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Photoionization of Chlorpromazine Hydrochloride in Binary
Mixed Solvent Systems
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(Received November 1, 1975)

Flash photolytic photoionization of chlorpromazine hydrochloride has been investigated in several binary

solvent systems, one component being always water.

With changing solvent composition, the ionization yield in aer-

ated state shows a convex curve. Opposite roles of oxygen toward photoionization have been found in aqueous and
organic solutions: i.e. the deaeration causes an efficient ionization in organic solvents, but practically no ionization in
water. A change in the reaction mechanism has been suggested in the mixed solvent with water content of about 85
%. Ithas been found that the photoionization proceeds monomolecularly via an excited state, the lifetime of which
is far shorter than that of the lowest excited (z-m*) triplet state.

The interest in the photoionization of chlorpromazine
arises from its importance in photodynamic action and
photoallergic side effects.!) It is possible that both hy-
drophobic and hydrophillic interactions of biolegical
systems influence the photochemical reaction of a’ sub-
strate (drug) bound into biopolymers or biomembranes.
It is considered to be important, for a comparison of a
photobiological reaction in vivo with a model reaction in
vitro, that solvent effects of water and organic solvents on
the photochemical processes are clarified. We previ-
ously investigated the photooxidation of chlorpromazine
and established that the formation of the cation radical
from photoionization is the initial process in the oxida-
tive formation of the chlorpromazine sulfoxide as a
photoproduct.2? However, the elucidation of the inter-
action of oxygen with the excited state remained to be
investigated. The significant solvent effect found in
that photooxidation prompted us to study in detail the
photoionization process in binary mixed solvents.

It is the purpose of this paper to show that the char-
acteristic dependence of the photoionization upon the
solvent composition is due to the change in the ionization
mechanism.

Experimental

Maderials. Commercial chlorpromazine hydrochloride

was purified by recrystallization from diethyl ether. 2-Chloro-
phenothiazine (Aldrich-Chemical Co.) was chromatographed
on a column of silica gel (Kiesel Gel 60, Merck and Co., Inc.),
with benzene as the eluent, and was recrystallized twice
from this solvent. N-Methyl-2-chlorophenothiazine was pre-
pared by adding slowly methyl iodide to a 2-chloropheno-
thiazine anion, previously prepared from sodium hydride and
2-chlorophenothiazine in dimethyl sulfoxide in a stream of
nitrogen. The spectral-grade solvents—dioxane, acetonitrile,
and glycerol of Merck and Co., Inc., and G. R.-grade ethanol
(Iwai kagaku Co., Ltd.)—were used without further purifica-
tion. The water was distilled twice in a Pyrex vessel.
" Apparatus and - Procedure. Flash photolytic experiments
were carried out.with an Ushio UFP 105 photolysis apparatus,
.using a combination of UV-D25 and UV-29 or UV-2 only
(Toshiba color filters). The intensity of the exciting light
was varied by the use of neutra] filters or by the interchange
of the electric capacitor. Absorption and emission’ measure-
ments were made with a Hitachi 356 two-wavelength spectro-
photometer and a Hitachi MPF-2 spectrofluorimeter. The
absolute intensities of the flash light were determined by a
ferric oxalate actinometer.

Results

Photoionization in an Aerated Mixture of Water and Organic
Solvent. The first absorption band of chlorproma-
zine (CPZ) has its A,,,x at 305—310 nm (e.g. in ethanol,
308 nm). Flash excitation was confined to this band by
the use of coupled glass filters. As has been reported
previously,? the flash excitation of CPZ in aerated water
gave a cation radical (CPZ?) as a result of electron ejec-
tion, the molecular oxygen probably an electron accep-
tor. The formation of CPZ* was negligibly small in
air-saturated ethanol. However, it is found in this
ionization process that a mixture of water and ethanol
(1: 1) exceeds the aqueous solution in efficiency by a
factor of more than five. Figure 1 shows the ionization
yield (CPZ? yield) for several solvent pairs: ethanol-
water, dioxane-water, acetonitrile-water, and glycerol—
water. The spectrum of CPZ? is not influenced in its
shape or peak position by the solvents used.
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Fig. 1. CPZ%yields (absorbance at 515 nm) in the acrated

mixed solvents. [CPZ]=2.0x 10-*M. []: Ethanol-

water.  (O: Glycerol-water.  A: Dioxane-water.
& Acetonitrile-water.

Transients in .the Deaerated State. The transient
spectra obtained in the deaerated ethanol upon flash
excitation are shown in Fig. 2. The transient absorption
at 465 nm can safely be assigned to the (n-n*) triplet
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Fig. 2. Transient absorption spectra obtained by the ol 2 o

flash photolysis of the degassed ethanol solution of CPZ.
[CPZ]=2.0x10*M. a: Ops (immediately after
flash), b: 25 ps, c: 175 ps.

state (3CPZ),? while that at 515 nm is in fair agreement
with the spectrum of CPZ*. These two transients decay
at different rates, and at 175 ys after the flash the absorp-
tion is practically all due to CPZ*. When the technique
of argon gas bubbling was applied instead of degassmg
in vacuo, no apprec1able change was observed in the
transient species. The lifetime of 3CPZ in this case is,
however, short (kg(Ar): 5.8x10%s™!, kg (degassed):
2.6 x 10* 51}, perhaps because of a quenching by resid-
ual oxygen in the solution.

The flash photolysis of CPZ in dioxane, glycerol, and
acetonitrile gave 3CPZ and CPZ? similarly, but in an
aqueous solution no transients were observed.

Dependence of the Photoionization Yield on the Solvent
Composition. The absorption increase of CPZ* at
515 nm is coincident with the time profile of a flash, as is
the case for the (m-n*) triplet state and the maximum
value of the absorbance is used for the comparison of the
relative ionization yields. The dependences of the yield
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Fig. 3. CPZ? yields(absorbance at 515 nm) in the de-
gassed (@), argon bubbled (), air saturated (), and

oxygen bubbled ((P) mixed solvents of ethanol and
water., [CPZ]=2.0x10-¢* M.

[H,O], vol %

Fig. 4. CPZ? yields(absorbance at 515 nm) in dioxane-
water and acetonitrile-water. Dioxane-water, @;
argon bubbled, (O; oxygen bubbled. Acetonitrile-

water, [ll; argon bubbled, []; air saturated. [CPZ]=
2.0x 104 M.
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Fig. 5. CPZ? yields(absorbance at 514 nm) in glycerol-

water. @: Argon bubbled. [l: Air saturated. Vis-
cosities (A) and quenching rate by oxygen, kqyr [O,]
(@) are also shown.

of photoionization upon the solvent composition of the
above solvent pairs are shown in Figs. 3—5, which

illustrate a characteristic effect of the oxygen concentra-

tion on the ionization. The decay rates of the resultant
CPZ?* are summarized in Tables 1—2, which confirm
that the decay feature of CPZ* is determined by the
solvent composition, not by the oxygen concentration.
The effects of the light intensity of the exciting flash were
examined in anhydrous ethanol, ethanol, and ethanol-
water (1:1) in vacuo. The yields of CPZ?* and that of
3CPZ were directly proportional to the flashing light
intensity.

Reaction of 3CPZ with Water. The triplet-triplet
absorption in organic solvents in vacuo decreased drasti-
cally upon the addition of water and was not observed at
a concentration of 10%, v/v in water. A linear relation-
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TasBLE 1.

Photoionization of Chlorpromazine-Solvent Effect 3

DECAY CONSTANTS OF CHLORPROMAZINE CATION RADICAL (CPZt) IN THE MIXED

SOLVENT OF ETHANOL AND WATER
Aopsat 315 nm. [CPZ]=2.0x 104 M. £,, %,/ &d: first and second order rate constants in unit of s-1.

&: molecular extinction coefficient.

d: optical path length (10 cm).

H,0 Degassed Ar-bubbled Air-saturated O,-bubbled
A A ———t— ———t—
vol % kyJed ks kyjed ks kyfed 3 kyfed £
100 — ~103 — 103 — =6 108 — ~5x% 108
85 — 7.7x 102 — 5.8x102 — 5.5x 108 — 5.5x 103
70 1.8x10¢ 3.2x108 1.4x10* 3.4x103 ~3x 10t 4.6x108 ~4x 100 5.4x103
55 1.1x10¢ 7.9x10% 1.1x10¢ 2.8x10? 9x 108 4.7x103 9.2x 108 5.3x103
40 1.5x10¢ ~4x102 1.8x10¢ ~2x10? 8.6x10® 2.2x103 8.6x10% 1.6x10°3
25 2.2x10¢ ~2x102 3.5x 100  ~1x10? 9.2x 103 — 4.1x 104 —
10 3.0x10¢ =7x102 2.3x10¢ ~4x10 — — — -
0 3.6x 104 — 3.0x10¢ — — — — —_
TABLE 2. SECOND ORDER DECAY RATE (ky/ed, s—1)
oF CPZ*t IN GLYCEROL-WATER Discussion

[CPZ]=2.0% 10~4M. 4,,.4: 515 nm.

H,O kyfed kofed
vol % (Ar) (Air)
85 ~10¢ ~10¢
70 1.2x104 1.0x10¢
55 3.5x10% 4.0x 103
40 1.5x 108 2.1x 108
25 4.6x10? 1.1x103%
10 2.7x10? 3.2x102
0 2101 2.0x 10?
TaBLE 3. VALUEs oF @, @, aND @,
o, L/ o
0.003 0.4—0.6 0.27(10.0) 0.37(25.0)
EtOH, 25 °C EPA, 77K 0.31(40.0) 0.24(55.0)

a) The concentration of water in vol % is shown in
- parentheses.

ship of @ (3CPZ)-! against [H,O] was obtained. The
yields and lifetimes of CPZ*, however, do not show such
a sharp decrease upon the addition of water.

Quantum Yields of Fluorescence, Phosphorescence and Photo-
ionization. A rough estimation of the quantum
yields of the fluorescence (@), phosphorescence (@),
and photoionization (@;) of CPZ was carried out (Table
3). The quantum yield of photoionization was estimated
in aerated glycerol using the reported value of the mo-
lecular extinction coefficient of CPZ*.3) The procedure
is as follows. The exciting light absorbed by CPZ is
given by: ‘

Iabs = Slex(;‘)lr (A') (1 —e_a(z)m) 103 dA (l)

where I, (), I+(4), «(4), ¢, and d are the light intensity
of an exciting flash, the transmittance of the filter system,
the absorption coefficient, the molar concentration of
CPZ, and the optical path length respectively. The
quantum yield (@) is estimated by:

Dy = Agps*t/(Lurs 6d) (2)

The quantum yields of fluorescence and phosphores-
cence were determined by comparing the emission from
CPZ with that of quinine sulfate® and that of triphenyl-
ene in EPAD) respectively. It is obvious from Fable 3
that the value of (#;+4 0, @;) does not exceed one.

A comparison of the results in the presence of oxygen
with the deaerated ones (Figs. 3 and 4) shows that oxy-
gen inhibits the ionization at concentration smaller than
609, v/v of water. The differences in the yields of CPZ?*
between the air-saturated and oxygen-bubbled solutions
imply that the intermediate state responsible for the
ionization is of a very short lifetime. An estimation of
the lifetime of such an intermediate state is possible from
the ratio of the ionization yield (9;(O,)/®;(air)), assum-
ing a diffusional quenching by oxygen. Several tens of
nanoseconds were obtained for dioxane-water, and ca.
200 nanoseconds for the ethanol-water system. Thus,
the increase in the ionization efficiency with the increase
in the water content in the aerated state (Fig. 1) may be
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Fig. 6. Dependences of dielectric constant, viscosity and
diffusional quenching rate by oxygen (k4i¢¢ [O,]) on the
composition of the mixed solvents.®) Dielectric constant,
[1; ethanol-water, (O; dioxane-water. Viscosity, ll;
ethanol-water, @; dioxane-water. Quenching rate,
[T1; ethanol-water.
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attributed to the decrease in the quenching rate caused
by the changes in the viscosity and oxygen concentration
shown in Fig. 6.8) It is quite reasonable that the differ-
ence in the ionization yield between air-saturated and
argon-bubbled glycerol is quite small, since any diffu-
sional quenching of the intermediate state with oxygen
should be entirely suppressed. It may be said further
that the efficiency of the photoionization in question is
independent of the polarities and the hydrogen bonding
abilities of the solvent employed.

An' oxygen-catalyzed photoionization of a low yield
prevails in the aqueous and nearly aqueous solutions.
Either an electron transfer from the excited singlet state
of CPZ to oxygen or a dissociation from the excited state
of a charge-transfer complex (CPZ’+O,’-) into CPZ*
and O,~ is possible for such an ionization.”” The com-
plexation of CPZ with oxygen in water on the basis of
polarographic studies has been reported by Martin et
al.® Autophotoionization from the excited state of such
a change-transfer complex as (CPZ**O,'-)* can be
expected to occur in polar solvents, and it is natural that
this photoionization process becomes dominant with an
increase in the water content.

X
CTepzo e .:""A
33.3x 108 cm™} wmmrmrrmr %&2 rrrrIITITY
. cpz-0,
20.6x 108 cm- —1. Ta L
Org_ Sol. Mixed Sol, Water

Fig. 7. Assumed changes with solvent in the disposition
of energy levels of CPZ. T, ,«: Lowest (m-m*) triplet
state. X: Intermediate state responsible for the ioniza-
tion. CTgpz_o,: Excited state of charge transfer
complex of CPZ with oxygen. Blue edge of the exciting
light (Jf]) is also shown.

The ionization in the deaerated state poses a problem
regarding the solvent effect on the ionization; that is,
why does the ionization efficiency shows a steep drop at
a H,O concentration of more than 50—60% v/v. A
possible explanation is that the intermediate species for
the photoionization is labilized and becomes short in its
lifetime upon the addition of water. The energy level
diagram shown in Fig. 7 is likely to elucidate our ex-
perimental results. When the employed solvent is alco-
hol, the transient state (X) serves as-a reactive one within
the available photon energy, and oxygen acts as an
inhibitor of the ionization, The excited state of a
charge-transfer complex (CPZ’+0O,’-) is expected to be
located far above the excitation energy. In an aqueous
solution, however, X possibly disposes at a higher ener-
gy, and practically no ionization is observed in the
absence of oxygen. The low solubility of 2-chloro-
phenothiazine in water (10~7 M, practically insoluble)
predicts that the solvation of the aromatic moiety by an
organic solvent dominates over an equimolar ratio in the
mixed solvent employed. Thus, it may be considered
that ionization retains its high yield until a water
content of about 609%,.

[Vol. 50, No. 1

The fluorescence of CPZ shows a large Stokes shift in
both organic and aqueous solutions; this suggests an
increase in the coplanarity of the two benzene rings in
the fluorescent state. Both 2-chlorophenothiazine and
N-methyl-2-chlorophenothiazine show the same loca-
tions as those of CPZ and a similar degree of Stokes shift
in their fluorescence spectra. This excludes the possi-
bility that the emission of CPZ originates from its intra-
molecular exciplex state. The biphotonic pathway for
the ionization is definitely excluded by the findings of the
proportionalities of the CPZ* yield with the flash inten-
sities. Oxygen does not affected the fluorescence inten-
sity.

The oxidation potentials of phenothiazine derivatives
have been estimated from electrochemical anodic oxida-
tion: phenothiazine (PTH, 306 mV vs. NCE), 2-chloro-
phenothiazine (354 mV), and CPZ (473 mV). These
values were discussed by Malieu and Pullman® in terms
of the “H (R)-intra” and “H (R)-extra” configurations
of PTH. The degree of conjugation of the benzene rings
was proposed to be dependent upon these configurations.
Fulton and Lyons'® gave the ionization potentials of
several phenothiazine tranquilizers from their charge-
transfer bands, 6.96 ¢V for PTH and 7.38 ¢V for CPZ.
The formation of the cation radical observed in the
deaerated solutions, however, shows that the photo-
ionization occurs at about 4.1 eV, corresponding to the
blue edge in an exciting flash light.  Preliminary experi-
ments on the photoionization of N-methylphenothiazine
and N-methyl-2-chlorophenothiazine reveal that the
photoionization proceeds more efficiently by chlorine
substitution on the phenothiazine ring at 2 position.
Hence, it seems that the ease of oxidation in the excited
state is not necessarily parallel to that in the ground
state, and that a conformation of the excited state differ-
ent from that of the ground state may be a factor re-
sponsible for that.

The photoionization of N-methyl-2-chlorophenothia-
zine was examined with respect to the solvent depend-
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Fig. 8. Ionization yields in dioxane-509, v/v aqueous

acetic acid. Comparison of CPZ with N-methyl-2-
chlorophenothiazine. N-Methyl-2-chlorophenothiazine,
@; argon bubbled, (O; air saturated. CPZ, lif; argon
bubbled.
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ence of ionization in a dioxane-509, v/v aqueous acetic
acid solution (Fig. 8). The transients observed and
their dynamic behaviors were the same as those of CPZ.
Even though the electronic system of this compound was
the same as that of CPZ, the ionization shows a linear
relationship between the CPZ* yield and the solvent
composition. It is probable that the side-chain amine
causes some modification of the ionization yield, as a
result of the proximity of tetravalent nitrogen!! to the
aromatic ring. The most suitable orientation for the
ionization- of the side-chain amine to the aromatic ring
could be realized over a range of mixed solvents appro-
priately composed.

A further investigation of the reaction of CPZ with
water was warranted, since no transients were found
from 3CPZ and since an internal quenching of 3CPZ by
the side-chain amine is possible. A similar quenching
of the acetone triplet by alkylamine has been reported.12)
Neither the addition of 3-chloro-N,N-dimethylpropyl-
amine at 6.7 X 101 M nor that of triethylamine (10!
M) to an ethanol solution of CPZ caused any quenching
of 3CPZ. The absorption spectra after the prolonged
UV irradiation of CPZ in a deaerated aqueous solution
indicated only the decomposition of CPZ. These
results made it probable that the (n-n*) triplet of CPZ
reacts with water in some degradative mode.

Our tentative scheme for the photoionization of CPZ
explains well the characteristic solvent dependence and
quenching effect by oxygen, however, the lifetimes ob-
tained suggest that the intermediate state in question is
not the excited state, but some transiént species of a very
short lifetime. Either a half-ionized state or a geminate

Photoionization of Chlorpromazine-Solvent Effect 5

ion pair may be possible for such a transient. Iurther
investigations from this point of view are now in pro-
gress.
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Excited States of N-Salicylidenealkylamines Chelating to Zinc(II)

Takeshi Onno, Shunji Kato, Akira TAkeucH, and Shoichiro YAMapa
Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560
(Received February 7, 1976)

For several different forms of N-salicylidenealkylamines (Schiff bases), the absorption and emission spectra, and
the yields, lifetimes, and polarizations of the emissions were measured. Theneutral Schiff bases existin two forms, the

enolimine and the ketoamine, in an alcoholic solution.

All anions of the Schiff bases emit a moderate fluorescence at

room temperature and a strong fluorescence and a very weak phosphorescence at 77K.  Chelating to Zn*+ and Be?*,

they strongly emit a fluorescence and phosphorescence similar to those of the free anions.

In the bis-bidentate

complexes, the phosphorescence increases and the fluorescence decreases compared to those of the mono-bidentate
complexes—this change in the emission yields may be due to the increase in the intersystem crossing rate, enhanced
by an interaction between the ligands perpendicular to each other.

It is well known that many aromatic chelating rea-
gents, such as 8-quinolinol,)) N-salicylideneanilines,?
p-diketones,® and azo dyes with a hydroxyl group at
their ortho position,® fluoresce strongly on coordinating
to a light metal ion and that the first three of the above
compounds phosphorescence at a lower temperature
on coordinating to a heavy metal ion. We (Ohno and
Kato) recently proved that the excited states of the
bidentate ligands (f-diketones, 1,10-phenanthroline,
and 2,2'-bipyridine) were influenced by the following
coordination effects; (1) the metal-ligand bond(s)
prevent(s) the excited state from undergoing internal
conversion,® (2) the metal-ligand bond(s) using a non-
bonding orbital raise(s) the levels of !(n-n*) and 3(n-
a*), followed by a change in the rates of the radiative
and nonradiative processes,® and (3) a weak ligand-
ligand interaction produces a larger spin-orbit interac-
tion® and a delocalization of the excited state through
the ligands, resulting in a decrease in the nonradiative
transition rate.®% However, no strong molecular ex-
citon interaction in the bis- and tris-bidentate complexes
was observed in the absorption spectra, even at 4.2 K,
contrary to the expectations based on the circular di-
chroic spectra.®

In order to confirm such coordination effects, the
emissions of several N-salicylidenealkylamine complexes
were examined.

Experimental

Material. Bis( N-salicylideneisopropylaminato)zinc-
(II)®  (Zn(Sal-propyl),), bis(N-salicylidenemethylaminato)-
zinc(II)  (Zn(Sal-methyl),), bis(N-salicylidenecyclohexyl-
aminato)zinc(IT) (Zn(Sal-ch),), and (N,N’-disalicylidene-1,2-
propanediaminato)zinc(II)'®? (Zn(Sal-pn)) were prepared
from Zn(CH,COO0),-2H,0 and salicylaldehyde and the
appropriate amines.

