been deduced either neglecting
the contribution of atomic polarization or assigning to
it a small fraction of electronic polarization (5 to 10
percent); an appreciable contribution from atomic po-
larization should be considered with a flexible molecule
such as cyclohexane-1,4-dione. In this respect, the
conclusions of some authors’® seem to be misleading.

Recently Cumper et al.'® reported on the microwave
measurement of the dipole moment as well as the
relaxation time of cyclohexane-1,4-dione molecule in
solutions. They refer to very small values of relaxation
time (7=0.57—0.71X10-1% sec in benzene solutions)
compared with observed dipole moment values, u=
1.28 —1.32 D, thereby suggesting some internal flexing
motion concerning the dielectric absorption by the
molecule. Attention should be paid to the fact that
they neglect a possible large contribution of atomic
polarization throughout their procedure to calculate
u# and 7, and that their quotation of the present author’s
previous work!® on the microwave absorption of this
compound is somewhat erroneous.

It is appropriate, therefore, to make a critical remark
on the interpretation of the polarity of the cyclohexane-
1,4-dione molecule with particular reference to our
recent work!? on the estimation of atomic polarization
by measuring the electric permittivity of this substance
in the solid state.

8) a) N. L. Allinger, J. Amer. Chem. Soc., 81, 5727 (1959);
b) N.L. Allinger and L. A. Freiberg, tbid., 83, 5028 (1961); c¢) N.L.
Allinger, H. M. Blatter, L. A. Freiberg, and F. M. Karkowski,
ibid., 88, 2999 (1966).

9) A. Aihara, K. Chitoku, and K. Higasi, unpublished data.

10) A. Aihara, K. Chitoku, and K. Higasi, This Bulletin, 35,
2057 (1962).

11) C. G. Le Févre and R. J. W. Le Févre, Rev. Pure and Appl.
Chem., 5, 261 (1955).

12) C. Y. Chen and R. J. W. Le Févre, Australian J. Chem., 16,
917 (1963).

13) a) C. W. N. Cumper, A. Melnikoff, and R. F. Rossiter,
Trans. Faraday Soc., 65, 2892 (1969); b) C. W. N. Cumper and
R. F. Rossiter, ibid., 65, 2900 (1969).

14) C. Kitazawa and A. Aihara, Nippon Kagaku Zasshi, 90, 365
(1969).

[Vol. 44, No. 1

Experimental

Material. Cyclohexane-1,4-dione was synthesized ac-
cording to the procedure reported by Vincent et al.’® and
recrystallized from ethanol followed by vacuum sublimation,
then purified through zone-refining: mp="78.5°C.

Apparatus. Measurement of electric permittivity of the
compound in the solid state was performed with the use of a
twin-T bridge,'® (1—150 MHz), the sample being set as a
compressed disc of 20 mm diameter and 2.42 mm in thickness.
Measurement of the dipole moment in benzene solutions was
made using a heterodyne, double-beat electric permittivity
measuring equipment constructed in our laboratory (1 MHz),

with a sample condenser of Sayce-Briscoe type. Details of
these methods were reported before.14)
Results
Electric Permittivity in the Solid State. Results of

the measurement of electric permittivity of cyclohexane-
1,4-dione in the solid state are shown in Fig. 1 as a
function of temperature. Typical values of ¢ at 3 MHz
are: ¢=3.10 (35.0°C), 3.13 (45.0°C), 3.57 (55.0°C),
3.57 (65.0°C), 4.01 (72.0°C).

No appreciable dispersion was observed in the fre-
quency and temperature ranges covered. We see
that electric permittivity shows a distinct variation at
the transition points 48°C and 69°C,'" suggesting the
onset of some molecular motion above the temperatures
so as to give rise to the increase of electric permittivity,
despite the increase of molar volume by 2.79, on the

4.50F
=O-¢
4.00p (3MHz)
—¢- tan &
ey
= —=-¢,White and Bishop'?
‘B (100 kHz)
g “
& g
= g
& 3.50F
|5
- ’
= Vi
7/
/
-
i
!
3.00F II
W Jix10-3
———————————— R
. " \ X . A
30 40 50 60 70 80
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Fig. 1. Electric permittivity of cyclohexane-1,4-dione in the

solid state (3 MHz).

15) J. R. Vincent, A. F. Thompson, Jr., and L. I. Smith, J. Org.
Chem., 3, 603 (1939).

16) Fujisoku dielectrometer type 3.

17) A. Aihara, T. Chiba, and M. Kawano, Nippon Kagaku Zusshi,
86, 708 (1965).
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Fig.2. Variation of the molar volume of cycloane-1,4-dione
with temperature.

phase transition at 48°C (Fig. 2).

On the other hand there is a slight decrease in loss
tangent (from tan d=1X10-3 to ~0) at 48°C when
the solid undergoes a transition from the low-tem-
perature phase to the high-temperature one. This is
in remarkable contrast with the abrupt increase in
electric permittivity at this temperature.