Free Ligands. N=salicylidenecyclohexylamine (H-sal-
ch), N,N’-disalicylideneethylenediamine (H,-sal-en), and
N-(3-methoxysalicyliden)methylamine (H-methoxy-sal-
methyl) were prepared from the appropriate amines and
salicylaldehyde or 3-methoxysalicylaldehyde, and were purified
by means of recrystallization or distillation. Zn(CH,COO),-
2H,0O was recrystallized from acetic acid, and Be,O(CHj;~
COQO)s,, from ethanol and then from chloroform.

Measurements. The absorption and emission spectra,
the quantum yields, the lifetimes, and the polarizations of the
emissions were measured in the ways described in the preceding
papers.5®)

Procedures. The free ligands were dissolved in a
mixture of methanol and ethanol (1:4 by volume) or methyl-
cyclohexane, while the neutral complexes were dissolved
(10-—10-* M) in the mixed solvent in which the com-
plexes did not practically dissociate. The solutions of the
mono-bidentate complexes were prepared by dissolving the
bis-bidentate complexes and an excess of Zn(CH,COO),-
2H,0 or Be,O(CH;COO),. The Zn(Sal-ch)* solution was
prepared from H-sal-ch and an excess of Zn(CH,COO),-
2H,0.

Results and Discussion

Free Ligands. The near UV absorption spectra of
H-sal-ch, H,-sal-en, and H-methoxy-sal-methyl in the
mixed solvent of methanol and ethanol consist of two
bands, as is shown in Fig. 1; one has the band peak at

Emission
Absorption "|'
g
< (5]
§ 7
5 p=
o -
=)
=
S~
W
1 ! .l.'-" s N s T T 1 0
18 20 22 24 2 28 30 3 &
7/10% cm—2
Fig. 1. Absorption and emission spectra of H-sal-ch in a

mixture of methanol and ethanol (1:4 by volume).
——: The absorption spectrum at room temperature,
———: the absorption spectrum at 77 K, Fg: the fluores-
cence spectrum at 77 K on excitation with 24.5x 103
cm-! light (|} ), and Fg: the fluorescence spectrum at
77 K on excitation with 31.5x 10® cm~! light (|} ).

25% 103 cm~! (K-band), and the other, at 31.5x103
cm~! (E-band). At 77 K, the intensity of the K-band
increases and that of the E-band decreases. In meth-
ylcyclohexane, the E-band is intensified at room tem-
perature and the K-band is so weakened that it can
barely be detected at 77 K (see Fig. 1). The observed
changes in the band intensity with the solvents and the
temperatures suggest the presence of an equilibrium
between the ketoamine and the enolimine:
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According to Hoffman et al.,' who have proposed a
similar equilibrium for salicylideneisopropylamine in
some solvents by measurements of IR and UV spectra,
the K-band is attributable to the ketoamine, and the
E-band, to the enolimine. B

A weak and structureless fluorescence is observed
when the ketoamine of H-sal-ch is excited at 77 K in
both alcohol and methylcyclohexane. As the tempera-
ture is raised, the fluorescence fades and escapes from
detection at room temperature (@p<10-%). The enol-
imine at 77 K emits much weaker flugrescence (Fg) with
a very large Stokes shift (12000 cm~!), which has a
spectrum a little different from the fluorescence (Fg) of
the ketoamine, as Fig. 1 shows. A similar situation may
be seen in Hy-sal-en and H-methoxy-sal-methyl (see

TABLE 1. THE SPECTRAL DATA
ﬁmax 17lll\ﬁ,x Of ﬂuo' "jmax
Compounds of —_—— of
abs. R.T.®» 77K phospho.

H-sal-ch enolimine 31600 — — —
H-sal-ch ketoamine 25100 — 21100 —
Sal-ch 28400 22400 24700 21500
H,-sal-en enolimine 31750 — — —
H,-sal-en ketoamine 24700 — 21600 —
Sal-en 27900 21650 24200 20800
H-m_et}_loxy-sal-methyl 34000 . . .
enolimine

H-methoxy-sal-methyl

Ketoamine Y% 23900 — 20000 —
Zn(Sal-ch)* 28200 22400 24600 21900
Zn(Sal-ch), 28300 22400 24600 21900
Zn(Sal-propyl)* 28200 22700 24200 21800
Zn(Sal-propyl), 28200 22600 24400 21700
Zn(Sal-pn) 28000» 22200 24100 21400
Zn(Sal-methyl)+ 28500 22700 24700 21800
Be(Sal-methyl)+ — 23400 24100 22300

a) Room temperature. b) Shoulder.

Table 1). It is probable that the fluorescence on the
excitation of the enolimine may come from the kind of
ketoamine, with some difference in the rotation of the
C-N bond and/or the solvation from the directly excited
ketoamine. In the cases of some (N-nitrosalicylidene)-
anilines!?® and N-(2-hydroxynaphthylidene)aniline,®
which exist in an equilibrium with their ketoamines in
the ground state, Becker and Richey considered the
weak fluorescences with maxima different from those of
the ketoamines to come from the kind of ketoamine with
the anilino group and the salicylidene or the naphthyl-
idene group in different planes.

When sodium ethoxide is added as a base to an H-sal-
ch ethanol solution, a new absorption band (7,,,: 28400
cm-1) appears and both the K-band and the E-band
disappear, as Fig. 2 shows. In the case of Hy-sal-en,
the band peak is at 27900 cm~!. This new band is
undoubtedly attributable to the anion. As is shown in
Fig. 2, the anion emits a new fluorescence with 7,,,:

Excited States of N-Salicylidenealkylamine Chelating to Zinc(II) 7
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Fig. 2. Absorption and emission spectra of Sal-ch in

ethanol containing sodium ethoxide at 77 K and room

temperature.
: The absorption, fluorescence, and phosphorescence
(the lower section) spectra of 77 K, and -—-: the fluo-

rescence spectrum at room temperature.

24700 cm™! at 77 K and 22400 cm™! at room tempera-
ture. The large red shift (2300 cm—!) with a rise in the
temperature is probably due to the reorientation of the
solvent molecules around the excited molecule with a
larger dipole moment. The absence of the intramole-
cular H-bonding allows large yields of the fluorescence:
=~]10-1at 77 K and =102 at room temperature. More-
over, a weak phosphorescence with 75 at 21500 cm—!
was observed by using the sector method (see Fig. 2).
A similar situation is seen in the basic nonaqueous solu-
tion of H,-sal-en.

Ina 0.01 N NaOH methanol solution containing 209,
water, both the absorption and fluorescence spectra of
H-sal-ch and H,-sal-en are different from those of the
corresponding anions in the ethanol including sodiumc
ethoxide; the 7, of the absorption band is 26000 cm™1,
and that of the fluorescence is 19200 cm~! at room tem-
perature and 22500 cm—! at 77 K for both H-sal-ch and
H,-sal-en. This behavior is the same as that of sali-
cylaldehyde in the same solvent; therefore, it can be
concluded that the species exhibiting these absorption
and emission spectra is the salicylaldehyde anion. Itis
thus probable that the spectra of Hy-sal-en and H-sal-
methyl in the methanolic KOH which were reported by
Water et al.19 are the absorption spectra of the salicylal-
dehyde anion.

Coordinating Forms of Sal-ch, Sal-propyl, and Sal-pn.
When Zn(CH;COO),-2H,0 is added to an alcoholic
solution of H-sal-ch, both the absorption and fluores-
cence spectra are changed into forms very similar to
those of the anion (see Figs. 2 and 3). Moreover, the
same spectrum is obtained for a Zn(Sal-ch), (3 x10-%
M) solution with an excess (10-3 M) of Zn(CH3;COO),-
2H,0. It may easily be concluded that the new band is
due to the formation of Zn(Sal-ch)t. It is noticeable
that the coordinating Sal-ch has a broad asymmetric
absorption band with a long tail on the higher-frequency
side; this band may be supposed to consist of two differ-
ent transitions.

On the excitation of Zn(Sal-ch),* a strong fluores-
cence is observed at room temperature and at 77 K. As
Fig. 3 shows, the band peak of the fluorescence is red-
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Fig. 3.  Excitation polarization spectra .of fluorescence,

absorption and emission spectra of Zn(Sal-ch)* and
Zn(Sal-ch),.

The upper section consists of the absorption and emission
spectra at 77 K. ———: Zn(Sal-ch),, : Zn(Sal-ch)*
([Zn(Sal-ch),]: 3% 10-* M and Zn(CH,COOQ),: 10—
M).

The lower section consists of the fluorescence of Zn(Sal-
ch)* at room temperature and the excitation polariza-
tion spectra of the fluorescence at 77 K.

shifted from 24400 to 22400 cm~! by a rise in the
temperature, as in the case of the anion. In addition to
the fluorescence, there is observed a strong phosphores-
cence with a 7o_o value of 21800 cm—!, which is near to
the weak phosphorescence of the anion. In the case of
Sal-pn, the absorption, fluorescence, and phosphores-
cence spectra of the coordinating Sal-pn are similar to
those of Sal-en, as Table 1 shows. Further, all coordi-
nating Schiff bases, even at room temperature, retain the
high fluorescence yields obtained at 77 K.

The high fluorescence yields of the coordinating Schiff
bases may have two causes. One is that the electronic
state of the ligand is not similar to those of the ketoamine
and the enolimine, but to that of the anion. The other
is the rigid chelation to the zinc ion, suppressing the
internal conversion, which usually depresses the fluores-

X

A
'
'
1
'
'
'
1
]
t
'
'
'

Fig. 4. Intramolecular axes of the complexes of salicyl-
idenealkylamine (a) and Sal-pn (b).

than in the mono-bidentate complex.
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cence yields of the anions at room temperature. The
high phosphorescence yields may thus be caused not by
a spin-orbit interaction due to the zinc ion, but by the
formation of the rigid chelation, because the complex of
the lighter metal ion—Be?** has a yield similar to those
of the Zn-complexes. , S

Ligand-Ligand Interaction. In the cases of Be(Sal-
methyl),, Zn(Sal-ch),, and Zn(Sal-propyl),, the inter-
ligand interaction is considered not to be large because
they have four coordinating atoms (2 N and 2 O) at the
appexes of the tetrahedron, as has been shown by means
of X-ray analysis in the case of Zn(Sal-propyl),!® (see
Fig. 4-a). They have an asymmetric absorption band
similar to those of the monobidentate complexes, as Fig.
3 shows. The asymmetric band is resolved into two
bands by measuring the excitation polarization spectrum
of thé fluorescence of Zn(Sal-ch),.*

‘TABLE 2. THE QUANTUM YIELDS AND THE RATE CONSTANTS
FROM THE TRIPLET STATES AT 77 K

Compounds @ Op Op/Or Dy ktk, k. ke
Zn(Sal-ch)* -0.41 0.38 0.93 0.59 1.45 0.93 0.52
Zn(Sal-ch), 0.19--0.52 2.7 0.81 4.19 2.69 1.50
Zn-

(Sal-propyl)* 0.27 0.35 1.3 0.73 2,53 1.21 1.32
Zn-

(Sal-propyl), 0.12 0.41 3.3 0.88 3.91 1.8 2.09
Zn(Sal-pn) 0.23 0.40 1.7 0.77 2.00 1.03 0.97
Zn- ‘

(Sak-methyl)* 0.35 0.31 0.88 0.65 — — —
Zn-

(Sal-methyl), 0.19 0.40 2.2 0.81 — — —

Be(Sal-methyl)* — —

2.0 — - = —
Be(Sal-methyl), — — 3.8

Ligand-ligand interaction in the bis-bidentate com-
plexes is reflected in the yields and lifetimes of the emis-
sions. Their phosphorescence yields with shorter life-
times become larger by 0.06—0.14, as is shown in Table
2, compared with the yields of the corresponding mono-
bidentate complexes. Assuming that the rate of inter-
nal conversion from the excited singlet state is much
smaller than those of the fluorescence and the intersys-
tem crossing processes, the sum of the triplet yield (@)
and the fluorescence yield (@) becomes unity and the
phosphorescence yield (@p) is expressed as Op=
Or-k.[(ke+kor) = (1 —Op) k[ (k. +k,.), where k, is the rate

* The constant fluorescence polarization of the mono-
bidentate complex suggests that the emitting dipole lies
between the two absorption dipoles. This idea is partly
supported by the large separation between the maxima of the
absorption and the fluorescence spectra, in addition to the
structureless band shapes. While the intensity of the transi-
tion along the z-axis is multiplied by a factor of 2 on bis-
coordination, the intensity of the transition along the x-axis is
multiplied by a factor of ,/2. Therefore, the transition
without the z-component has a larger angle against the transi-
tion with x- and z-components in the bis-bidentate complex
If the higher absorption
transition has no z-component and if the emitting has both
components, x and z, the value of the fluorescence polarization
is smaller on excitation to the higher excited state.
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constant of the radiative process and where k. is the rate
constant of the nonradiative process from the triplet
state. Then, the values of k. and k. are calculated
using the phosphorescence lifetime, (k. +k,.)~'. These
values and @ are shown in Table 2.

The increases in @y and £, are mainly caused by the
increment in the spin-orbit coupling. Such an increase
in the intersystem crossing rate (ks.r) due to intramolec-
ular interaction has also been observed for some f-
diketonato complexes,® diphenylmethane, and triphen-
ylmethane.'®) The values of &, and k. of Zn(Sal-ch),
and Zn(Sal-propyl), are three times as large as those of
Zn(Sal-ch)t and Zn(Sal-propyl)* respectively, as Table
2 shows; therefore, the increase in the £, may come from
the larger spin-orbit coupling. This is in contrast with
the cases of the tris-f-diketonato complexes and tri-
phenylmethane, where the ks« values are larger and
the k,. values are smaller than those of the mono-g-
diketonato complexes and toluene respectively. Even
if the triplet delocalization through the two ligands of a
Schiff base affects the £, the effect will be canceled out
by the chelation being less rigid than that in the mono-
bidentate complex, which emits phosphorescence several
hundreds times as strongly as does the free anion.

As for planar Zn(Sal-pn)? (see Fig. 4-b), the absorp-
tion band in the near UV region has a shoulder on the
lower-frequency side, as Fig. 5 shows. The shoulder

T
1
@®

quanta
e/10t M1 cm™?!

18 20 28 24 2% % 0 3%
7/10% cm—?!

Fig. 5. Absorption and emission spectra of Zn(Sal-pn) in
a mixture of methanol and ethanol at 77 K.
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indicates the existence of another transition, which was
suggested by Bosnich'® on the basis of a Gaussian analy-
sis of the asymmetric absorption band observed at room
temperature. Since the fluorescence polarization is
constant from 26 x 103 cm=! to 31 x103cm~! and is
similar to that of Zn(Sal-ch)*, the existance of two
transitions does not indicate a large exciton splitting.
Probably, a weak interaction between the salicylidene-
amine groups makes observable a second band which is
hidden in the mono-bidentate complex.
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and Propylene in the Liquid Phase over ¢FeS04-Al:03’’ Catalysts
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The kinetics in a liquid-phase isopropylation of m-cresol (I) with 9—25 kg/cm? of propylene (VI) was studied

at 240—280 °C over catalysts prepared from FeSO, and y-Al,O,.

The rates of the formation of thymol (II) and

4-isopropyl-5-methylphenol (III) and the subsequent isopropylations of II and III were fitted to an irreversible,

firstorder rate equation with respect to each starting material.
to the 1.5th power of the surface acidity of 1<{H;<(3 of catalysts and the 2.2nd power of the pressure of VI.

All of the rate constants were roughly proportional
The

apparent activation energies were 22 kcal/mol for Steps I—II, II-»2,4-diisopropyl-53-methylphenol (V), and
III—-V and 6.5 kcal/mol for Steps I-III and II—2,6-diisopropyl-5-methylphenol (IV).

For several years,) we have been studying the devel-
opment of solid catalysts for the isopropylation of m-
cresol (I) with propylene (VI) in the liquid phase, trying
to prepare thymol (II), which is an important starting
material for menthol. 9-Al,0,23 and some metal
sulfates!:® impregnated on y-Al,O; have been reported
as catalysts of a high selectivity for thymol formation in
the vapor® and liquid phases.1»® However, the iso-
propylations over these catalysts are accompanied by
multiple reaction steps; the Reaction Scheme below
shows an example. So far as the isopropylation of I is
concerned, there has been no systematic study of the
reaction kinetics. In order to design a reactor, it is
necessary to describe quantitatively the distribution of
products under various reaction conditions.

“FeSO,-Al,041%) is an excellent catalyst which has a
selectivity as high as y-Al,O4 and a catalytic activity 100
times as high as y-Al,O;. In this paper, the rates of the
formation of IT and the by-products over “FeSO,-ALO,”
catalysts will be determined, and then the apparent rate
constants will be correlated to the surface acidity of the
catalysts and the reaction conditions.

Experimental

Catalysts. A 47.3-g portion of FeSO.-7H,O of a
guaranteed reagent grade was dissolved in 150 ml of distilled
water at 40—60 °C, and then a 75-g portion of y-Al,O,
(Nikki Chemicals Co., Ltd.) of 100—200 mesh was stirred
into the solution. After standing for 15—16 h, the solid was
filtered and washed 3 times with 200 ml of distilled water.
The resultant solid was dried on a water bath, calcined in a
stream of dry air or dry nitrogen at 500 or 450 °C, and
used as a catalyst. No particular caution was taken to
exclude traces of moisture. The BET surface area of the y-
AL,O, was 205 m?/g. In a series of preparetive runs, the
resultant catalysts varied in their impregnated amounts of
FeSO,; these amounts were 8.7 wt9, (Catalyst No. 2), 4.3
wt% (No. 3), 5.0 wt% (No. 4), 5.9 wt% (No. 5), 4.3 wt%
(No. 9), 4.1 wt% (No. 10).

Surface Acidity of Catalysts. The acid-base strength
distribution of catalysts were measured by a titration method.#

Isopropylation and the Analysis of the Products. Desired
amounts of I (of guaranteed reagent grade) and of a
catalyst were weighed into a reactor, which consisted of an
autoclave with a capacity of 100 ml equipped with a magnetic
stirrer and with gas inlet-outlet pipes. The pressure of VI
(P) was kept constant at 9—25 kg/cm?® by the incremental
addition of VI. The reaction temperature was 240—280

°C and was kept constant within 42 °C. The amount of
catalyst (W) was 2.5—25 wt9, of the initial amount of I.
After an appropriate reaction period, the reactor was cooled
rapidly in a cold-water stream, and the unreacted VI was
released. The reaction mixture was dissolved with ether,
washed with water, dried over Na;SO,, and concentrated.

The reaction mixture was analyzed by gas chromatography,
using a Kotaki Model GU-21A on a2 2mX5mm ¢ column
packed with 20 wt%, of silicone oil (D. C. 200) on Celite-545
(60—80 mesh), at 165 °C and with 1.2 kg/cm? of He as the
carrier. Isopropyl benzoate was used as the internal stand-
ard. Some of the reaction mixture was fractionated into
components by modified fractional gas chromatography,
and each of the fractions was identified by IR absorption
spectroscopy in a Nujol mull.

Isopropylations of II or III were carried out in the same
way as above.

Results and Discussion

Rate Equations.
assumed to proceed via the following scheme.

g 00
(n
(an (v
"u\

The isopropylation of I was
Ethers of

N
| EH3 kvl CH3

() (v)

I and of the products were also formed, but the contents
of isopropyl m-tolyl ether and of the total ethers in the
reaction mixture were not more than 0.04 and 0.1 in
mole fraction respectively. Therefore, their formation
was excluded from the scheme. Figure 1 illustrates the
composition-time plots of a reaction mixture. At 240—
280 °C, the I content in the reaction mixture decreased
monotonously with the time.

The overall reaction was well expressed by a set of
irreversible rate equations:

dCy/df = —kCy = — (kg + ki) G (1)
an/dB = kyCy — (kv + ky) Gy (2)
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Fig. 1. Change in the composition of a reaction mixture

with the reaction time at 260 °C, with 15 kg/cm? of

propylene. W of the catalyst (No. 3) was 15 wt%.
O, II; ALIIT; A,IV; @, V; [, 15 , calculated
value.
dCyyy/d0 = ki Gy — ky' Cip (3)
dCy/dO = kyy Cyy (4)
de/dB =kyCy + ky' Ci (5>

where 0, C, and k represent the time, the concentration
of the species defined by the suffix, and the apparent
rate constant shown in the Reaction Scheme.

In each experimental run of the isopropylation using
I, II, or III as the starting material, a linear correlation
was found between {—log(l —conversion)} and 0.

Rate Constants. The apparent rate constants were
determined as follows. 1) &y and ky; were determined
from the slopes of the curves of Cy/Cyand Cii/C, against
0, at 6=0; C, denotes C; at 6=0. 2) Replacing the
left-hand sides of Eqs. 2—5 with the slopes of the con-
centration-time curves of I, III, IV, and V at any time,
0, and applying the corresponding concentrations, the
rate constants were obtained. Their values are presented
in Figs. 2 and 4.

Most of the compositions of the reaction mixtures
which were calculated by integrating Eqs. 1 to 5 and by

25— T T T
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Fig. 2. Arrhenius plots of ky (O), b (A), kv (A)s by
(@), and &'y ([J). W of the catalyst (No. 3) was 15
wt% and propylene of 15 kg/cm? was used.
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applying the rate constants at any time, 8, agreed within
a deviation of less than 0.05 in mole fraction with the
observed values over a full range of isopropylations,
where the total conversion of I was from 0.17 to 0.95 in
mole fraction. The composition-time curves in Fig. 1
are the calculated ones.

Each k value was proportional to the amount of
catalyst (W).

From the Arrhenius plots of the rate constants in Fig.
2, the apparent activation energies in each step were
determined to be 22 kcal/mol for Steps I—II, II-V,
and ITI-V and 6.5 kcal/mol for Steps I->III and II—
IV. Probably, the rate-determining step was different
between these two groups of reactions. From Fig. 2,
the apparent pre-exponential factors are in the order of
ISII>IIISVSII-SV > II-SIV TSI

Effect of the Pressure of Propylene. All of the rate
constants were apparently proportional to the 2.2nd
power of the pressure of VI (P).

Effect of the Surface Acidity. The acid-strength
distributions of the catalysts used in this study are shown

! I l |

Fig. 3. Acid strength distributions of catalysts, No. 2

(A); No.3 (A), No. 4 (l), No. 5 (O), No. 9 (@), and
No. 10 ([J).
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Fig. 4. Effect of the surface acidity of 1<<H,<3, «, of
catalysts on &y (O), km (A); kv (A), kv (@), and
Ky (), at 260 °C, with 15 kg/cm? of propylene. W
was 15 wt9%,.
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in Fig. 3. The acidity at any H, value shows the amount
of acidic sites whose acid strength is equal to or less than
the H, value. Over most of the catalyst surfaces, the
amount of acidic sites was at a maximum at Hy=
1—4.

The rate constants were not correlated with the total
amount of acidic sites of Hy<<4, or with the amount of
acidic sites of any Hj range other than I<H<3. Asis
shown in Fig. 4, the rate constant in each step is similarly
roughly proportional to the 1.5th power of the acidity of
1<<H,<3. It should be noticed that the efficient acidic
sites seem not to be of Hy< 1 but to be of 1<H <3, this
will be interpreted in the following section.

Catalytic Actions. The isopropylation of T with VI
has been reported to be catalyzed by solid acid catalysts
via the formation of an isopropyl cation (HP+).3:% The
acidic sites of 1 <<H,<{3 will be Bronsted acidic sites and
will protonate propylene. On the other hand, phenols
were regarded as being adsorbed on the basic site of
catalysts with the OH group.3:%? On y-Al,0O; used as
the carrier, basic sites whose conjugate acids had H,
values of less than 7 were observed.¥ These basic sites
are probably exposed on the present catalysts’ surface.!®
The m-electron densities at C,- and C,-positions of the
adsorbed m-cresol are greater than those of m-cresol in
the liquid phase.®) Hence, the isopropylation of I must
take place between the adsorbed m-cresol and HP+:

HA + VI — [HP*...... A-] (VII) (6)
B+ 1 = [I......B] (VIII) 7
VIL + VIII =%, II + HA + B (8)
VIT + VIIT 2 111 + HA + B 9)

where HA and B denote an acidic site of 1<H <3 and
a basic site which are adjacent to each other. A4-, K,
and £’ denote the conjugate base of HA, an equilibrium
constant, and a rate constant in the corresponding step
respectively. A~ will facilitate the isopropylation by
accepting a proton from the C,- or C,-position subse-
quently to the attack of HP*.

CHy
H s CEH3 CH{CHCH, CTHs
0 }/ P | g
H = P'H

H P'H =
Ry 'm —\-“
“A A TV*\TWW}E\TTA B B
A BASIC SITE
\_ A LEWIS ACIDIC SITE
A BRONSTED ACIDIC SITE

Because the C,-position of VII is more remote from
the surface than C,,3% the migration of HP+ to C, from
the surface is less frequent than the direct attack of HP+
on C,. This is supported by the difference between the
apparent pre-exponential factors of ky and Ay, The
diffusion of HP+ has a lower activation energy than the
surface reaction between HP+ and the C,-position of
VIII. This is supported by the difference between the
apparent activation energies in Steps I—II and I-III,
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which shows that the energy barrier in Step (9) is ca. 16
kcal/mol lower than that in Step (8).

Provided that the structures of the surface in the vici-
nity of B are almost the same, the amount of B will be
proportional to the amount of HA,

The reason why acidic sites of Hy<(l seemed to have
no effect on the rate constants is either that they were
Bronsted acidic sites which were not adjacent to B or
that they were Lewis acidic sites. These Bronsted acidic
sites protonate propylene as well as those of 1<{H <(3.
If HP+ migrates rapidly and freely enough over the
surface, HP+, which are formed at the Brénsted acidic
sites of Hy<3, contribute to the activity of HP+ as a
whole. On the other hand, if HP+ does not migrate,
only the HA in the vicinity of B contributes to the activi-
ty of HP+, which affects the rate constants. Therefore,
the activity of HP+ will be independent of the amount of
HA over all the surface. In this case, the rate constants
will be proportional to the amount of HA, which re-
presents the amount of the reaction loci where the iso-
propylation is catalyzed by a set of HA and B. The
dependency of the rate constants on the acidity of 1<
H,<3 by the 1.5th power suggests a restricted mobility
of HP+. For clarifying the behavior of HP+ consistently
with the behavior of propylene in gas- and liquid-phase,
however, further investigations will be required inter-
preting the 2.2nd-power dependency of k on the P value.

Because the acid strengths of I, II, and III are esti-
mated to be nearly equal,® the differences among their
heats of adsorption will not be substantial. As Steps
II->V and III->V had apparent activation energies
equal to that of Step I—>II, those steps must proceed via
an activated state similar to that of VIII at the C,-posi-
tion of IT and the C,-position of III. The observed
differences of the pre-exponential factors from that of
Step I—>II suggest a disadvantage in the steric factors of
Steps II»>V and III-V, e.g., a disadvantageous entropy
change in the adsorption of II because of the ortho-
isopropyl group.

Between the competitive steps, II->V and II-IV,
the relatively low activation energy and pre-exponential
factor in Step II—IV indicate that the Cg-position of 11
is sterically unfavored, like the C,-position of I.

We are grateful to the Takasago Perfumery Co., Ltd.,
for its permission to publish this article.
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The parameters of a CNDO-type SCF-MO method are determined for some 5d transition metal complexes such
as IrClg?-, AuCl,~, and HgCl,2~ by comparing the calculated transition energies of these complexes with their experi-

mental values.
HgX,, and CH;HgX (X=Cl, Br, and I).

are in fair agreement with experimental ones, with a few exceptions.

MO calculations with these established parameters are also carried out for IrBrg?-, AuBr,~, HgX,2-,
The transition energies and assignments obtained from MO calculations

This MO method gives successful results for the

electron density and the bond strength: (1) a linear relation is obtained between the calculated and observed net
charges on the Hg atom of HgX, and CH;HgX, and (2) similar linear relations are obtained between the bond index
E\y_x values and the stretching force constant fy_x and between the Ey,_ value and the fy, ¢. Some discussion is
presented for the Hg-C bonding character of the CH,HgX; the Hg-C bond is mainly contributed from the covalent
interaction of the 6s and 6p orbitals of the Hg atom with the 2s and 2p orbitals of the C atom. The contributions of
the Hg 5d orbitals and the electrostatic interaction are rather small.

There exist various organo-transition metal complexes
which are interesting as model compounds of inter-
mediates formed in reactions catalyzed by transition
metal complexes.))? These organometallic compounds
have received many spectroscopic studies. There is,
however, limited theoretical work on these complexes;
such studies are especially few in the 5d organo-transi-
tion metal complexes.?~5 Theoretical work is necessary
to understand and discuss the electronic structures of
organometallic complexes. Furthermore, theoretical
studies can give us useful information on unstable and
unisolable intermediates.2=57 Thus, we should investi-
gate a MO method powerful enough to achieve this
purpose.

One of the authors presented a CNDO-type MO
method which gave successful results in MO calculations
of Pt-complexes.? By use of this method, he investi-
gated the reaction mechanism and ligand effect in the
ethylene insertion reaction into the Pt(II)-H bond.5?
This MO method, therefore, can be expected to give us
important information about organo-transition metal
complexes. In the present study, we attemp to estab-
lish the parameters of Hg,Au,and Ir atoms by comparing
the calculated transition energies of these metal com-
plexes, such as HgCl,2—, AuCl,—, and IrClg-, with the
observed ones. No MO calculation has been reported
for HgX,?*~ and IrX - as far as we know; for AuCl,-,
although an INDO-type MO calculation was carried
out, neither d-d transition energies nor the bonding
nature were discussed.f)

Then, MO’s of methylmercury(II) complexes are
calculated by use of the established parameters. Al-
though these complexes have been investigated in detail
by means of various spectroscopic instruments, such as
IR and Raman/8-1%) NMR,!5-18) and UV spectro-
scopy, there has been reported only one theoretical
work,? in which the extended Hiickel MO calculations
were carried out and the ligand effect on the **Hg-H
coupling constant was interpreted theoretically. In the
present study, the electronic spectra, the electron densi-
ty, and the Hg-C bonding character are investigated.

Method, Parameters, and Geometries

Method and Parameters. The method used here is
the CNDO-type approximate SCF-MO method which
gave successful results in MO calculations of Pt com-
plexes.? Details of this method are presented else-
where.2®  Only the part of this method which concerns
parametrization carried out in this work, is described
here. The two-center Coulomb repulsion integrals are
estimated by use of the modified Ohno’s equation, which
has been introduced in the previous paper:52)

Ves = 14.3986/(R,,2 + d2)ir2 (1)
14. 3986/d = 0'5(yrr + yss) —a, (2)

See Ref. 5 for the notation in the above equation. In
the 3d and 4d transition metal series elements, values such
as ayg, dqp, 45, and ag, are determined from the atomic
spectra. It has been found that there exist four linear
relations between the atomic numbers and the ¢ values,
and between the atomic numbers and a,,, ones (n=4 and
5).21) In the 5d transition metal elements, those values
can not be obtained from the atomic spectra because
there is not enough data to estimate those values. Thus,
in the Pt atom, they have been determined as para-
meters so that the calculated transition energies agree
with the observed ones.? In this work, the g4 and a4,
values are also determined as parameters under consid-
eration of the following conditions; the ag and ag,
values increase linearly with an increase in the atomic
number, which is expected from the analogy to the 3d
and 4d transition metal elements, and their two linear
lines pass through the 1.5 and 2.5 eV52) at the Pt atom
respectively. The values of the parameters are listed in
Table 1.

Values of other parameters, such as the Wolfsberg-
Helmholz parameter, K, and the orbital exponents, are
taken as well to be those in the case of the Pt com-
plexes.5?) These parameters give good results for the
transition energies, the electron densities, etc.

Bond Index. The energy contribution of the AB
bond to the total energy, E,s, is used as the bond in-
dex.57:22:28) The negative value means the bonding
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TaBLE 1. ORBITAL EXPONENTS, {,, VALENGE STATE IONIZATION POTENTIALS, I,, ONE-CENTER COULOMB
REPULSION INTEGRALS, 7, AND PARAMETERS OF MODIFIED OHNO’S EQ., a4, AND dg,,
Atom Ir Pt Au Hg
5.796 0.6351™ 6.013 0.6331®» 6.163 0.6442™ 6.436 0.6667
" { 3d 2.557 0.5556 2.696 0.5516 2.794 0.5356 3.032 0.5401
6s6p 2.504 2.554 2.602 2.649
5d 6.65,% 8.24 11.85 15.66
I { 6s 8.16 9.00 9.22 10.44
6p 5.80 4.20 6.49 5.00
5d 11.54,4 12.07 12.60 13.145
7ed { 6s 7.11 7.24 7.37 7.49
6p 5.92 6.05 6.18 6.31
gq 1.4, 1.5 1.7 1.8
agy 2.4 2.5 2.7 2.8

a) H. Basch and H. B. Gray, Theor. Chim. Acta, 4, 367 (1966). b) For only the d-orbital, the double-{ type orbitals are
used. These values are their coefficients, which are re-normalized values, since the contributions of the 3d and 4d
Slater type orbitals are neglected in this work. c) The calculated values from the atomic spectra (C. E. Moore, “A-
tomic Energy Levels,” Natl. Bur. Std. Circ., No. 467 (1958). d) The estimated value.”? ¢) In our previous paper,?
these values are over-estimated. By the use of these correct values, the electronic spectra of PtCl,2- are calculated suc-
cessfully, and the differences between the correct and the previous calculation are very small; for example B,,=1.97
eV in the present calculation and 1.99 eV in our previous report. f) R. D. Bach and H. F. Henneike, J. Am. Chem.
Soc., 92, 5589 (1970). g) Ir’s VSIP can not be calculated correctly from atomic spectra due to lack of experimental
data. These values are estimated by assuming that the promotion energy from 3F, state of Ir(I) to the d8 valence
state is 1 eV. This assumption seems reasonable from considering that this energy is 0.87 eV for the isoelectronic

Rh(I) atom.

interaction between the A and the B atoms, and the
large absolute value shows the large interaction. The
formula representing the E,5 under the used approxima-
tions has been given elsewhere.?

In order to investigate the detailed bonding character,
the E{} and E{ which approximately represent the
covalent interaction are divided into the EREY, ESRES,
and E{% as has been described in the previous
paper;?) where the E53, in which the suffix (1) 4 (2)
denotes the sum of E{J+Ef3, represents approximately
the contribution of the s orbital of the B atom to the
covalent interaction between the A and B atoms, and
the E{34S° and ESNS also represent similar meanings.

Geometries. The IrXg-, AuX,-, HgX,%-, and
HgX,; belong to Oy, D,y, Ty, and D.; symmetries, re-
spectively. The following bond lengths are employed
in MO calculations: Ir-Cl=2.47 A,?9 Ir-Br=2.618
A Au-Cl=2.42 A,% Au-Br=2.57 A,2 Hg-Cl (in
HgCl,2-)=2.50 A,2» Hg-Br (in HgBr2-)=2.62 A2%)
Hg-1 (in Hgl,2-)=2.80 A,2» Hg-Cl(in 'HgCl,) =2.252
A Hg-Br (in HgBr,)=2.41 A3) and Hg-I(in Hg-
I,)=2.60 A.2®» The CH;HgX complex is known to
have a linear structure. Its bond distance is taken as
follows: for CH;HgCl, Hg-C=2.052 A, Hg-C1=2.285
A for CH,HgBr, Hg-C=2.062 A, Hg-Br—=2.405
A3 for CH,Hgl, Hg-C=2.070 A, Hg-1=2.588 A ;32)
for Hg(CHj,),, Hg-C=2.083 A;33 for CH,HgF, Hg-
C=2.040 A, and Hg-F=1.93 A.29 The methyl group
is assumed to have the same structure in all the com-
plexes because the kinds of the ligand can scarcely cause
any structural change: LHCH=109.8° and C-H=
1.096 A.33)

Results and Discussion

Parametrization and Electronic Specira. IrCld3- and
IrBrg—: By considering the Pt’s gg(=1.5¢V) and

ag(=2.5 V), the following values of the ag and ag,
were examined in MO calculations of IrClg3-: ag,=1.2,
1.4, and 1.6 eV, and 44,=2.2, 2.4, and 2.6 eV. Results
are given in Table 2.

In IrClg3-, various values of a4 and ag, give only a
small effect on the transition energies. The first and
the second small bands observed at 2.99 and 3.48 eV
have been assigned to the T, and !T,,.3% In the
present MO calculations, the !'T;, and 'T,, transitions
are calculated to be ca. 2.9 and 3.5 eV, respectively.
The large band observed at 6.01 eV may be assigned to
the 1T,, transition calculated at 4.8 eV, since the T,
one is the only allowed one. This transition is the
charge-transfer (CT) one from the halogen’s p, orbital

1.4F 2
77 78 79
Ir Pt Au
Atomic Number

Fig. 1. The relations between the atomic number and
the a4 and a4, values.

80
Hg
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TaBLE 2. TRANsITION ENERGIES®) OF IrClg3~ AnD IrBrgd~

[Vol. 50, No. 1

IrClg*~ IrBrgs-
g, 1.2 1.4 1.6 1.4 1.4 . lgq 1.4 .
G 24 2.4 24 22 25 O w 2.4 O
1Ty, 2.92 2.86 2.81 2.96 2.78 T, 2.99 Ty 1.74 1Ty, 2.78
1T,,  2.98 2.90 2.86 3.01  2.84 (76)9 1T,  1.75 (230)
Ty, 3.39 3.40 3.40 3.38 3.41 1A, 3.19
'T,, 3.53 3.55 3.56 3.52 3.5 IT,, 3.48 'E,  3.30
(64)
1A, 3.88 3.93 3.88 4.06 3.87 1Ty, 3.75
1E, 4.13 4.08 4.03 4.15 4.01 1T, 3.82 1Ty, 3.20
(200)
T 4.69 4.63  4.57 4.72 4.53 Ty, 3.95
1T, 4.89 4.8¢ 4.80 4.92 4.78 oddr—d 6.01 1T, 4.13 oddn—d,, 4.56
2.18)» (2.22) (2.24) (2.15) (2.29) (28000) (2.33) (1200)
1T, 4.93 4.87 4.81 4.96 4.78 T,, 4.35 oddr—d,, 5.10
(0.23) (0.23) (0.23) (0.23) (0.23) (0.22) (2000)
T 6.19 6.14 6.14 6.23 6.06 T 5.39 oddo—d,, 5.94
(1.57) (1.59) (1.62) (1.57) (1.62) (1.93) (6200)
a) eV unit. The transitions which satisfy both the following conditions are omitted for simplicity: (1) the transition

is above the first CT one;
b) Ref. 35. c¢) Molar extinction coefficient (M-! cm-1).
in other transitions.

to the Ir’s 5d, orbital. In all the calculations, these
calculated transition energies roughly agree with the
observed one, although the !T,, transition energy is
smaller than the observed one by ca. 1.2 eV.

Then, the ag and ag, values can be determined. The
small a4 and ag values give better results for the ob-
served Ty, 1T, and T}, transitions, as shown in Table
2. The a4 and ag, values, however, are determined as
1.4 and 2.4 eV respectively, by considering the linear
relation between the atomic number and the a4 and
ag, values (See Fig. 1, the previous discussion in method

(2) its transition moment is zero.
d) Transition moment (A).

These transitions do not relate to the present discussion.
Transition moments are zero

and parameter, and Ref. 49. This determination
seems reasonable, since the calculated transition energies
do not much depend on the g4 and ag, values.

By using these values of a5 and ag,, transition energies
of IrBrg3- are calculated, as is shown in Table 2. Three
large bands are observed at 4.5—6 eV: the first is
assigned to the transition from the weak m-antibonding
and weak 6-bonding 3t;, MO, mainly composed of the
halogen’s p, orbital, to the 2e, MO, mainly composed of
the Ir’s 5d, orbital; the second is that from the It,, MO
composed of the halogen’s non-bonding p, orbital to the

TasLE 3. TransITION ENERGIES® OF AuCl,~ AND AuBr,-

AuCl,- AuBr,-
w 15 17 19 1.7 1.7 : 2o 1.7 .
@ 27 2.7 27 2.5 29 Obd w 2.7 OPP
B,  2.82 2.835 2.8% 2.89 2.78 B,  2.23 2.23
'E,  2.83 2.83 2.8¢ 2.88 2.79 1A,  2.72  E,  2.37 (300)9
(17.3)0
1A, 2.8 2.8¢ 2.85 2.87 2.8l A, 2.50
1A, 3.08 3.09 3.10 3.14 3.04 1, 2.52
E,  3.24 3.22 3 5.18 3.26 IE, 3.20 1B,  2.80
(319)
iB,,  3.44 3.45 3.46 3.51  3.40 E,  3.09 E, 2.70
(1560)
1A, 3.61 3.5 3.58 3.56 3.62 B, 3.11 E. 44, 3.159
B, 3.74 3.74 3.73 3.71 3.76 (1.64) (4775)
E, 3.80 3.80 3.81 3.81 3.79 IE}1A, 3.859 IE,  3.42 IE, 4.85
(1.51)® (1.50) (1.49) (1.48) (1.53) (5750) (0.95) (48625)
{E, 3.9 3.98 -4.00 4.05 .91 IE, 5.47 1B,  6.54 1B, 6.24
(0.76) (0.76) (0.77) (0.77) (0.75) (47800) (0.0) (14000)
‘E,  8.2¢4 8.20 8.16 8.03 8.37 IE, 7.07 B, 6.62 1Ay 6.61
(0.35 (0.35) (0.35) (0.36) (0.34) —) (1.04) (17700)
E,  7.46 IE, 6.94
(0.36) =)

a) d); See footnote a and d of Table 2, respectively. b) Refs. 36 and 37.
(M-1cm-Y).

e) Ref. 39a.

c) Molar extinction coefficient
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2e; MOj; and the last is that from the weak n- and o-
bonding 2t,, MO, mainly composed of the halogen’s
pr orbital, to the 2e¢, MO. The calculated transition
energies roughly agree with experimental ones,?%) but
the calculated transition moments are unreasonable.
For the first small band observed at 2.78 eV, the cal-
culated transition energy is smaller than the observed
one. For the small band observed at 3.20 eV, there is
an ambiguity whether the T,, calculated at 1.75 eV or
that at 3.82 eV should correspond to this band. Thus,
although there is insufficiency in the !T,; and !T,,
results, roughly good results are obtained for the CT
bands.5)

AuCl,~ and AuBr,~: The following values of the ag
and ag, were examined: g¢=1.5, 1.7, and 1.9 eV, and
ag,=2.5, 2.7, and 2.9eV. The calculated transition
energies are compared with the observed ones in Table
3.