The above fact is of importance in considering the
mechanism of the phase transition of this compound,¥
although rather large experimental errors (4-0.5X 104
in tan 0) prevent us from making any precise argument.
It should be added here that Smyth!® ascribed this
transition to “half rotation” of the molecule referring
to the experimental results by White and Bishop.1®
The variation of electric permittivity at 69°C is also
remarkable, but no detectable changes were observed
in tan 4.

Estimation of the Magnitude of Atomic Polarization.
By assuming that the molecules of cyclohexane-1,4-dione
are almost rigid at the crystalline lattice at temperatures
below 48°C,1:17 the molar distortion polarization may
be calculated from the Clausius-Mossotti equation. With
electric permittivity e=3.13 and molar volume =88.22 cc
(density=1.271) both at 45°C, distortion polarization
Py, has been found to be 36.6 cc. Subtracting electronic
polarization Pz=27.01 cc?*® from Pp, 9.6cc can be
assigned as the probable minimum value for the con-
tribution of atomic polarization P,. This value has
been taken into consideration in calculating the dipole
moment as measured in benzene solutions.

Dipole Moment in Benzene Solution. Electric per-
mittivity and density as well as refractive index of
cyclohexane-1,4-dione in benzene solutions were meas-
ured in the concentration range 2.67 X 10-3—2.49 X 10-2
(weight fraction) and at temperatures 28.6—60.8°C.
The values of dipole moment were then calculated
from the equations and methods of Halverstadt and
Kumler2? and of Guggenheim and Smith.2? In Table 1,

18) C. P. Smyth, “Dielectric Behavior and Structure,” McGraw-
Hill, New York (1955), p. 143.

19) A. H. White and W. S. Bishop, J. Amer. Chem. Soc., 62, 8
(1940).

20) The value was calculated as the sum of the bond electronic
polarizations proposed by Le Férve and Steel [Chem. Ind. (London),
1961, 670].

21) 1. F. Halverstadt and W. D. Kumler, J. Amer. Chem. Soc.,
64, 2988 (1942).

22) J. W. Smith, Trans. Faraday Soc., 46, 394 (1950).
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the values calculated both with and without due
consideration of atomic polarization (9.6 cc) are shown.
It should be noted that the p values calculated neglecting
P, (Halverstadt-Kumlers’” method) are in good agree-
ment with those calculated by the Guggenheim-Smith
equation. These values both correspond to the values
in literatures.3-9

TABLE 1. DIPOLE MOMENT OF CYCLOHEXANE-
1,4-DIONE IN BENZENE SOLUTION (Debye)*

Hu_k
Temp. °C B Ho—s
(Py=9.6cc) (P,=0cc)
28.6 1.16 1.35 1.33
35.6 1.17 1.36 1.35
42.9 1.20 1.39 1.36
51.1 1.21 1.40 1.39
60.8 1.22 1.42 1.40

* Experimental errors in g’s are estimated to be+0.20 D.
ua-x and uc-s refer to the dipole moment according to
Halverstadt-Kumlers’ and Guggenheim-Smiths’ methods,
respectively.

Discussion

The values of dipole moment, obtained with due
consideration of atomic polarization, P,=9.6 cc, should
be regarded as the maximum value of the experimental
dipole moment, since we might expect a still greater
contribution of atomic polarization for the molecule,
in solution or in vapor phase, because of its large
flexibility. For example, 14.9 cc can be obtained as
P, value if we use ¢=3.57 and molar volume=90.94 cc
both at 55°C, for the phase above 48°C, where the
freedom of motion of the molecule is thought to be
much larger as revealed by IR and NMR measure-
ments.1?

The flexing motion of the molecule could produce
a very large increment of electric polarization making
the distinction between atomic and orientation polari-
zation ambiguous. Therefore, let us take the dipole
moment values calculated with P,=9.6 cc as the most
probable experimental values at the moment, and com-
pare them with those calculated theoretically.

Calculation of the Theoretical Dipole Moment and the
Geometry of the Molecule. The data of molecular
dimensions of cyclohexane-1,4-dione, obtained by Mossel
and Romers,V differ somewhat from the values usually
adopted as normal bond lengths and valency angles:
C(sp?) —C(sp?) 1.515 A, C(sp3) —C(sp®) 1.536 A, C=0
1.210 A, £ C(sp3)C(sp2) C(sp®) 116.2°, £ C(sp?)C(sp3)-
C(sp3) 112.2°,

Therefore it is necessary to estimate anew, with the
above data, the angle between the two carbonyl groups
substituted at the opposite sites of the molecule for the
two conformations, boats A and B (Fig. 3).

A simple geometrical consideration leads to the fol-
lowing values of the angles between the two carbonyl
groups for the two boat conformati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>