The calculated transitin energies do not much depend
on the ag, and ag, values.?® The transitions calculated
at ca. 3.8, 4.0, and 8.2 eV seem to correspond to the
observed bands at 3.85, 5.47,36:3") and 7.07 eV,*® re-
spectively.?® These assignments agree well with the
experimental ones which have been proposed from the
MCD study.?? The calculated transition energies also
agree well with the experimental ones,?:3") but the
second 1E, transition calculated at 4.0V is smaller than
the experimental one by ca. 1.5 eV.

The two bands observed at 2.72 and 3.29 ¢V have
been assigned to the 'A,, and !E, transitions, respec-

CNDO-type MO Calculations of the Third Transition Metal Complexes 17

TasLe 4. TransITION ENERGIES® OF HgCl,2-
Qg 1.6 1.8 2.0 1.8 1.8

Obsd®

2, 2.8 2.8 2.8 2.6 3.0

IE 560 5.52 5.43 5.47 5.57

T, 5.62 5.5¢ 5.45 5.49 5.58 T, 5.28
(0.99)® (0.99) (1.0) (0.99) (0.98)  (39200)

T, 5.63  5.56 5.48 5.51 5.6l

1T, 6.04 5.96 5.88 5.92 6.0l

(0.42)  (0.42) (0.41) (0.42) (0.41)

a) eV unit. b) Ref. 40. c) Extinction coefficient
(M- cm~?). d) See footnote d of Table 2.

tively.3) In our calculations, the A,; and !E, transi-
tions are calculated at ca. 2.8 and 3.2 eV, respectively,
and the other four transitions, By, 'E,, 'A,,, and 1B,,
are also calculated about 2.8—3.5 €V. Thus, detailed
study should be carried out for the assignments of these
transitions.

Then, the values of the parameters ag and ag, can be
determined. With regard to the 'A,, transition observed
at 2.72 eV, the small g4 and the large ag, values give a
better result, whichever of the three transitions, 1B,,,
1E,, and 'A,, (calculated at about 2.8 eV), correspond
to this transition at 2.72 eV. On the other hand, with
regard to three !E, transitions, the large a4 and the
small a4, values give better results. Thus, the ag and
agp, values are determined as 1.7 and 2.7 eV, respectively.

Using these determined values of a4 and ag,, a similar
MO calculation was carried out for AuBr,~. The

TasLe 5. TransiTION ENERGIES® oF HgX,2-, HgX,, anp CH,HgX

HgBr,2- Hgl,2-
Calcd Obsd® Calcd Obsd?
T, 4.85 4.73
1E 4.85 4.78
1T, 4.89 4.90 4.97 4.57
(1.09)® (41400) (1.23) (35400)0
1T, 5.25 5.04
(0.51) (0.47)
HgCl, HgBr, Hgl,
T N ’ ~—
Calcd Obsd® Calcd Obsd® Calcd Obsd®
1E,, 5.19 4.26 4.13
E, 5.54 4.49 4.32
AL 7.52 6.200 6.39 5.400 6.25 4.630
(1.75) (2300)® (2.04) (1400)® (2.23) (3600)®
1A, 7.70 7.30 7.37
1E, 7.97 7.12 6.92
CH,HgCl CH,HgBr CH,Hgl
——T ——
Calcd Obsd® Calcd Obsd® Calcd Obsd®
1E 5.76 5.03 4.82
1E 6.91 6.69 6.58
1A, 7.36 6.020 7.00 5.930 6.92 5.390
(1.73)® (1480)® (1.87)® (3470)0 (1.98)® (3980)0
iE 8.01 7.66 7.73

a) €V unit. a4,=1.8, a4,=2.8,y.

b) Ref. 40.

c) See footnote d of Table 2.

d) Extinction coefficient

(M- cm-1). e) Ref. 42. f) Although the accurate assignment has never been presented, this transition

has been proposed as a CT one.

g) Ref. 41.
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results are also shown in Table 3. Calculated transition
energies agree well with the observed ones, except for the
second 1E, transition observed at 4.90 eV.?® Reason-
able assignments are also obtained,36:37) except with the
1A,, band observed at 6.61 eV.3%?)

HgX,*~ and HgX,: Just as in the cases of the Ir and
Au complexes, MO calculations of HgCl,2~ were carried
out using various values of ag, and ag,: a4,=1.6, 1.8, and
2.0 eV, and a5, =2.6,2.8,and 3.0 eV. Results are given
in Table 4.

One large band is observed at 5.28 ¢V, which is
assigned to the 1T, transition, since the T, transition is
the only allowed one in the T4 symmetry.4® Also in our
calculation, the 1T, transition is calculated at 5.6 eV;
the calculated value fairly agrees with the experimental
one. As the ag value becomes large and the ag, one
becomes small, the calculated transition energy of the
1T, becomes small. Since this calculated value is slight-
ly larger than the observed one,?? the large value of the
ags and the small one of the a4, are preferable. The ag
and ag, values, however, are determined as 1.8 and 2.8
eV respectively, by considering the expected linear rela-
tion between the atomic number and the gg and g,
values, and also by considering the ag, and ag, values of
the Ir, Pt, and Au atoms. This determination seems
reasonable, since the calculated transition energy does
not depend so greatly on the a4 and ag, values, and since
fairly good agreement with the experimental results is
obtained in all the calculations.

By use of these values of ag and a4,, MO calculations
were carried out for HgX,2~ (X=Br and I), and HgX,
and CH;HgX (X=Cl, Br, and I). Calculated transi-
tion energies are given in Table 5. Those of HgX,2-
agree fairly well with the experimental ones,*) where
the large band is considered as the 'T, transition as is
that of HgCl,2~. It has been proposed previously that
these bands are the CT transitions.?® The present
calculation shows that these transitions are the 'T, CT
ones from the 4t; MO, mainly composed of halogen’s p,
orbital, to the 3a; MO, mainly composed of the Hg’s 6s
orbital.

In HgX,, the moderately large bands observed at
4.5—6 eV are considered as the 'A,, transitions, since
only this transition is allowed. Also, in the CH;HgX,
the moderately large bands are observed at 5.4—6 eV,
and these are considered as similar to the 1A, transitions.
These 'A,, and !A, transitions calculated at 6—7 eV,
are larger than the observed ones by c¢a. 1.5 eV.41.42)
The !A,, transition of HgX, is the one electron transfer
from the 2a,, MO to the 4a;; MO. Since the former
MO is mainly composed of the halogen’s p, orbital and
the latter one mainly of the Hg’s 6s orbital, this transi-
tion is the CT one, which agrees with the experimental
proposal.#®)  The !A, transition of CH;HgX is the one
electron transfer from the 4a, MO to the 5a; MOj; the
former is largely contributed to from the p orbitals of the
C and X atoms and the latter largely from the Hg’s 6s
orbital. Thus, this transition is also the CT one.

As described above, the results of the electronic
spectra are reasonable, with a few exceptions. The
values of the parameters established above are listed in
Table 1. The ag and ag, values are plotted against the

[Vol. 50, No. 1

TABLE 6. ELECTRON DISTRIBUTION OF IrX3- AuX,-,
HgX,2-, ano HgX,

Cmpound 5d 6s 6p
IrClg3 - 6.776 0.527 0.927
IrBrg®- 6.812 0.560 0.963
AuCl,- 9.197 0.594 0.807
AuBr,- 9.327 0.612 0.807
HgCl1,%- 9.989 0.704 0.722
HgBr,2- 9.989 0.783 0.755
Hgl,z2- 9.989 0.821 0.771
HgCl, 9.933 0.915 0.456
HgBr, 9.944 1.019 0.447
Hgl, 9.955 1.059 0.455

atomic number in Fig. 1, where a nearly linear relation
is obtained.

Electron Density. Electron densities are shown in
Table 6. It is reasonable for all the complexes that the
electron density of the central metal atom increases with
a decrease in the electronegativity of the halogen.

Our calculations show that the net charge of the Au
atom is +0.401 ¢ in AuCl,~ and +0.254 ¢ in AuBr,",
although these values have been reported to be negative
from the Méssbauer spectroscopy:4¥ —0.24 ¢ in KAuCl,
and —0.21 ¢ in KAuBr,. The authors wonder why the
Mbossbauer study reported that the net charge of the Au
atom was —0.24 ¢ in KAuCl, and +0.41 ¢ in AuCl,
although the formal net charge of the Au atom is +3 in
the former complex and +1 in the latter one. Thus,
these reported values should be re-investigated in more
detail.

o7} Ci
06 | Br°
= 5
< 05 X
S I/X/ ct
w B
8 o4t /x r
03 X en,
'2 s i " n
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Fig. 2. The relation between the observed® and the
calculated net charges of the Hg atom in HgX, and
CH,HgX. (O; HgX,, x; CH;HgX. a) Ref. 44.

In HgX,?~ and HgX,, all the d orbitals seem to be of
the non-bonding type, since they have about 10 elec-
trons. The Hg-X bond is mainly contributed to from
the 6s and 6p orbitals of the Hg atom. Our calculated
net charges of the Hg atom are compared with the
estimated ones from the ESCA study,*® as is shown in
Fig. 2. Although these two values do not agree with
each other, a linear relation is obtained between these
two values, and it should be further noted that its slope



January, 1977]

is about 1.0. This result reveals that our method is at
least qualitatively successful.

The 35C]1 NQR studies of HgCl, and CH;HgCl give
the unbalance in the p-electron population on the Cl
atom, U,, which is defined in Ref. 44. From MO
calculations, the U, values can be estimated: 0.526 for
HgCl, and 0.474 for CH;HgCl. These are in moderate-
ly good agreement with the experimental values: 0.402
for HgCl, and 0.383 for CH;HgCl.#® Since the quantity
of U, depends upon the electron populations of the p,
and p, orbitals of the Cl atom, it is suggested that the
calculated electron distribution agrees with the experi-
mental one.

-13.0} HgCly
[+
-12.0 MeHgCI
. -
AUCl[.
-nor MeHgBr }
’?{\Hgsrz
< 100 MeHgl® I/ 1rcig
% errg_
=
w -9.0¢+
AuBr;
) 4
-8.0 HgCi2"
HaBrZ
-70} o/ ] 9Br;,
17
60,5 15 20 25
fo (mdyn/&)

Fig. 3. The relation between the force constant fy_x*
and the E_4 values.
a) HgX, and HgX,?~, Ref. 29; IrX %", Ref. 46; CH,-
HgX, Ref. 8; AuX,~; Ref. 47.

Bond Strength. The Ey_x values are compared
with the M-X force constants in Fig. 3, since the force
constant and Ey_x approximately represent the bond
strength. Three different linear relations are obtained:
the first one concerning the HgX,, HgX,?-, and IrXg3-,
the second concerning the CH;HgX, and the last con-
cerning the AuX,~. Generally speaking, the value of
the force constant depends upon their calculation meth-
od. The force constants of HgX, and HgX,2~ were
calculated with the simple method,?) those of IrXg3-
were done with the generalized force field,*) those of
CH;HgX were done with a simple valence force field,8)
and those of AuX,~ were done with an Urey-Bradley
force field.4#”? Thus, it seems reasonable that in all the
calculations, a linear relation can not be obtained. It
should be noted that linear relations do exist between the
Ey_x values and the M-X force constants which are
calculated by use of the same force field, and the three
lines have almost the same slopes.

Similar relations are also obtained between the Ey,_¢
values and the Hg-C force constants,?) and between the
Eyg_c values and the Hg-C dissociation energies of
CH3;HgX,*® as are shown in Figs. 4 and 5. Thus, our
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Fig. 4. The relation between the Hg-C force constant
Jug_c® and the Ey,_, value.
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Fig. 5. The relation between the Hg-C dissociation
energy, Dg,* and the Ey,_; values.
a) Ref. 48.

method gives successful results for the bond strength.

Electronic Structure of CHyHgX. In this section,
the electron distribution and bonding nature of the
Hg-C and Hg-X of CH;HgX are investigated. Results
are given in Table 7.

First, the electron distribution is investigated in detail.
The electron density of the 5d orbitals of the Hg atom is
ca. 10 ¢, suggesting that the 5d orbitals hardly contribute
to the Hg-C and Hg-X bonds in these complexes as
well.  On this point, a more detailed discussion will be
presented in a following paragraph. The electron
densities of the 6s and 6p orbitals of the Hg atom increase
in the order F<Cl<Br<I<{CH,. This order accords
with the decreasing order of the halogen’s electronega-
tivity. The electron density of the Hg atom in Hg(CH,),
is larger than that in CHZ;HgI by ca. 0.1 ¢, and larger
than that in the corresponding dihalide HgX, by ca.
0.1—0.2 e. These results suggest that the methyl anion
tends to donate electrons more than the halogen anion
by ca. 0.1 e.

Then the nature of the Hg-C and Hg-X bonds will be
investigated. As is shown in Table 7, the absolute
values of Efi% and EfiS are remarkably large,
and those of ER4S% and E§).c are less than one-tenth
of EREe+EWRGS..  Similar results are obtained with
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TaBLE 7. ELEcTRONIC sTRUcTURES OF CH HgX
X F Cl Br I CH,
Electron 5d 9.92 9.93 9.93 9.94 9.93
density 6s 0.99 1.07 1.10 1.11 1.15
6p 0.42 0.51 0.52 0.53 0.62
Net charge of the Hg atom
CH;HgX 0.68 0.49 0.45 0.42 0.30
HgX, 0.70 0.59 0.53
Hg-C EQ82¢ —1.17 —1.08 —1.04 —0.98 —0.95
ELE2 —7.53 —6.95 —6.71 —6.55 —5.85
ELE2c —5.00 —5.44 —5.53 —5.60 —6.14
ES . —1.36 —1.03 —0.94 —0.91 —0.76
Eyy ctoten —15.06 —14.52 —14.23 —14.04 —13.70
Hg-X E$o85P« —0.68 —0.59 —0.55 —0.48
EG3Ey —3.55 —4.20 —4.10 —4.20
EGE2x —6.32 —5.76 —5.19 —4.85
EQ « —2.57 —1.10 —0.85 —0.69
Eyp x(otan) —13.11 —11.65 —10.70 —10.22

E,g: €V unit.

regard to the Hg-X bond. These results reveal
that the Hg-C and Hg-X bonds are mainly con-
tributed to from the covalent interaction of the 6s
and 6p orbitals of the Hg atom with the C and X
atoms. The 5d orbital of the Hg atom hardly contributes
to these bonds, which is in conformity with the results
that the 5d orbital has about 10 electrons, as has been
described above.

Our MO method can give successful results for the
electronic spectra, the electronic distribution, and the
bond strength of the 5d transition metal complexes. It
has been ascertained that this MO method is also useful
in studying the electronic structures and the bonding
nature of organometallic complexes.

These calculations were carried out with the FACOM
230-75 Computer of the Data Processing Center of
Kyushu University.
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Singlet Excitation Energy Transfer in the Vinyl Polymers with
Pendant Carbazolyl Groups

Akira ITaya, Ken-ichi Okamorto, and Shigekazu KUSABAYASHI

Department of Chemical Engineering, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube 755
(Received May 17, 1976)

The migration of electronic excitation energy in films of poly(N-vinylcarbazole) (PVCz) prepared by the radical
and cationic polymerizations(PVCz(r) and PVCz(c) respectively), poly[2-(9-carbazolyl)ethyl vinyl ether] (PCz-
EVE), brominated PVCz(BPVCz), and poly(9-acryloylcarbazole) (PACz) has been studied by means of fluores-

cence-quenching experiments, using dimethyl terephthalate or perylene as a guest molecule.
the concentration of the effective intrinsic trap sites was observed between PVCz(r) and PVCz(c) films.

No clear difference in
The

concentration of the sandwich-like excimer site(cg) in a PVCaz(r) film was nearly equal to that in a PVCz(c) film,
while the concentration of the second excimer site (cg) in a PVCz(r) film was higher than that in a PVCz(c) film by a

factor of about 1.6. The value of ¢ was much larger than that of ¢g for both films.

The second excimer site seems

to be a shallow trap. The number of carbazolyl chromophores covered by a singlet exciton during the lifetime was

in the following order: PCZEVE >PVCz(r)~PVCz(c) >PACz~BPVC(Cz.

This order was explained by the concen-

tration of the intrinsic trap sites depending on the distance between neighboring Cz chromophores, the lifetime of
the singlet exciton, and the concentration of extrinsic trap sites.

Recently, the emission spectra of aromatic vinyl poly-
mers have been extensively investigated. Studies of
singlet energy transfer and migration in vinyl polymer
films with large aromatic rings are very important in
understanding their electric and optical properties.
Klspffer) has reported that the results of fluorescence-
quenching experiments in an amorphous PVCz film are
consistent with a hopping model of monomer exciton
migration, in which excitons can migrate in a polymer
film and both excimer-forming sites and guest molecules
act competitively as exciton traps. From a lifetime
quenching observed in PVCz film doped with perylene,
Powell et al.? has recently proposed a model containing
dimer sites besides guest molecules and excimer-forming
sites. Concerning an undoped PVCz film, Offen et al.?
suggested the presence of a dimer site as a result of
measuring the fluorescence decay time of PVCz films at
77 K. Klopfler et al.9 showed that the two different
types of the spectra were observed in the prompt fluores-
cence and phosphorescence at 77 K, independent of the
polymerization methods.

Recently, we have ourselves revealed, from the NMR
spectra and the glass-transition temperatures, that PVCz
prepared by the cationic polymerization has a higher
isotacticity than the PVCz prepared by the radical poly-
merization(PVCz(c) and PVCz(r) respectively).®) It
has also been reported that the difference in the tacticity
of PVCz is reflected in the fluorescence spectra in fluid
and rigid solutions and that the concentration of the
second excimer site in a syndiotactic-rich polymer
(PVCz(r)) is higher than that in an isotactic-rich poly-
mer(PVCz(c)).9 Therefore, it is of interest to investi-
gate how the difference in the tacticity of PVCz samples
affects the singlet-excitation-energy migration. The
studies of singlet-excitation-energy migration in vinyl
polymer films with carbazolyl(Cz) chromophores widely
spaced on the skeletal chains is of interest in connection
with that of PVCz films.

In the present research, we investigated the migration
of the electronic-excitation energy in films of PVCz(r),
PVCz(c), brominated PVCz(BPVCz), poly[2-(9-car-
bazolyl)ethyl vinyl ether] (PCzEVE), and poly(9-

acryloylcarbazole) (PACz); in the latter two polymers,
the Cz chromophores are widely spaced on the skeletal
chains by -O-CH,-CH,~, and -CO- bonds respective-
ly.  Dimethyl terephthalate (DMTP) or perylene was
used as the guest molecule. In the case of perylene, the
long-range resonant energy transfer is somewhat possi-
ble.»”) However, the long-range resonant energy
transfer from a Cz chromophore to a DMTP molecule is
quite impossible, because DMTP has no absorption in
the wavelength region where the fluorescence of the
PVCz film is observed.”? Therefore, the DMTP is very
useful in studying the phenomenon of the single-exciton
migration.

Experimental

The vinyl polymers(PVCz(r), PVCz(c), BPVCz, PCzEVE,
and PACz) were prepared by the methods described previ-
ously.®® The DMTP and perylene were recrystallized twice
from benzene and subsequently sublimed in vacuo. Doped
films were cast onto quartz or Pyrex glass plates from a
dichloroethane solution of the polymer containing a certain
amount of the dopant and dried in vacuo. The thickness of
the film was about 4 ym for PCZEVE and about 7 um for
the other polymers.

The fluorescence spectra were measured with the apparatus
described in a previous paper.® The spectra at 293 K were
measured for the coated plates in vacuo (0.1 Torr). The
spectra at 77 K were measured for the coated plates immersed
in liquid nitrogen. PACz films were excited by 315 nm light,
and the others, by 335 nm light.

For the fluorescence-decay time measurements, the samples
were excited with a N, gas laser. The sample fluorescence
was chosen with appropriate glass filters before being detected
by a biplanar phototube R 617. Responses from the photo-
tube were led to a Tektronix 475 oscilloscope, and the decay
curve was photographed.

Results and Discussion

Fluorescence Spectra of the Vinyl Polymer Films with Pendant
Carbazolyl Groups. The fluorescence spectra of
PVCz(r) and PVCz(c) films are shown in Figs. 1 and 2.
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The difference in the spectra between PVCz(r) and
PVCz(c) films observed at 293 and 77 K is similar to
that observed in a fluid solution.® That is, the fluores-
cence intensity in the shorter-wavelength region of a
PVCz(r) film is larger than that of a PVCz(c) film.
Therefore, the emission band in the shorter-wavelength
region was assigned to the second excimer fluorescence,
and that in the longer wavelength region, to the sand-
wich-like excimer fluorescence. The fluorescence spectra
of both polymer films were resolved into two individual

Wavelength/nm
400 450 500

Fluorescence intensity (Arbt.)

Wave number/10% cm—!

Fig. 1. Fluorescence spectra and the resolution spectra of
PVCz(r) films at 293 and 77 K.
(1) 293 K, (2) 77 K, (3) the component of the sandwich-
like excimer fluorescence at 293 K, (4) the component of
the second excimer fluorescence at 293 K, (5) the com-
ponent of the sandwich-like excimer fluorescence at 77
K, (6) the component of the second excimer fluorescence

at 77 K.
Wavelength/nm
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Fluorescence intensity (Arbt.)
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Fig. 2. Fluorescence spectra and the resolution spectra
of PVCz(c) films at 293 and 77 K.
(1) 293 K, (2) 77 K, (3) the component of the sandwich-
like excimer fluorescence at 293 K, (4) the component
of the second excimer fluorescence at 293 K, (5) the
component of the sandwich-like excimer fluorescence
at 77 K, (6) the component of the second excimer fluo-
rescence at 77 K.
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TaBLE 1. THE INTENSITY OF THE SECOND EXCIMER
FLUORESCENCE RELATIVE TO THE SANDWICH-LIKE
ONE (Ig/I;) AND THE QUANTUM EFFICIENCIES
OF THE HOST FLUORESCENCE (7))

Host I /I Nu
PVCz(r) 0.083 0.045
PVCz(c) 0.013 0.041
PVCz(r)» 0.93 —
PVCz(c)» 0.55 —
PCzEVE — 0.10
PAC:z — 0.0002
BPVCz — 0.001

a) At 77 K.

bands. The resolution spectra thus obtained are also
shown in Figs. 1 and 2. The intensity of the second
excimer fluorescence relative to the sandwich-like exci-
mer one and the fluorescence yields are listed in Table 1.

The presence of two kinds of emitting species in the
fluorescence of PVCz(r) and PVCz(c) was also clarified
by measuring the fluorescence decay curves of the poly-
mers. The fluorescence decay curves of both polymer
films in air at 293 K are clearly two-component (204-3
and 641 ns) in the shorter wavelength region, but one-
component (2242 ns) in the longer wavelength region.
The intensity of the short-lived component relative to
the long-lived one for a PVCz(r) film in the shorter
wavelength region is larger than that for a PVCz(c)
film. Therefore, the long- and short-lived components
correspond to the sandwich-like excimer fluorescence
and the second excimer one respectively. Similar results
were also obtained at 77 K; the long- and short-lived
components are 1742 and 642 ns respectively. These
decay constants are roughly in agreement with the
values reported by Powell ef al. (20 and 10 ns).? The
lifetime of the sandwich-like excimer fluorescence of
PVCz films is shorter than that of PVCz in a fluid solu-
tion (ca. 40—42 ns)®10:11) and that of a PVCz film ob-
tained by Offen ef al. (43 ns).?

The fluorescence spectra of a PCzEVE film undoped
and doped with DMTP are shown in Fig. 3. A PCzZEVE
film shows only a broad, structureless fluorescence spec-
trum with a peak at ca. 26050 cm—!. The fluorescence
decay curves in air are one-component in both the
shorter and longer wavelength regions (4—5 and 10—11
ns respectively). A two-component decay curve is ob-
served in the medium wavelength region. This fact
indicates that the two kinds of emitting species are
present in a PCzEVE film at 293 K. Although the
fluorescence spectrum of a PCzEVE film at 77 K has the
structure, it does not seem to be the monomeric fluores-
cence of a Cz chromophore because of the large Stokes
shift (1540 cm™1).

The fluorescence spectra of PACz and BPVCz films
undoped and doped with DMTP or perylene are shown
in Fig. 4. The fluorescence efficiency of a PACz film is
extremely low (Table 1) because of the presence of the
intersystem crossing from the lowest 1z, z* state to the
lowest 3n, n* state due to a carbonyl group. A PACz
film shows a fluorescence spectrum consisting of two
components. The spectra of PACz and BPVCz films
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Fig. 3. Fluorescence spectra of PCzZEVE films doped with
DMTP at 293 K. DMTP concentration; (1) 0, (2)
4.44x 104, (3) 8.88x 104, and (4) 1.18x 10~2 (mol/
CzEVE unit mol). Fluorescence spectrum of the un-
doped film at 77 K is also given by a dotted line (5).

N W =
T

Fluorescence intensity (Arbt.)

Wave number/10% cm—!

Fig. 4. Fluorescence spectra of PACz and BPVCz films
at 293 K. PACz films; (1) undoped, (2) doped with
DMTP (2.32x 10-2 ACz unit mol). BPVCz films;
(1) undoped, (2) doped with perylene (5.9 10-% mol/
mol basic unit).

change rapidly under irradiation by an exciting light.
Singlet Excitation Energy Transfer in the Vinyl Polymers
with Pendant Carbazolyl Groups. The fluorescence
spectra of PVCz(r}, PVCz(c), and PCzEVE films doped
with DMTP or perylene at 77 K are shown in Fig. 5.
In the case of every polymer film studied at 293 and 77
K, by the doping of DMTP or perylene, the host fluores-
cence decreases and is replaced by the exciplex or guest
fluorescence. The exciplex is formed between DMTP
and a Cz chromophore. As DMTP has no absorption
in the wavelength region where the host fluorescence of
these polymers is observed, the dipole-dipole resonance
cannot be responsible for the energy transfer toa DMTP
molecule.”? In fact, no decrease in the fluorescence
lifetimes of PVCz(r) films upon doping of DMTP is
observed. That is, the fluorescence lifetimes in the
shorter-wavelength region of PVCz(r) films doped with
a small amount of DMTP (ca. 3 X 10-3 mol/mol basic

T T r—Trt—7—r

Fluorescence intensity (Arbt.)

28 26 24 22 20
Wave number/10% cm™!

Fig. 5. Fluorescence spectra of PVCz(r), PVCz(c) and
PCzEVE films doped with DMTP or perylene at 77 K.
(1) PVCz(r) doped with DMTP (3.26 X 10~ mol/VCz
unit mol), (2) PVCz(c) doped with DMTP (3.02 x 10-2
mol/VCz unit mol), and (3) PCzZEVE doped with pery-
lene (1.15x 10~* mol/CzEVE unit mol).

unit) are 173 and 542 ns at 293 K and 1942 and
6+1nsat 77 K.

In the present case, therefore, the hopping model of
monomer-exciton migration is applicable at 293 and
77 K. We should consider the case of the presence of
two kinds of traps (for example; the sandwich-like ex-
cimer-forming sites, ¢g [mol/mol basic unit], and the
second excimer sites, ¢g [mol/mol basic unit], in the case
of a PVCz film) in a way similar to the treatment in Ref.
1. Then, the quenching factor of host fluorescence,
Qu, is expressed by the following equations:

Qu = (Mmoo — M)/ = 0.66n¢/[1 + 0.66n(cy + c5)],

n = ng/(n, + m)
where ng, n., and n; are the relative probabilities (per
unit time) of jumping, radiative, and nonradiative
decay, where vn,, and 7y are the quantum efficiencies of
the host fluorescence in the absence and in the presence
of the guest molecule in a concentration of ¢ [mol/mol
basic unit], and where n is the number of jumps during
the lifetime without any trapping sites. The quenching
factor of monomer fluorescence, Qy, may be expressed
by:

Qy = 0.66n(cg+¢,).

In the present case, where no monomer fluorescence can
be observed, Q y>»1. Therefore,

Qu = c/(cg+e,). (1)
The ratio of the fluorescence intensities guest/host (Ig//x)
is:

I_G/IH = g/ (ceNe+CMs)> (2)
where 7q is the quantum efficiency of the guest fluores-
cence in the host film under direct excitation. The
relative intensity of the second excimer fluorescence to
the sandwich-like excimer one is expressed by

Is/IE = Csns/cEnE' (3)
Although the experimental values of Q x scatter a little,
the measurement of Qy at various concentrations of a
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TABLE 2. ENERGY TRANSFER BY THE EXCITON-DIFFUSION PROCESS IN POLYMER FILMs AT 293 anp 77 K®
(cg+cg) X 103 I,/10) c
Host Guest ) (mol/mol n’ Ug/Iue il sTs L/AD
¢ basic unit) x107% x 10 x 108
PVCz(r) DMTP 0.043 2.7 370 0.39 10 0.83 67
PVCz(c) DMTP 0.039 2.2 450 0.37 (1o (0.11)® 74
PVCz(r)» DMTP 0.17 3.5 290 0.22 40 37 60
PVCz(c)» DMTP 0.15 3.2 310 0.23 43 23 63
PCzEVE DMTP 0.034 0.45 2200 1.0 — — —
PACz DMTP 0.004 24 42 0.08 — — —
(25)0 (40)0
BPVCz Perylene 0.27 (19)® (52)® 14 — — —
a) The errors in (cg+¢g) and n” are +5%, at 293 K and 4109, at 77K. The error in (I3/Iyc) is +£3%. b) At 77K.

c) The values are less reliable because of the large error in the I3 obtained by a resolution of the host fluorescence
spectrum. d) L=an'*/?, where L is the mean exciton migration length and a is the interchromophore separation

3.5 A).

e) The value were obtained from the value of Q i, on the assumption that the fluorescence in the shorter and

longer wavelength regions is emitted by some intrinsic trap site and an excimer respectively. f) The values were ob-
tained from the ratio of (I;/Iyc), on the assumption that the fluorescence in the shorter and longer wavelength regions
is emitted by a monomer and an excimer respectively. g) The values were obtained in a way similar to that used in
the treatment in Ref. 1, on the assumption that the host fluorescence is emitted by one trap site.
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Fig. 6. Ratio of fluorescence intensities guest/host /Iy
(1) and quenching factor of host fluorescence Q ;; (2) as
a function of guest concentration for PVCz(c)-DMTP
system at 293 K.

guest gives the values of cg+cs according to Eq. 1. The
measurement of Ig/Iy at various concentrations of a
guest gives the values of ¢cgne and csng according to Eqs.
2 and 3, using the values of ng and Is/Ig in Tables 1 and
2. Figure 6 shows the bilogarithmic plots of Q 4 or I/
thus obtained and ¢, as example, in the case of the
PVCz(c)-DMTP system. The values thus obtained are
listed in Table 2.

In the case of the PVCz(r) and PVCz(c) films, the
values of cg+¢s, ceng, and csng are obtained by the meth-
od mentioned above. The value of cgt¢s at 293 K is
nearly equal to the value of ¢z obtained by Okamoto
et al. in a PVCz(r)-DMTP system, on the assumption
that the host fluorescence is emitted only from the sand-
wich-like excimer.”? The value of ¢g-+¢s 1s almost the
same for a PVCz(r) film and for a PVCz(c) film. The
number of Cz chromophores covered by an exciton dur-
ing the lifetime in the presence of trap sites (abbreviated

hereafter to n) is nearly equal to the reciprocal of the
concentration of the traps, [1/(ce+c¢s)]. This number is
almost the same for a PVCz(r) film and for a PVCz(c)
film. The value of ¢gng is almost the same for a PVCz(r)
film and for a PVCz(c) film, while the value of ¢gvs for
a PVCz(r) film is higher than that for a PVCz(c) film.
It can safely be considered that the fluorescence efficien-
cies of each fluorescence (v and %s) of PVCz(r) are
equal to those of PVCz(c). Therefore, the concentration
of the sandwich-like excimer sites (¢g) in a PVCz(r) film
is nearly equal to that in a PVCz(c) film. On the other
hand, considering that the value of ¢sns for a PVCz(c)
film at 293 K is less reliable, the concentration of the
second excimer sites (¢s) in a PVCz(r) film is higher than
that in a PVCz(c) film by a factor of about 1.6. This
difference in the value of ¢g does not clearly appear in the
value of ¢g+¢s. This fact suggests that the value of ¢g
is larger than that of ¢s in both films.

The values of ¢gme for PVCz(r) and PVCz(c) films
obtained at 77 K are larger than those obtained at 293 K
by a factor of 4. It may safely be considered that the
values of ng and ng for a PVCz(r) film change with the
temperature in a manner similar as that for a PVCz(c)
film. The value of ¢g is considered to be determined by
the casting temperature( 7T ,) of the film because of the
high glass-transition temperature of PVCz. Therefore,
this increase in the value of ¢gvg seems to be caused by a
change in the value of nz.  On the other hand, the value
of ¢sns obtained at 77 K is much larger than that ob-
tained at 293 K. This increase in cgns with a decrease in
the temperature is too large to be caused only by an
increase in ns. The value of ¢s might be considered to
vary apparently with the measuring temperature. In
the previous paper, we have reported that the second
excimer has a small binding energy.®) Therefore, this
increase in c¢gns might be explained by the assumption
that the second excimer site is a shallow trap. That is,
the second excimer site acts more effectively as a trap at
low temperatures.

It has been reported in a previous paper that the
concentration of the trap sites for a triplet exciton in a
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PVCz(c) film is somewhat larger than thatin a PVCz(r)
film.®) On the other hand, as has been mentioned above,
the concentration of the trap sites for a singlet exciton in
a PVCz(c) filmis nearly equal to that in a PVCz(r) film.
This suggests that the conformation of intrinsic trap sites
is not necessarily the same for singlet and for triplet
excitons. This explanation might be supported by the
presence of a conformational difference between the
singlet and triplet excimers of 1,3-di(l-naphthyl)pro-
pane.1?

The migration frequency, &'yg, for the triplet exciton
was estimated from the following equation:

Ko = 6.4/a

where a is the interchromophore separation and A is the
migration coefficient; the coeflicients have been tabu-
lated in Ref. 8. Assuming that ¢=3.5 A, then K mig=
6x10% and 3.3x103s"! for PVCz(r) and PVCz(c)
films. Therefore, the number of Cz chromophores
covered by the triplet exciton during the lifetime (274¢)
are 600 and 330 for PVCz(r) and PVCz(c) films respec-
tively. Although the conformation of intrinsic trap
sites seems to be different for singlet and triplet excitons,
the number of the Cz chromophores covered by both
excitons in both PVCz films during the lifetimes ranges
from 300 to 600 and the mean exciton diffusion length
ranges from 60 to 80 A.

The fluorescence of a PCzEVE film is also emitted
from two kinds of traps, as has been mentioned above.
The value of ¢g+cs for a PCZEVE film is much smaller
than those for the PVCz(r) and PVCz(c) films. This
suggests that it is difficult for Cz chromophores to form
intrinsic trap sites because of the large distance between
neighboring Cz chromophores. The value of n’ for a
PCzEVE film is expected to be smaller than the values of
n’ for PVCz(r) and PVCz(c) films, judging from the
large distance between neighboring Cz chromophores.
However, even in the case of a PCZEVE film, Qv >1,
that is, the singlet exciton migration is limited by the
intrinsic trap sites. Therefore, the value of »n’ for a
PCzEVE film is larger than that for a PVCz film by a
factor of ca. 5.

In the cases of the PACz and BPVCz films, the emit-
ting species of the host fluorescence are ambiguous.
Judging from the profile of the fluorescence spectrum of
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a PACz film, the broad fluorescence band with a peak at
ca. 25000 cm~! might be assigned to the excimer fluores-
cence. The fluorescence band in the shorter wavelength
region might be attributable to a monomer or to some
intrinsic trap site. The host fluorescence of a BPVCz
film is considered to be emitted from some trap site.
Irrespective of the treatments used to obtain the value of
n’ (Table 2), the values of »’ for both polymer films are
very small. This may be attributable to the short exci-
ton lifetime because of the enhanced intersystem crossing
and the presence of extrinsic trap sites(photoproducts
and/or impurities introduced during a bromination
reaction).

The number of Cz chromophores covered by a singlet
exciton during the lifetime was in the following order;
PCzEVE>PVCz(r)~PVCz(c) >PACz~BPV(z.

This work was supported in part by a Scientific
Research Grant of the Ministry of Education.
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The fundamental N-H stretching absorptions of twenty nine N,N’-dialkylthioureas were observed in dilute

solutions.
trans, and the cis forms.

The observed frequencies were classified into five groups assignable to the out, three different types of the
The steric hindrance between the bulky ¢-butyl group and the thiocarbonyl sulfur, which

is larger than for N,N’-dialkylureas, was suggested to cause the out form. Dialkylthioureas of RTU?B type seem to

exist to a great extent in the {rans-out conformation in solutions.

It is suggested that it is not the N-H group with the

bulky #-butyl group but the N-H group in the opposite part which is out of the skeletal plane. The energy difference
between the out and the trans forms was found to be AH=4304-100 cal mol-1.

A number of studies have been carried out to elucidate
the rotational isomerism of secondary amides in solutions
in connection with the backbone-structures of poly-
peptides and proteins.2® It was disclosed that the
steric hindrance between two substituents and the C=X
group (X=O or S) plays an important part in the
isomerism.

On the other hand, some infrared studies of N,N’-
disubstituted ureas (RUR’) and -thioureas (RTUR')
suggested the presence of trans-cis isomerism in solu-
tions.24% The isomeric conformations were considered
to be the trans-trans and the frans-cis conformations since
the cis-cis conformation was unlikely on steric grounds.
Nevertheless, percentages of over 509, of the cis form®
were estimated for the ureas with bulky groups; s-
DtBUY and s-DPhU.? For the corresponding thioureas
with the sulfur atom larger in effective size than the
oxygen atom, s-DtBTU®% and s-DPhTU,? the percent-
ages of the cis form were estimated to be approximately
50 and 459%,, respectively.

H H H R R R
| | | I
N N N N N N
AN SN/ N /NN
R C R R C H H C H
Il )u( 1
trans-trans trans-cis cis-cis

In systematic infrared studies on RUR’ in solutions a
correlation was found between the N-H frequencies and
R and R’, the presence of a very small amount of a form
differing from the #rans form in RUR’ being confirmed
with either one t-butyl group or two.”-19 From an
examination of the infrared spectra of trialkylureas
(DRUR’) in solutions it was suggested that the different
form has the N-H group out of the skeletal plane (the
out form) owing to the steric hindrance between the
bulky substituents and the C=O group.!® This neces-
sitates a re-examination of the study of RTUR'.

The purpose of this study is (1) to examine the appli-
cability of our established correlation to RTUR’, (2) to
confirm an increase in the amount of the out form caused
by the larger steric hindrance in RTUR’ with a sulfur
atom than that in the corresponding RUR’ with an
oxygen atom, and (3) to obtain information on the out
form.

Experimental

Twenty nine RTUR’ were prepared by the standard method
(addition of RCNS to R'NH,).}» The crude samples were
purified by repeated recrystallization from suitable solvents.
The purified samples were identified by their melting points
and infrared spectra. Each sample was examined as a 10~* M
solution in CCl, (2 cm NaCl cell) and as a 10~ M solution in
CS; and in CHCI,; (2 mm NaCl cell). Solvents of spectro-
scopic grade were used.

The spectrometer, the experimental conditions in the record-
ing of the spectra, and the calibration of band-positions were
the same as given previously.” The spectra at different
temperature were obtained with an electrically-heated and
beam-transparent box in which the sample and the reference
cells were placed and adjusted to each light axis.

Results and Discussion

Two fundamental N-H stretching bands from two
N-H links should appear in the infrared spectra of
RTUR’ in the absence of rotational isomerism. How-
ever, in some spectra one or two extra bands are ob-
served suggesting the rotational isomerism in solutions
(Fig. 1). We examined some possibilities of over- and
combination tones, and of Fermi resonance!® for the
extra bands. It was concluded from observation of the
solution spectra of deuterated compounds that the extra
bands are really the N-H fundamentals, and from com-
parison of the solution spectra with the solid spectra that
there may be a little or no effect of Fermi resonance in
such dilute solution.!¥) We classified the observed bands
into five groups, A—E, according to wave number
(Table 1).

The trans N-H Bands. Although the N-H bands
of RTUR’, as a whole, are lower by about 15 cm-! than
those of RUR’, three of the classified five groups, B, C,
and D, correspond to the three groups characteristic of
a substituent of the trans-trans RUR';? the N-H group
with a methyl group shows the highest frequency band,
the group with other primary alkyl groups exhibits
medium one,'® and the group with branched alkyl
groups shows the lowest one.

In connection with such a correlation it can be under-
stood that, for example, the two bands of MTUSsB result
from two different types of N-H group; the higher com-
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TaBLE 1. N-H STRETCHING FREQUENCIEs OF N, N’-DIALKYLTHIOUREAS IN CCl, soLuTtioN (0.001M)
, Frequency (cm-!
 RNHOSNHR' RTUR’ quency (em™)
A B C D E
CH,- CH,- s-DMTU 34455 3425sh
CH,- C,H;- MTUE 3447sh 34365 3411sh
CH,- 1-CyH,~ MTUP 3449s. b * %
CH,- §-CyH,~ MTUiP 3450s 3423s 3400sh
CH,- i-C,Hy— MTUiB 34435 3427sh
CH,- 5-C,H,- MTU;B 3450s 3492s 3399sh
CH;- t-C,Hg— MTU:B 3468m 3446w 3422s 3398sh
C,H,- C,H;,- s-DETU 34355 3414sh
C,H;- n-CyH,— ETUP 3435s 3415sh
C,H,- i-CyH,— ETUiP 34335 34225 3400sh
C,H,~ i-CyHy~ ETU:B 34365 3413sh
C,H,~ 5-C,H, ETUSB 3432s 3421sh 3399sh
C,H;- t-CyHy- ETU:B 3456m 3420s 3399sh
n-CyH,- n-CyH,— s-DPTU 3435s 3414sh
n-C,H,~ #-CyH PTUP 3422s.b 3401sh
n-CyH,- i-C Hy- PTU:B 34365 * x
n-CyH,- 5-CH,- PTU;B 3431s.b *
n-CyH— t-C Hq— PTU:B 3458m 3422s * %
-C,H,— -CH o~ s-DiPTU 3422s 3399sh
i-C,H,— n-C,Hy- PTUB 3431sh 3423s 3402sh
1-CyH - i-C,Hy- PTUB 3437sh 3423s 3401sh
i-CH,~ s-C,H,y- iPTUsB 3421s 3399sh
i-CyH- -C,Hy— iPTU:B 3446m 3420s 3399sh
n-C,Hy— t-C,Hy- BTU:B 3456m 3423s * *
1-C,Hy— i-C,H,y- s-DiBTU 3439 * *
i-CHg— -C,Hy- :BTU:B 3467m 3423s * %
s-C,H,- s-C,Hy— s-DsBTU 34215 3400sh
s-CyHy- -C,Hg— sBTU!B 3446m 3420s 3400sh
t-C Hg- -CyHy— s-DtBTU 34525 3418s * %
RNHCS KM ponent resulting from the N-H group with the methyl
- group, and the lower component from the N-H group
b T T with the s-butyl group. In the case of the RTUR’
Vo vog showing only one band, the two components from the
. . two different types of N-H group may be closer than
M i i : those in the above example, or may overlap each other,
; thus appearing as only one band. This is suggested by
i the fact that RTUR’ with only slightly different com-
. \ ponents such as MTUP (combinations of the B and C
\ SB groups) give a band with lower apparent optical density
and with larger half-intensity width than RTUR’ with
overlapped components such as s-DMTU (combinations
p B 9f two groups belonging to the same type), as shown
in Fig. L.
It is concluded that these three kinds of bands origi-
nate from the trans form, and that the established #rans-
iP correlation for RUR’ is applicable to RTUR'.
DeHy Out N-H Bands. Band A appears at the highest
v frequency and with medium or strong intensity without
L exception in RTUR’ with a ¢-butyl group or groups. It
L probably corresponds to the very weak band at 3469
i cm-?! of s-DtBU,” to the bands of RUtB which appear
e newly when the solvent is changed from CCl, to CH-
3500 3400cm™ 3500 3400cm- Cl,;,® and to the 3478 cm~! band of DcHU!B, being
Fig. 1. The infrared spectra in the N-H stretching region assignable to the out form.!) Tt is sugges'ted that the
of RTUM (the solid line) and DRTUM (the broken line) larger X atom of RTU¢B enhances the steric hindrance
in CCl,. R: see the abbreviations in Table 1; ¢H: between substituent and C=X group in comparison with

cyclohexyl.

RU!B since band A of RTUtB appears always and more
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strongly than the corresponding band of RU?B.

Taking into account the N-H frequencies of DRUR’
higher than those of RUR’,1)) the spectra of DRTUR’
(broken lines, Fig. 1) indicate that DMTUM exist com-
pletely as the trans form, while DiPTUM and DcHTUM
exist completely as the out form. It is concluded that
the assignment of band A to the ouf form is reasonable
from a steric point of view.

Out-of-plane N-H Group. The out N-H frequen-
cies seem to be sensitive to the opposite alkyl group, R,
in RTU¢B; RTU!B with R=M or B being the highest in
frequency, R=other primary alkyls medium, and R=
branched alkyls the lowest. The situation was the same
for all three solvents.!®) MTU‘B shows three bands
and a shoulder E (Fig. 2). We assign band A=the out,
B=the trans methyl, and D=the trans t-butyl N-H ab-
sorptions. Band B (the trans methyl) is considerably
weaker than band D (the frans t-butyl), although in the
absence of isomerism the #rans methyl band of RUR'®
and of secondary amides!? have larger molar extinction
coeflicients than the other frans bands.

MTUtB ca

CHCl

1 1
3500 3400cm™

Solvent effects on the infrared spectra of MTU:B.

Fig. 2.

By changing the solvent from CCl, to CHCI; the
intensity of band A seems to increase at the expense of
the weak band B (Fig. 2). The two bands were ob-
served to be temperature dependent but in the opposite
direction to each other. Other RTU¢B with R=E, P,
1B, and B were expected to show bands C and D. How-
ever, band C did not appear even as a shoulder. The
component of band C is considered to be weakened by
the appearance of band A.

From the facts mentioned above it is suggested that it
is not the N-H group with the bulky ¢-butyl group but
the N-H group in the opposite part that is predominant-
ly out of the skeletal plane, though this seems to be
unlikely. However, the suggestion may have validity
if we consider that it is not the bulkiness of the substi-
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tuent attached to the one N-H group, R’, but that of the
opposite substituents, DR, in DRUR’ that plays an im-
portant role in the rotational isomerism.1?) This can be
interpreted in terms of the steric hindrance between the
I-butyl group and the sulfur atom, and of the stronger
electron-releasing inductive effect of the ¢-butyl group.
The hindrance may weaken the resonance effect of the
skeleton. While the inductive effect, which would be
expected to increase the electron density on the nitrogen
atom, may strengthen the double-bond character on the
N-C link with the z-butyl group more strongly than that
on the other N-C link. Accordingly, these effects
would make only the N-H link with the R group out-
of-plane (the trans-out conformation).

The amount of the frans-out conformation was roughly
estimated from band-intensity data; (R in RTU?B, %)
M or iB, 60%,; E, P, or B, 70%,; P or sB, 75%,; and ¢tB
(=s-DiBTU), 90%,.

Energy Difference. We carried out the analysis on
the frans-out equilibrium using the 3452 (the out) and
3418 cm™! (the trans) bands of s-D¢BTU in CCl, (15.5—
85.3 °C). Each band-intensity curve was in good agree-
ment with the corresponding Lorentz curve calculated
for bands A and D except for a slight deviation on the
lower frequency side of band D. The presence of band
E (O. D. <0.05) and the slope of the overtone band near
3150 cm~! (O. D. <0.02 at 3400 cm~—!) were analyzed
to give the deviation. The energy difference between
the out and the trans forms was found to be AH=430+4+
100 cal mol~! from area-intensity data (AH=3804100
cal mol~! from peak-intensity data). The AH value is
consistent with the value 500--200 cal mol~! of Rao
et al.” for the cis-trans forms estimated in the first N-H
overtone region.

Band E. Most of the spectra of RTUR’ have this
band as a shoulder. By examining the solution spectra
at different temperatures and concentrations, band E
was confirmed to be no associated band, being assignable
to the N-H vibration from a certain form in a rotational
isomer, probably the cis form. Despite some uncertainty
in frequency the band of RTUR’ with both primary
alkyl groups is slightly higher than that of the other
RTUR'.

The authors wish to express their thanks to Mr. M.
Watanabe for his assistance.
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of lowering made bands A and B in MTU:¢B more distin-
guishable (Fig. 2). The spectra in the CHCI,4 solution gave
similar data to those in the CCl, solutuon.

17) R. L. Jones, Spectrochim. Acta, 22, 1555 (1966); Part
4, 23, 1745 (1967).
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Photochemistry in the Adsorbed Layer. VIII. Lifetimes of Excited Alkyl
Ketones and Alkyl Radicals Adsorbed on Porous Vycor Glass

Masakazu Anpro, Toshiaki WapA, and Yutaka Kusoxawa
Department of Applied Chemistry, College of Engineering, University of Osaka Prefecture,
Mozu-Umemachi, Sakai, Osaka 591
(Received June 7, 1976)

The photolyses as well as the absorption spectra of adsorbed 3-methyl-2-butanone and 3-methyl-2-pentanone
have been investigated in the presence and absence of nitrogen monoxide. The Stern-Volmer relationship was ap-
plied to the decrease in the rate of photolysis caused by addition of nitrogen monoxide. From the results together
with those for acetone, 2-butanone, and 2-pentanone, it has been concluded that in the adsorbed layer the more blue
shifted, .e., the more strongly hydrogen bonded to the surface OH groups a ketone molecule, the shorter the lifetime
of its excited state. It has been found that the lifetime of the alkyl radical on the surface increases with the decrease
in its ionization potential, leading to the decrease in the strength of its interaction with the surface. Special features
of the photolysis in the adsorbed layer have been described for 3-methyl-2-butanone photolysis.

In spite of its importance in many problems,!) photo-
chemistry in the adsorbed layer appears to be one of the
most unexploited fields in photochemistry. We have
investigated the photolysis of alkyl ketones such as ace-
tone, 2-butanone, and 2-pentanone adsorbed on porous
Vycor glass, as regards general characteristics of the
photochemistry in the adsorbed layer, ¢. g., the enhanced
type I selectivity for the ketones having y-hydrogen
atoms, the importance of the reaction of the geminate
radical pairs formed in the primary process, and the
contribution of surface OH groups to the photochemical
reactions.?~8) Some information on the relative life-
times of the excited triplet states as well as the radicals on
the surface has been obtained from the effect of the addi-
tion of nitrogen monoxide upon the photolyses. In the
present work, similar studies have been extended to 3-
methyl-2-butanone and 3-methyl-2-pentanone in order
to obtain more general information on the relative life-
times of those species as well as the characteristics of the
photolysis of adsorbed alkyl ketones.

Experimental

Materials. Commercial compounds (Tokyo Kasei Co.,
Ltd., Grade SG) were purified by means of preparatory
chromatography, and then vacuum distilled bulb-to-bulb.
Only those fractions were used which contained less than 0.59,
impurity as determined by means of a vapor-phase chromato-
graph equipped with a flame ionization detector and a poly-
ethylene glycol 1500 column. Porous Vycor glass (Corning,
No. 746685-7930) was used as an adsorbent.

Apparatus and Procedure. Details of the apparatus and
procedure used in the photolysis in the adsorbed layer were
reported.2~® A conventional vacuum system was used in
conjunction with a special quartz cell capable of studying the
spectra and photolysis in the adsorbed layer. The specimen
of porous Vycor glass, which had been heated in oxygen to
remove carbonaceous impurities, was introduced into the

cell and degassed at 500 °C for 7 h.  After a certain amount of
ketone had been adsorbed on the specimen, photolysis was
carried out using an ultra high pressure mercury lamp without
filter. Gas phase photolysis was carried out in a cylindrical
quartz cell under the same irradiation conditions. The
analytical system consisted of three traps and a modified Ward
still. The gaseous products were separated by fractional
distillation and analyzed by gas-chromatography using a
flame ionization detector.

The absorption spectra of adsorbed ketones were determined
with a Hitachi EPS 3T type spectrophotometer, measuring
transmission through the sample. A quartz cell was placed
Jjust before the photomultiplier in order to minimize scattering
error. Another porous Vycor glass sample was pretreated
under the same conditions in a separate cell and used as a
blank in the reference beam. The spectra of the adsorbed
ketones increased in intensity proportional to the amounts
adsorbed without changes in relative intensity for the bands
from 250 to 340 nm.

Results

Photolysis of Adsorbed 3-Methyl-2-Butanone. The
major products in the gas phase photolysis of 3-methyl-
2-butanone (3-M-2-B) are propylene, propane, and
hexane (Table 1). The following processes can be
proposed?®19 for the formation of these products.

i-C,H,COCH, + hv — i-C,H, + COCH, a
i-C,H,CO + CH,
-C.H, + i-CH, —> CyHg + CyHgor GgH,y,  (2)

where reaction (1) is a-cleavage of alkyl ketones (type I
reaction) and reaction (2) is disproportionation or com-
bination reaction of isopropyl radicals. The rate of
propylene formation is larger than the rate of propane
formation. Such behavior was found by Zaha and
Noyes® who attributed it to the occurrence of the follow-
ing reaction.

TaABLE 1. RELATIVE YIELD OF PRODUCTS FROM PHOTOLYSIS OF 3-METHYL-2-BUTANONE AT 25°C
CH, CeH, CyH, C,H, CHy, CeHis
Adsorbed layer® 0.005 0.001 10.9 88.7 <0.001 <0.001
Vapor phase® 0.015 6.50 42.1 24.1 5.80 19.4

a) Amount of adsorbed 3-methyl-2-butanone, 8.5 X 10-5 mol/g. Conversion per h, 12—159%,.
Irradiation time, 15—30 min. b) 3-Methyl-2-butanone pressure, 13.04-0.5 Torr.
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R + i-C,H,COCH, —» RH + C,H, + CH,CO (3)

where R stands for any radicals formed in the primary
processes.

In the adsorbed layer photolysis the rate of propane
formation is much larger and that of propylene forma-
tion much smaller as compared to the corresponding
values in the gas phase photolysis. Previous works%:6)
on the photolysis of adsorbed acetone or 2-pentanone
show that methane or propane arises from hydrogen
abstraction from the surface OH groups by methyl or
propyl radicals as well as the disproportionation of the
geminate radical pairs such as

CH, + CH,CO — CH, + CH,CO.

The reaction of alkyl radicals formed in the primary
process with the ketone molecules hardly takes place. A
similar situation would be expected for the propane and
propylene formation from the photolysis of adsorbed
3-M-2-B. Thus, it can be concluded that in the ad-
sorbed layer the contribution of reaction (3) to the
propylene formation is negligible, most part of propylene
arising from disproportionation reaction of the geminate
radical pairs. It should be noted that the amounts of
the radical recombination products such as ethane or
hexane are very small in the adsorbed layer. Such
behavior is one of the general characteristics of the
photolysis of adsorbed alkyl ketones.?

In contrast to 3-M-2-B, 3-methyl-2-pentanone (3-M-
2-P) undergoes the type II as well as the type I reaction,
since it has a y-hydrogen atom. The most significant
feature of its photolysis in the adsorbed layer is a marked
enhanced type I selectivity as compared to that in the
gas phase photolysis. Details were previously reported®
(Table 2).

Effect of the Addition of Nitrogen Monoxide upon Photoly-
sis. In order to study the nature of the excited
states as well as the radicals formed in the photolysis the
effect of the addition of nitrogen monoxide on the pho-
tolysis of adsorbed 3-M-2-B and 3-M-2-P has been inves-
tigated. In the photolysis of the latter the rate of
ethylene formation decreases with increase in the nitro-
gen monoxide pressure, levelling off to a constant value
(Fig. 1). Considering the fact that nitrogen monoxide
is an efficient triplet quencher, the amount of quench-
able reaction (579,) can be attributed to reaction from
the excited triplet state with the remainder of the reac-
tion (439%,) occurring from the excited singlet state. A
similar nonquenchable fraction of the ethylene forma-
tion (449%,) has been obtained with the photolysis of
adsorbed 2-pentanone in the presence of nitrogen
monoxide.?

The rate of propane formation from 3-M-2-B as well
as that of butane formation from 3-M-2-P decreases
markedly with increasing nitrogen monoxide pressure,
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Fig. 1. Effect of nitrogen monoxide upon the rates of

photolyses of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed on porous Vycor glass.
The amounts of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed were 7.5 x 10-% and 8.5 x 10~% mol/
g, respectively. During the photolysis nitrogen monox-
ide was somewhat consumed; It was confirmed, how-
ever, that the resulting pressure decrease did not affect
the value of the constants 4 and B in the Stern-Volmer
equation. a: Ethylene (3-M-2-P), b: propane (3-M-2-
B), c: butane (3-M-2-P).

finally approaching zero around 0.10 Torr for propane
and 0.06 Torr for butane, as expected from the action of
nitrogen monoxide as a radical scavenger (Fig. 1). In
addition to such scavenging action, the decrease in the
rate of formation is caused by quenching of the excited
states with nitrogen monoxide.

Discussion

The photolysis of adsorbed 3-M-2-B and 3-M-2-P in
the presence of nitrogen monoxide is as follows. Reac-
tions (3) and (7) are included only in the case of 3-M-2-
P.

P+ — 1P

ip i» P + heat (1)
1p B, R + COR’ 2)
ip -kz—> C,H, + CH,COCH, (3)
p —’L P+ h (4)
p %, ap (isc)

p -ki» P + heat (5)

TABLE 2. RELATIVE YIELD OF PRODUCTS FROM THE PHOTOLYSIS OF 3-METHYL-2-PENTANONE AT 25°C

C.H, C,H, C,H, C,H;y,o C;H,, CeH,4 type I/IT
Absorbed layer® 14.1 4.12 3.19 72.6 2.90 3.12 6.0
Vapor phase® 73.3 3.15 1.14 12.2 4.18 6.01 0.35
a) Amount of adsorbed 3-methyl-2-pentanone, 4.5 x 10-5 mol/g. Conversion per h, 10—15%,. Irradiation

time, 15—30min. b) 3-Methyl-2-pentanone pressure, 18.04-0.5 Torr.
identified as follows; I/I1=($c,+ B¢, + Pc,+ Pc.)/Pc.u,

The selectivity of type type I was
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TasBLE 3. VAaLUEs OF 4 (tk,) AND B (1'k,;) FOR NITROGEN MONOXIDE QUENCHING (M-1)
a N 3-Methyl- N 3-Methyl-
Acetone® 2-Butanone® 9-butanone 2-Pentanone® 9-pentanone
4 — 0.95x 108 3.6x108 2.2x108 5.5x 108
B 0.054x 108 0.24x% 108 4.9x10¢ 6.1x10¢ 7.0x 108
a) Ref. 2.

1

1
(o] 002 004 006 008

1 1

NO Pressure, Torr

Fig. 2. Stern-Volmer plots for products quenching in the
photolyses of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed on porous Vycor glass. a; Ethylene
(3-M-2-P), b; propane (3-M-2-P), c; butane (3-M-2-P).

R + COR’ (6)
P, C,H, + CH,COCH, (7)
s " By (8)
3P+N0_k'—> P + NO (9)
R 4+ [H] - RH (10)
R + NO L, RNO — Stabilized (11)

° kll
R + R’CO — Recombination or
disproportionation products (12)

The a-cleavage from the excited singlet state (reaction
2) can be neglected,? since there exists a striking differ-
ence in the reactivity of the excited singlet and triplet
states toward a-cleavage of alkyl ketones.!) Thus, the
following quadratic Stern-Volmer equation is obtained
by the steady state treatment for propane formation from
3-M-2-B and butane formation from 3-M-2-P.

Qo/Q = (1+4[NO])(1+ B[NO]) @

where A=k,/(ks+kg+k,+ks), B=ky[((Hlk1o+[R'CO]-
ki5). Qand Q, are the rates of propane or butane for-

mation in the presence and absence of nitrogen monox-
ide, respectively. The plot of Q,/Q against nitrogen
monoxide pressure is shown in Fig. 2. Constants 4 and
B for both ketones are so determined to give the best fit
to the experimental curves? (Table 3). Values of 4 and
B for other ketones are also given in Table 3.

In the photolysis of 3-M-2-P, ethylene is formed from
the singlet as well as the triplet state. The following
equation holds for the rate of ethylene formation from
the triplet state, which is determined by subtracting the
nonquenchable amount of ethylene formed with nitro-
gen monoxide present from the total amount of ethylene
formed without nitrogen monoxide present.

Q,/Q = (1+4'[NO]) (I1)

where Q and Q , are the rates of ethylene formation from
the excited triplet state in the presence and absence of
nitrogen monoxide, respectively. From the slope of the
Stern-Volmer plot (Fig. 2) the value of 4’ is found to be
5.2 x10%1/mol, in agreement with that obtained from
equation (I). This supports the assumption that the
formation of propane and butane from the excited
singlet state can be neglected.

Lifetime of Excited Ketone Molecules. The wave-
lengths of maximum absorption of (n, #*) transition of
adsorbed 3-M-2-B and 3-M-2-P together with the cor-
responding values of other ketones® are given in Table

Volue of A, 105 1/mol

40 SO 6.0 70 8.0

Blue Shift, nm
Fig. 3. The relationship between values of 4 and blue
shift. The blue shift was identified as follows; AE=

(Amax on Vycor glass) — (4., in heptane).
a; 2-Butanone, b; 3-M-2-B, c; 2-pentanone, d; 3-M-2-P.

TABLE 4. WAVELENGTHS OF MAXIMUM ABSORPTION OF ALKYL KETONES
ADSORBED ON POROUS VYCOR GLASS AT 25 °C (nm)

3-Methyl- 3-Methyl-
Acetone 2-Butanone 2-butanone 2-Pentanone 2-pentanone
Amax. ON vycor glass 262.0 270.0 276.0 273.0 280.0
Amex, in heptane 276.5 278.0 283.0 279.0 284.5
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TABLE 5. RELATIVE LIFETIME OF THE ALKYL RADICALS IN THE ADSORBED LAYER (M-1)

Methyl Ethyl

Propyl Isopropyl s-Butyl

B (t'kyy) 0.054 x 108
Relative lifetime 1 11

0.24x 108

4.9x 108
1100

6.1x108
2800

7.0x 108
6400

4. The blue shift of the (n, n*) bands decreases in the
order acetone >2-butanone >3-M-2-B >2-pentanone >
3-M-2-P. Values of 4 also decrease in the same order
(Table 3). A linear relation exists between the values of
A and blue shift (Fig. 3). The magnitude of 4 is mainly
determined by the rate of radiationless deactivation ki,
i.e., ks> (ke+k,+kg).? Thus, the results confirms the
conclusion that the more blue shifted the ketone mole-
cule, i.e., the more strongly hydrogen bonded to the
surface OH groups, the more efficient the radiationless
deactivation (k;).?

It is well-known!? that there is a marked difference
between the excited and ground states in the geometry,
e. g., the ground state of HCHO is planar, while in its
excited singlet state the CO bond makes an angle of 20°
to the CH, plane. According to the work of Iwata and
Morokuma,'® the hydrogen bond energy of HCHO
with water depends upon the geometry in its excited (n,
7*) state, i.e., the extent to which the excited state is
non-planar. The Franck-Condon principle shows that
the rate of radiationless decay depends upon the vibra-
tional overlap factor.19 It seems obvious that the over-
lap factor is expected to be larger the larger the differ-
ences in geometry between the ground and excited
states. One explanation is as follows. In going from
acetone to 3-M-2-P, the extent to which the excited (n,
7t*) state is non-planar would decrease in the adsorbed
layer, as reflected in the decrease in the strength of the
hydrogen bond with the surface OH groups. Such a
change in the excited state geometry would affect the
rate of the radiationless decay.

Lifetime of Adsorbed Alkyl Radicals. Values of B
('ky1), including the corresponding values for other
ketones obtained previously,® are given in Table 5.
Although it is expected that in the adsorbed layer the
reactivity of the radicals differs from that in the gas
phase,9 it seems difficult to attribute such a large differ-
ence in the B values only to the difference in £;,.2:% It
can be concluded that the alkyl radical lifetime increases
in the order methyl<Zethyl<propyl<lisopropyl< s-butyl
radicals in the adsorbed layer. Assuming that the rela-
tive reactivity of nitrogen monoxide toward the radicals
in the adsorbed layer is approximately equal to that in
the gas phase,!® it is possible to estimate the relative
lifetime of the radicals in the adsorbed layer as seen in
Table 5. In the photolysis of adsorbed alkyl ketones
the lifetime of alkyl radicals is mainly determined by the
rate of recombination of the geminate radical pairs, &,,,
the magnitude of which is expected to depend upon the
surface mobility of the radicals.®

According to the work of Garbutt and Gesser,!®) the
radicals are stabilized on the surface of porous Vycor
glass by charge-transfer interaction where radicals play
the role as electron-donors and the surface OH groups as
electron-acceptors. In such cases it would be expected
that the stabilization energy, i.e., the adsorption energy

log (lifetime)

7 8 9 10
LR, ev

Fig. 4. The relationship between log(lifetime) and ioniza-
tion potential (I.P.) of alkyl radicals.}?
a: Methyl, b: ethyl, c: propyl, d: isopropyl, e: s-butyl
radical.

of the radicals, E,qs decreases with increasing the ioni-
zation potential of the donors (radicals). The lifetime
of the radical on the surface should increase with the
decrease in its surface mobility, which will decrease with
increasing adsorption energy of the radical. It is con-
cluded that in the adsorbed layer the lifetime of the radi-
cal will increase with the decrease in its ionization poten-
tial, 7.e., with increasing strength of its interaction with

surface. The results shown in Fig. 4 confirm the conclu-
sion.
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The polarized infrared and far-infrared spectra of the tetracyanothiophene (TCNT) crystals were recorded by
means of the normal and oblique incidence of radiation upon the (001) and (201) sample planes. The Raman spec-
tra of the powdered sample and of a saturated solution in acetonitrile or 1,2-dichloroethane were also obtained. The
observed bands were experimentally classified into the symmetry species of the free molecule (the point group Cs,)

under the assumption of an oriented gas model.

Assignments of the observed bands to individual fundamental

vibrations were carried out with the aid of the spectral data of the analogous molecules and the normal coordinate
analysis of the in-plane vibrations, which was made with a modified Urey-Bradley force field.

Although a number of vibrational studies have been
carried out on such fully conjugated tetracyano com-
pounds as tetracyanoethylene (TCNE),1-7 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ ),3-11) and 1,2,4,5-tetra-
cyanobenzene (TCNB),1213) little attention has been
paid to the heterocyclic tetracyano compounds. The
present paper will deal with the vibrational spectra of
tetracyanothiophene (TCNT), which was first synthesiz-
ed and physicochemically studied by Simmons and his
co-workers.14)

The infrared and far-infrared spectra of the oriented
crystals were measured with a polarized radiation inci-
dent, not only normally, but also obliquely upon the
(001) and (201) sample planes. From the results ob-
tained, the observed bands were classified into three in-
frared-active species—a,, b; and b,—of the free molecule
(the point group C,,) under the assumption of an orient-
ed gas model. In order to distinguish the lattice vibra-
tions from the molecular vibrations, the far-infrared
spectrum of the molten sample was also obtained. The
Raman spectra were recorded of the powdered sample
and of solutions in acetonitrile and in 1,2-dichloro-
ethane. The observed values of the depolarization
ratios in the solutions confirmed the previous findings
regarding the classification of the corresponding infrared
bands into totally symmetric (a;) and non-totally sym-
metric species.

The assignments of the observed bands to individual
fundamental vibrations were made with the aid of the
spectral data of the analogous molecules and the normal
coordinate analysis. The analysis of the in-plane vibra-
tions was carried out using a modified Urey-Bradley
force field. The agreements between the observed and
calculated frequencies were satisfactory.

Experimental

A sample of TCNT was prepared by the method of Simmons
and his co-workers;!9 tetracyano-1,4-dithiin was heated up to
215°C in 1,2,4-trichlorobenzene, and the products were
recrystallized three times from benzene and then sublimed.
The colorless crystalline needles of TCNT thus obtained melted
at 201—202 °C, while the literature value is 198—199 °C.
The ultraviolet spectrum,!¥ the results of the elemental analy-
sis, and the X-ray diffraction pattern!® of this sample were
identical with those previously reported. The infrared
spectrum of the powdered sample was also the same as that
previously reported,'® except for the 700-cm—* band, which is
much weaker in our spectrum. Since this band is considered

to be due to a trace of impurities, it may be concluded that
our sample is of a higher purity than that of Simmons and his
co-workers.19

The thin, oriented crystals used for infrared measurements
were prepared by the slow, careful cooling of molten samples
sandwiched between two potassium bromide plates with a
small temperature gradient. The oriented crystals for far-
infrared measurements were obtained in the same way between
two quartz plates. The crystal structure of TCNT has been
reported by Rychnovsky and Britton!® to be a monoclinic
system, a=13.42, b=6.56, ¢=7.07 A and f=137° with a
space group of P,-C,2? with two molecules in a unit cell. The
present X-ray diffraction studies showed that the crystal
planes developed were either the (001) or (201) plane, depend-
ing upon the degree of temperature gradient during the crystal
preparations.

The infrared spectra between 4000 and 250 cm—! were
recorded on a Perkin-Elmer model 521 grating spectrophoto-
meter. For far-infrared measurements between 400 and 30
cm~!, a Hitachi model FIS-3 vacuum grating spectrophoto-
meter was used. The spectrum of the melt in this region was
obtained for a sample sandwiched between two silicon plates.
In this measurement the double-chopping method was used
to eliminate the emission from the heated sample. The
polarization measurements in the infrared and far-infrared
regions were made with the aid of wire grid polarizers of the
silver bromide substrate and of the polyethylene substrate
respectively. The Raman spectra of powdered sample and of
saturated solutions in acetonitrile and 1,2-dichloroethane at
60 °C were recorded on a Japan Electron Optics Laboratory
model JRS-SI spectrophotometer equipped with an Ar* laser
as a light source for excitation. A Glan-Thomson prism and
polaroid were used for measurements of the depolarization
ratios in the solutions.

Selection Rules and Observed Spectra

The TCNT molecule has been reported to have the
C,, molecular symmetry.13 The selection rules for the
free molecule and for the molecules in the crystal are
given in the correlation diagram of Table 1. The
vibrations belonging to the a; and b, species are of the
in-plane mode, while those belonging to the a, and b,
species are of the out-of-plane mode. Table 1 shows
that each vibration of the free molecule splits in the
crystal into two modes, which are both Raman- and
infrared-active, and that there are nine lattice vibra-
tions-three translational and six rotational.

The infrared spectra of the TCNT crystals obtained
with the polarized radiation incident normally upon the
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TABLE 1. CORRELATION DIAGRAM AND SELECTION RULEs® oF TCNT
Molecular group Site group Factor group
C‘2v 1 52
12 a, (R,p and IR, M,»)—— — 33A’ (R and IR, M,
52, (R, dp)———— 6 A (t+3r)°
5b, (R, dpand IR, M »)— 33A” (R and IR, AM,)
11 by (R, dp and IR, M, »)— (2t+ 3r)®

a) R, Raman-active; IR, infrared-active; p, polarized; dp, depolarized. b) For the molecular fixed

axes X, y, and z, see Fig. 5.

Q
Q
<
3
g
3
~
=
B (200
2500 2000
Wavenumer, cm™1
Fig. 1. Polarized infrared spectra of TCNT crystals

obtained on normal incidence of radition upon the (001)
plane [A] and the (201) plane [B].

: Electric vector paralle] to the b axis.

------ : Electric vector perpendicular to the b axis.

(001) and (201) planes are given in Figs. 1A and 1B
respectively. The solid lines refer to the orientation of
the electric vector parallel to the b axis, while the broken
lines refer to the electric vector perpendicular to it. The
fact that the factor-group splitting is scarcely observed
in Fig. 1 suggests that the effects of the crystal field on
the molecular vibrations are small. The agreement
between the two solid lines in Figs. 1A and 1B is fairly
good, as expected, except for the relative intensity of the
band at 1695 cm~1, which may be due to impurities.
Although it is generally known that the observed
bands can be classified into three infrared-active species—
a;, by, and b,—by examining the dichroism in Figs. 1A
and 1B, there often appear some ambiguities which are
due to imperfections in the crystals as well as to experi-
mental errors. To avoid these ambiguities, additional
experimental data were introduced by the use of the
tilting method, in which the sample plane was rotated in
turn by certain angles about the b axis, and the polariz-
ed radiation with the electric vector parallel to the ac
plane was incident upon the sample plane. The change
in the relative intensities of the infrared bands of the
a;, by, and b, species with the change in the tilting angle
was calculated from the crystal data!® under the as-
sumption of an oriented gas model. The results are
given by the solid (a,), broken (b,)}, and dotted (b,) lines
in Fig. 2 as a function of the angle, 0, between the a axis

c) t, translational; r, rotational.

intensity

Relative

(oo (2010
Fig. 2. Relative intensities of the infrared bands as a
function of the angle 6 between the a axis and the electric
vector of the polarized radiation.
[1: 1512, O: 1443, A: 1406, @: 1233, A: 604, X : 504
cm~! band.

and the electric vector of the polarized radiation. The
angles are measured in terms of the rotation which trans-
fers the a axis to the ¢ axis through the obtuse angle.

Experimental data were obtained from the samples of
both the (001) and (201) planes. The normal incidence
of the polarized radiation upon the (001) and (201)
planes gives the data at §=0° and 6=72.3° in Fig. 2
respectively. The peak intensities of the bands obtained
at various angles of § for the (001) sample were normal-
ized in such a way that the observed intensities at §=0°
fit into the corresponding calculated values. The same
normalization of the observed intensities was carried out
on the basis of the values calculated at 6=72.3° for the
(20T) sample. By the use of both the (001) and (201)
planes, experimental data could be obtained over a wide
range of 6, from —30° to 100°. Although there are
some departures of the experimental values from the
calculated curves, a glance at the overall 6-dependence
of the experimental values leads to unambiguous classifi-
cations of the most observed bands into the three in-
frared-active species. The results of this examination
are summarized in Table 2.

Figures 3A and 3B represent the far-infrared spectra
of the TCNT crystals recorded on the normal incidence
of radiation upon the (001) and (20T) planes respec-
tively. The solid lines refer to the orientation of the
electric vector parallel to the b axis, while the broken
lines refer to the electric vector perpendicular to it. The
agreements between the two solid lines in Figs. 3A and
3Baregood. Figure 3C is the spectrum of TCNT in the
molten state. The bands at 90, 83, 76, 74, 54, and 36
cm~! in Fig. 3A or 3B disappear in Fig. 3C, suggesting
that they are due to lattice vibrations. We observe
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TABLE 2. INFRARED AND RAMAN sPECTRA OF TCNT

Infrared Raman
—— — Assignment™
Crystal Melt Species Powder Solution Depolarization
2258 s bz Vis
2247 s _ a, 2247 sh v
2239 vs b, 2242 vs 2247 s dp Vig
2224 s a, 2232 vs 2237 vs p Vg
2196 sh a, vig+vy,=2216
1695 w
1512 s b, 1510 w 1515 vw dp Y15
1443 m a, 1444 vs 1444 vs P vy
1406 w a 1408 vs 1406 vs p A
1303 w b, vy +v343=1299
1233 m b, 1232 m 1232 m dp Vig
1152 vs a; 1153 w 1154 w p Vg
983 s b, Viz
977 sh a, Vostvee= 979
916 m a, 913 w vy —y; = 919
896 m ay 900 w 897 sh P Ve
874 m b, v, +vy= 867
859 w a, vy +vo= 857
820 w b, Vig—Vy = 822
796 m a, vg +vy= 796
770 m b, 777 vw Vig
703
698} w b, 700 vw Vg +vgg= 687
604 s b, 606 m 606 m dp Va4
530 s b, Vip
524 sh 525 s 524 p vy
504 w b, 504 m 503 m dp vg +veg= 511
487 vs b, 485 w dp Vas
481 s a 484 m 478 m p vg —vy = 487
464 s a, 464 sh 467 sh P Vg
436 m a, 430 w p 2uyy= 446
428 sh b, R 428 w dp Vao
410s a 411w 411w p vy
374 w b, 373 vw Vg
342 vw Yy
332 vw V1o
226
223} m  218m by 222 w 220 w dp Vas
%g?} vs 168 vs by 184 w Vay
146 m a, 144 sh vy —v= 132
128 s b, Ves—vg = 141
125 s by 126 vs Vag
118 s 120 vs a, 118 sh vu
113 vs 96 s a Vig
90 vw A"
83 m A’
76 w A’ 76 sh
74 m A"
58 w 57w a, 59 vs v, —yg = 61
54 sh A"
46 vw b, 48 sh Vog
36 vw A’

a) The relative intensities of this column refer to those of the powder bands, because those of the crystal bands
depend largely upon the direction of the electric vector of polarized radiation. b) See Tables 3 and 4.
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Fig. 3. Polarized far-infrared spectra of TCNT crystals
obtained on normal incidence of radition upon the (001)
plane [A] and (201) plane [B].

——: Electric vector parallel to the b axis.
—————— : Electric vector perpendicular to the b axis.
[C] Far-infrared spectrum of TCNT in the molten state.

some frequency shifts of the bands with the phase change
from crystal to melt. As is apparent from Table 1, the
lattice bands at 90, 74, and 54 cm™, found only in the
solid lines of Figs. 3A and 3B, are to be assigned to the
A" vibrations of the factor group, while the bands at 83,
76, and 36 cm™!, found only in the broken lines, are to
be assigned to the A’ vibrations. The classification of
the far-infrared bands due to molecular vibrations into
the respective species was also made by means of the

2

w

£ |in dichloroethane

3 rga A L 1 1

£ $
B
:% 1 ' . —

2500 200 1500 1000 500 0

Wavenumber, cm™!
Fig. 4. [A] Raman spectra of TCNT in acetonitrile and

in 1,2-dichloroethane. Bands marked with the arrow
are due to solvents.
R 1.

[B] Raman spectrum of TCNT powder.
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tilting method mentioned above. These results are
given in Table 2. In this low-frequency region the
factor-group splittings are observed at 226 and 223 cm~!
and at 188 and 181 cm™L.

Figure 4A represents the Raman spectra of the aceto-
nitrile and the 1,2-dichloroethane solutions of TCNT.
The bands marked with arrows are solvent bands. The
solid and broken lines give the spectra of Raman scat-
terings with the electric vector parallel and perpen-
dicular to that of the exciting light respectively. The
observed values of the depolarization ratios confirmed
the previous results regarding the classification of the
corresponding infrared bands into the totally symmetric
(a;) and non-totally symmetric species (b, and b,), as is
seen in Table 2. The Raman spectrum of the powdered
sample is also given in Fig. 4B and Table 2.

Assignments

In order to make the assignments of the observed
bands to the individual fundamental vibrations, the
following examinations were carried out besides the
discussions in the previous section: (a) a comparison of
the spectral data with those of the partly analogous
molecules, such as TCNE,-" TCNQ ,8-11) TCNB,2:13)
thiophene!® and the bis(maleonitrile dithiolato) Ni(II)
anion,'” and (b) the normal coordinate analysis of the
in-plane vibrations mentioned in the next chapter. In
the following discussions, the mean values of the infrared
frequencies of the crystal and Raman frequencies of the
powder are used as the observed frequencies when both
were found.

The assignments of the a, bands at 2247, 2228, 1444,
1407, 1153, and 525 cm~! and of the b, bands at 2258,
2241, 1511, 1233, 983, 530, 223, and 126 cm~! were
straightforward.

The a, fundamental band 4, mainly due to the C-C
stretching vibration, can be expected around 900 cm—!
by the normal coordinate analysis. Both the infrared
bands at 916 and 896 cm~1, which have been determined
by the tilting method to belong to the a, species, are
assignable to this vibration. Of the corresponding
Raman bands in the solution, the low-frequency one at
897 cm~! (900 cm™! for the powder) was found to be
polarized, although the high-frequency band (913 cm—!
for the powder) could not be observed because of the
band overlap with the strong solvent band. Further-
more, in the process of the normal coordinate analysis,
where the refinement of the force constants was carried
out to get a better agreement between the calculated
and the observed values for the above-mentioned four-
teen bands which were assigned without ambiguities, it
was found that the calculated frequency of the v, vibra-
tion showed a tendency to decrease to ca. 900 cm—1.
Therefore, the 898 cm~! band (on the average) was
assigned to this vibration, and the 915-cm™! band, to the
combination tone [v3(a,)—»,(a;)=919 cm~! (a,)].

Thr b, fundamental band »,4 is thought to be present
between 900 and 750 cm~1. In this region, three infrared
bands at 874, 820, and 770 cm~! were found to belong to
the b, species. Since, however, only one Raman band
was observed at 777 cm™, corresponding to the infrared
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band at 770 cm—1, this band (774 cmm—! on the average)
was assigned to the »,4 vibration, and the 874- and 820-
cm~! bands, to the combination tones [#;(a;) 44 (bs)=
867 cn~! (b,) and wy4(b,) —w4(a;) =822 cm™! (b,) re-
spectively].

In the region from 500 to 400 cm—!, two a; fundamen-
tal bands, v4 and v, are to be expected. Apparently,
four infrared bands of the a, species and four correspond-
ing polarized Raman bands were found in this region.
Since there is no further experimental evidence on the
basis of which to choose two of them as the fundamen-
tals, the assignments were carried out by reference to the
tendency of the calculated frequency variation found in
the refining process of the normal coordinate analysis, as
has been mentioned above. Thus, the 464- and 411-
cm~! bands (on the average) were assigned to the ¥ and
vy vibrations respectively. The 483-cm~! band (on the
average) was attributed to the combination tone [vg-
(a;) —7vg(a;) =487 cm~! (a,)], and the 434-cm—' band
(on the average), to the overtone [2vy,(b,)=446 cm™!
(ar)].

The b, fundamental band V49, Mainly due to the C-C=
N deformatlon vibration, can be expected in the same
frequency region. Since only one infrared band of the
b, species and the corresponding depolarized Raman
band were observed in this region, this band (430 cm™!
on the average) was ascribed to the v,, fundamental
vibration.

The a, fundamental band »,4, mainly due to the C=C-
S bending vibration, and the b, fundamental band »,,,
mainly due to the C=C-C (ring) bending vibration, are
to be expected between 400 and 300 cm—!. Only two
infrared bands, at 342 and 332 cm—1, were observed in
this region, except for the 374-cm—1, which belongs to the
b, species. Therefore, these bands were assigned to the
5, and »,, vibrations respectively, although they are very
weak.

In the region from 150 to 100 cm™!, three infrared
bands of the a, species were observed at 146, 118, and
113 cm~1. Correspondingly, two Raman bands were
seen at 144 and 118 cm™!; the latter seemed to include
two components. By referrmg to the normal coordinate
analysis, the 118- and 113-cm~! bands were assigned to
the »;; and »,, vibrations respectively. The 145-cm™!
band (on the average) was attributed to the combination
tone [vg(a;) —vi0(a;) =132 cm—1 (ay)].

A weak infrared band of the a, species was observed
at 58 cm™! for the crystal and at 57 cm™! for the melt,
suggesting that it is due to the molecular vibration.
Correspondingly, a very strong Raman band was ob-
served at 59 cm~! for the powdered sample. Since,
however, no fundamental vibration belonging to the a,
species was expected in this low-frequency region, it was
assigned to the difference band [»,(a;) —»s(a;) =61 cm™!
(a;)]- The strong intensity of the Raman band may be
interpreted in terms of the overlap with the lattive vibra-
tion band.

In the region lower than 700 cm™!, seven infrared
bands of the b, species were observed at 604, 504, 487,
374, 185, 128, and 46 cm™1, while five b; out-of-plane
fundamentals (vy—7v,5) were expected. Almost all of
these infrared bands had corresponding Raman bands.
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The assignments of these bands were carried out tenta-
tively by comparison with the spectral data of the analo-
gous molecules. The 605- and 374-cm~! bands (on the
average) were assigned without ambiguity to the vy,
(C-S torsion) and v, (C-C=N deformation) vibrations
respectively.

Either one of the infrared bands at 504 and 487 cm—!
can be expected to be the fundamental C-C=N deforma-
tion band »,;. The corresponding depolarized Raman
bands were observed at 503 and 485 cm! for the solu-
tion (504 and 484 cm~! for the powder). Since the
infrared band at 487 cm~! was very much stronger than
that at 504 cm™—1, while the two Raman bands had
nearly the same intensities, the 486-cm~! band (on the
average) was assigned to the v,; vibration, and the 504
cm™! band, to the combination tone [vg(a;) +ve5(b,)=
511 cm~1 (by)].

Although one fundamental vibration, »,,, is thought to
appear in the region from 200 to 100 cm~, two infrared
bands of the b, species were observed at 185 cm—! (the
means value of the factor group splitting) and 128 cm—1.
The former band was found to remain in the melt (168
cm™1), while its corresponding Raman band was ob-
served at 184 cm~1. For the latter band, however, the
presence of an infrared band in the molten state and of a
Raman band was not certain. Thus, the 185-cm—!
band was assigned to the »,; vibration, and the 128-cm™!
band, to the combination tone [vy(b;)—wv(a;)=141

em1 (by)].

The lowest out-of-plane fundamental vibration, ,g,
seems to appear below 100 cm~!. The weak infrared
band was observed at 46 cm™! for the crystal in both the
solid and broken lines of Figs. 3A and 3B. Although
the band could not be observed for the melt, the above
fact may suggest that this is due to molecular vibra-
tion, because the lattice vibration should appear in
either the solid or broken line. Furthermore, the use of
the tilting method seemed to show that the crystal band
at 46 cm™! belonged to the b, species. Thus, this band
(47 cm™! on the average) was assigned to the »,q vibra-
tion. The corresponding Raman band was found at
48 cm~1. No Raman bands assignable to the five a,
out-of-plane fundamentals were observed.

The observed infrared and Raman bands which have
not been discussed yet were assigned to the overtone and
combination tone according to the experimental results
regarding the classification of the bands. The results of
the discussion in this chapter are summarized in the last
column of Table 2. The frequencies of the in-plane and

N o

|
1030, e "/ '\2 Iy C” =N, N§~C as/a \a., ’N
‘\\Cz C / a\C a; a;C
a\ 's\\C e /a, q 04 as //
)Cg/'a‘ 5 ls\C'; C/Ca;g\
z 2 13N N? % ar\y
bond-stretching angle- bending
X y
Fig. 5. In-plane internal coordinates of TCNT.
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TaBLE 3. IN-PLANE FUNDAMENTAL VIBRATIONs OF TCNT
Obsd® Calcd Calcd b
Symmetry freq. freq. freq. D(ﬁ/"') ’ P.E.D. (%)®%
species (cm-1) (Initial) (Final) °

a, v, 2247 2318 2245 —0.1 C=N (II) stretch. (73)
v, 2228 2314 2242 0.6 C=N (I) stretch. (74)
vy 1444 1513 1445 0.1 C=C stretch. (71)
vy 1407 1411 1409 0.1 C-C (ring) stretch. (44)
Vs 1153 1214 1150 —0.3 C-S stretch. (44)
Ve 898 919 894 —0.4 C-C (I) stretch. (27)
vy 525 531 525 0.0 C-C (IT) stretch. (31), C-S stretch. (26)
vg 464 505 461 —0.6 C-C=N(I) deform. (27), g}C—CN deform. (26)
vy 411 470 411 0.0 C-C=N(II) deform. (34)
Y10 332 315 332 0.0 C=C-S bend. (39)
P 118 135 124 5.1 C-C=N(I) deform. (53), (SJ>C—CN deform. (37)
V1g 113 123 107 —5.3 8‘>C—CN deform. (47), C-C=N(II) deform. (46)

b, vi3 2258 2319 2245 —0.6 C=N(II) stretch. (76)
vy 2241 2313 2242 0.0 C=N(I) stretch. (76)
vy, 1511 1551 1509 —0.1 C=C stretch. (63)
vie 1233 1247 1231 —0.2 C-C(I) stretch. (29), C-S stretch. (27)
V7 983 1059 986 0.3 C-C(II) stretch. (41), C-S stretch. (29)
Vig 774 897 773 —0.1 g}C—CN deform. (37), C-C(I) stretch. (31)
Vg 530 541 529 —0.2 %‘)C—CN deform. (35), C-8 stretch. (34)
Yoo 430 491 449 4.4 C-C=N(II) deform. (28)
Yoy 342 387 342 0.0 C=C-C (ring) bend. (39)
Vag 223 251 221 0.9 C-C=N(I) deform. (40), C-C=N(II) deform. (37)
Va3 126 126 118 —6.3 C-C=N(I) deform. (30), C~-C=N(II) deform. (29)

a) The mean values of the frequencies are cited whenever both the infrared band of the crystal and Raman
band of the powder are observed or when factor group splitting occurs. b) Dev.=100[v(Calcd)—y(Obsd)]/
c) Only contributions greater than 25 per cent are included. d) The mark (I) refers to the C,-
Cg=N,, and C,-C,=N,, groups, and (II), to the C,~Cy=N;, and C;—Cy=N;, groups (see Fig. 5).

v(Obsd).

out-of-plane fundamentals are listed in Tables 3 and 4

respectively.

Normal Coordinate Analysis of
In-plane Vibrations

Wilson’s GF matrix method?®) was used for the normal
coordinate analysis. The numerical calculations were
carried out with the aid of a FACOM 230-75 digital
computer of Kyoto University Data Processing Center.
The internal coordinates of TCNT are given in Fig. 5.
The equilibrium bond lengths and bond angles adopted

TABLE 4. OUT-OF-PLANE FUNDAMENTAL
VIBRATIONS OF TCNT

Svmmet Observed
ymmetry frequency® Assignment »
species (cm—1)
b, Yoy 605 C-S torsion
ves 486 C-C=N (I and II)
Vog 374 deformation
v 18] Gy ONand Sy0-ON
Vog 47 deformation
a) See footnote a of Table 3. b) See footnote d of
Table 3.

are the mean values of those determined by Rychnovsky
and Britton:19) [ °=[,°=1.71 A, [,°=["=1.37 A, [;°=
140 &, [°=0"=1"=1"=1414A, [, °=0,"=L,"=
L*=1.17A, @,°=89.1° «,°=0,°=114.0°, a,°=a,°=
111.3°%, ag°=01,"=121.4°, az°=01,°=124.6°, 010’ =0t;;°=
125.4° and a;,°=0;3°=123.3°. Furthermore, o,,°=
o5 =0 =0y, =180° are assumed for the sake of
simplicity.

As the potential function for the in-plane vibrations,
the modified Urey-Bradley force field (mod. UBFF)
given by:

2V(mod. UBFF) = 2V (UBFF) + 20(AlAly+ Al Aly)
2 2
+ C31(An) + 2031 (A0

was used. Here, ¢; is the equilibrium non-bonded
distance between Cg and Cg atoms and between C, and
Cy atoms. V(UBFF) consists of terms with five bond-
stretching, seven angle-bending, and six non-bonded
repulsion force constants; those constants are listed in
the first column of Table 5. The force constant « is the
coefficient of the cross terms between C=C and C-C
(ring) stretching coordinates; it is introduced to take
account of the presumed resonance interaction in the
thiophene ring. The constant C is the coefficient of the
c¢is non-bonded repulsion terms between two carbon
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TasLE 5. FORCE consTants® (mdyn/A) oF TCNT

Force const Force const

(Initial) (Final) ~ Dispersion
K (C=S) 4.75 4.15 —b
K (C-C) 4.58 4.55 0.24
K (C=N) 18.51 17.41 0.16
K(C=C) 5.05 5.60 0.14
K (C=G, ring) 4.94 4.27 0.28
H (C-S-C) 0.16 0.28 0.41
H (C=C-S) 0.06 0.05 0.25
H (C=C-C, ring)  0.15 0.32 0.21
H (C-C-S) 0.21 0.29 0.10
H (C-C=C) 0.29 0.43 0.13
H (C-C-C) 0.57 0.14 0.08
H (C-C=N) 0.19 0.15 0.00
F (C-8-C) 0.21 0.11 0.11
F (C=C-S) 0.25 0.98 0.31
F (C=C-C, ring)  0.57 —0.13 0.17
F (C-C-S) 0.22 0.15 0.10
F (C-C=C) 0.71 0.14 0.12
F (C-G-C) 0.48 0.23 0.06
x 0.41 _ 5
c 0.10 )

a) The F’=—0.10 F and C’=—0.1 C relations were
assumed. b) Fixed.

atoms. The C’=-—0.1C relation was assumed, as usual.

For the first calculation, the values of the force con-
stants were transferred from the bis(maleonitrile di-
thiolato)Ni(II) anion,!?) diethyl ether,'® TCNQ ,» and
TCNB.'2 These values are shown in the second column
of Table 5, while the frequencies calculated with these
values are given in the third column of Table 3. The
agreements between the calculated and observed fre-
quencies are not very good. For the purpose of obtain-
ing a good agreement, after some refinements of the force
constants by the trial-and-error method using the
Jacobian matrix, repetitions of the calculations with
several sets of force constants were carried out by the
least-squares method. The converged set of the force
constants and their dispersion values are given in Table
5. The frequencies calculated with this set of force con-
stants are compared with the observed values in Table 3.
The agreement is satisfactory. The last column of
Table 3 represents the potential energy distribution.

It is apparent from Table 5 that the C-S and C-C
(ring) single bonds acquire a partial double-bond

[Vol. 50, No. 1

character, while the C=C and C=N bonds, on the other
hand, lose their double- and triple-bond characters re-
spectively. These facts, and the necessity of the cross
terms with the « coefficient, suggest that the resonance
takes place throughout the molecule of TCNT, as s to be
expected from the configuration of the molecule.

The authors wish to express their gratitude to Profes-
sor Shinzaburo Oka of this institute for his guidance in
the preparation of TCNT. Thanks are also due to Dr.
Soichi Hayashi and Mr. Junzo Umemura of this labora-
tory for their helpful discussion.
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The chemical reactions of the cation radicals of some aromatic diamines with their parent molecules, aliphatic

amines or sodium hydroxide have been studied spectroscopically.

In the case of the cation radical of p-phenylene-

diamine (PPD), the main products are Bandrowski’s base (BB) and PPD, p-benzoquinone diimine being found as an

intermediate.
added enhance the reaction rate.

This reaction are found essentially to be a disproportionation of PPD+ to BB and PPD in which bases
The thermodynamical quantities of the initial step of the reaction, proton transfer

from PPD+*, are estimated and the reaction mechanism is discussed. The reaction of the cation radical of N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD) with triethylamine (TEA) gives the parent molecule, TMPD. This reac-
tion is concluded to be caused by an electron transfer from TEA to TMPD+ followed by a reaction of TEA with a

large negative free energy change.
and its parent molecule has also been studied.

Cation radicals are expected to act as strong electron
acceptors and interact with electron donating molecules.
The charge resonance interaction between a cation radi-
cal and its parent molecule has been reported by several
authors.!-9 We reported the charge transfer (CT)
interactions between some aromatic diamine cation
radicals and aliphatic amines.%

The coexistence of a cation radical and an electron
donating neutral molecule leads not only to the complex
formation but often to chemical reaction at room tem-
perature. For example, Wirster’s cations, though
known to be rather stable, react easily with some elec-
tron donors. An ethanol solution of the p-phenylene-
diamine cation radical (PPD*) changes from yellow to
blue by adding p-phenylenediamine (PPD). Such
chemical aspects of cation radicals have been relatively
unexplored.

We had been interested in the physical aspects of the
CT interaction between a cation radical and a neutral
molecule. Recently we started work on the chemical
reactions involving cation radical, because we recogniz-
ed its importance for understanding the overall physical
and chemical processes of these cation radicals which
often play a substantial role as intermediates of various
chemical reactions.

Experimental

Preparation of Malterial. p-phenylenediamine (PPD),
N, N-dimethyl-p-phenylenediamine (DMPD) and N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD) were purified ac-
cording to the method described previously.® Their cation
radical salts were synthesized according to the literature.®

NH,

AN
Bandrowski’s base (BB, H2N—< M-N=¢ >=N—< M-
_ < _

NH,, N N%bis(p-aminophenyl)-2,5-diamino-p-benzoquinone
diimine) was produced by oxidizing PPD with hexacyanofer-
rate (IIT) under mild alkaline conditions.”? Found: C, 67.33;
H, 5.74; N, 25.9%,. Calcd for C;sH,sNg: C, 67.90; H, 5.70;
N, 26.409%. When DMPD was oxidized similarly, the

* Present Address:
Okazaki, Aichi 444
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The reaction between the cation radical of N,N-dimethyl-p-phenylenediamine

compound corresponding to N-methylated Bandrowski’s base
N(CH‘,)

(BB, (CH3)2N—©—N <)—N< > _N(CH,),) was

obtained. Found: G, 69.60; H, 7 12; N, 20.829%. Calcd
for CyyHyeNg; C, 71.61; H, 7.51; N, 20.88%,. Its electronic
spectrum is quite similar to that of BB except for slight red shift
and broadening. p-Benzoquinone di-imine® and 4,4’-bis
(dimethylamino)azobenzene (AZ’)® were prepared according
to the literature. Triethylenediamine (1,4-diazabicyclo-
[2.2.2]octane) was purified by recrystallization from ether and
by sublimation under vacuum. Triethylamine of the com-
mercial GR grade was used without further treatment.

Measurement. The infrared spectra were recorded
with a Hitachi EPI-G3 grating infrared spectrophotometer
or a Hitachi 215 grating infrared spectrophotometer. A
Shimadzu Multipurpose recording spectrophotometer MPS-
50L was used for the measurements of the electronic absorption
spectra.

Results

The Reaction between PPD+Br— and PPD. When
an ethanol solution of p-phenylenediamine bromide
(PPD+*Br-) and that of PPD were mixed, the color of the
solution changed gradually from yellow to blue. Figure
1 shows the electronic absorption spectra. The solution
became acidic with the color change. On evaporating
the solvent, it yielded a blue precipitate, whose infrared
(IR) spectrum showed prominent bands of p-phenylene-
diamine monohydrobromide (PPD-HBr). When the
reaction mixture was neutralized with NaOH, it turned
from blue to red. The main products separated by the
thin layer chromatography (TLC) on silica gel with a
1: I mixture of benzene and ether as a solvent were BB
and PPD. A slight amount of 4, 4’-diaminoazobenzene
(AZ) and a violet unknown substance were also separat-
ed as by-products. These were confirmed by compari-
son of their UV and IR spectra with those of the authen-
tic samples.'® In the case of AZ, the R values of TLC
also agreed with that of the authentic sample. The
yield of AZ was about 1/8 of BB in the mole ratio.

An ethanol solution of BB turns from red to blue by
adding a slight amount of mineral acid. The absorption
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Fig. 1. The spectra of PPD*Br—PPD system in ethanol
at room temperature: ; a few minutes after mixing,
------ ; 50 minutes after mixing.

(a) [PPD+*Br-]=3.51x10*M, [PPD]=3.60x 10-*
M. For reference the spectrum of the protonated
Bandrowski’s base in ethanol (----- ;3 [BB]/[HBr]=1)
is shown in this figure.

(b) [PPD*Br-]1=4.80x10-% M,
M.

[PPD]=5.45 x 10-5

of BB around 470 nm (21300 cm~-1) decreased by adding
hydrobromic acid, while a new absorption appeared
with a peak at 635 nm (15700 cm~!). The intensity of
the latter band showed a maximum at the molar ratio of
HBr to BB of 1.17, and began to decrease by further
addition of HBr as shown in Fig. 2. Therefore, the 635
nm band is assigned to the monoprotonated BB (BB-
H+). This was also confirmed from the fact that the
elemental analysis of the precipitate obtained by con-
centrating the solution agreed with calculated values.

420

10

molar absorption coefficient x 104

Wave number, 10% cm-—1

Fig. 2. The electronic absorption spectra of Bandrowski’s
base in ethanol with various content of HBr.
[HBr]/[BB]: (1), 0.0; (2), 0.34; (3), 0.69; (4), 1.17.
The concentration of BB is constant; [BB]=7.0x 10—
M.
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Found: C, 54.62; H, 4.78; N, 20.829,. Calcd for
CgH gNgBr: C, 54.14; H, 4.80; N, 21.05%,. When a

solution of BB and HBr at the mole ratio of 1: 1 was
neutralized by adding an ethanol solution of NaOH, it
returned from blue to red, showing the spectrum of BB.
Thus, the reaction is a reversible acid-base reaction.

HBr
BB ——— BB-H*
NaOH

As seen in Fig. 1, the absorption spectrum of the reac-
tion mixture in the longer wavelength region is quite
similar to that of BB-H+ with regard to both the absorp-
tion shape and peak positions, showing that the blue
color comes from BB-Ht.

The absorption at 245 nm (in Fig. 1b) is attributable
mainly to PPD and BB. This absorption increases a
little with the progress of the reaction. The IR spectrum
of the reaction products shows that PPD exists as a
monoprotonated species (PPD-HBr).

The formation of BB was investigated spectroscopical-
ly varying the concentration of PPD and keeping the
initial concentration of PPD+ constant. The amount of
BB-H* formed was found to be independent of the add-
ed PPD ranging from 0.28 to 7.46 molar equivalent to
the PPD, though the rate of reaction increased with the
concentration of PPD. The BB formed was about 1/6.5
of PPD* in molar quantity.

Based on the above results, the following stoichio-
metric equation is set up.

6PPD*Br- —— BB 4 3PPD + 6HBr (1)

Since, this reaction is accelerated by added PPD, we add
rather randomly 2 PPD, to both sides of Eq. 1. Then,
we have

6PPD*Br~ + 2PPD — BB 4 5PPD + 6HBr  (2)

We mixed PPD+Br— and PPD at the molar ratio of 6: 2,
and, after the reaction was completed, compared the
spectrum of the reaction mixture with that of a solution
containing BB, PPD and HBr at the concentrations as
given by Eq. 2. The absorption spectra of the two solu-
tions agreed very well with each other both in shape and
in intensity (Fig. 3). This confirms that the stoichio-
metry of the reaction is like that of Eq. 1 or 2. As Eq.
1 shows, this reaction is considered essentially to be a
disproportionation of PPD* to BB and PPD in which

Absorbance
-
(=}

10

Wave number, 10% cm—!

Fig. 3. The absorption spectrum of the reaction mixture
of PPD+Br— (1.46 X 10-¢* M) and PPD (0.51 x 10-¢ M)
( ), and that of BB (0.24x 10~¢* M), PPD (1.23x
10-¢ M), and HBr (1.48x 10— M) (------ ).
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bases added enhances the rate of reaction.

When PPD was oxidized in ethanol with bromine, a
blue solution was obtained. The blue precipitate formed
from this solution showed the electronic and IR spectra
quite similar to those of the products of the above reac-
tion, indicating the formation of the same products as
the reaction between PPD* and PPD.

15F

g
(=]

Absorbance

I
o0
T

750 250 20 200 310 330 350
Wavelength, nm

Fig. 4. The absorption spectrum of the reaction mixture

of PPD*Br- (0.866 x 10~ M) and NaOH (1.99x 104

M) ( ), and the theoretically calculated one (------ )
based on Eq. 3 and the spectral data of Fig. 5.

The Reaction of PPDtBr- with NaOH and Aliphatic
Amines in Ethanol. Figure 4 shows the absorption
spectrum of the reaction mixture of an ethanol solution
of PPD+Br- (0.866 x 10-* M) and NaOH (1.99 x 10—*
M). The dotted line shows the spectrum drawn by
assuming the following dispropotionation reaction being
completed.

9PPD* — PPD + HN=<= N=NH + 2H*  (3)

The spectrum was drawn using the absorption spectra of
PPD and p-benzoquinone diimine (Fig. 5). As seen in
Fig. 4, the spectrum obtained experimentally agrees
fairly well with the theoretically expected one, indicating
that the reaction proceeds mainly as defined by Eq. 3.

w
L5

™
=)

=
(=)
T

Molar absorption coefficient x 10-%

200 Z0 28020 290 310 330 350

Wavelength, nm

Fig. 5. The absorption spectra of p-phenylenediamine
(—--- ) and p-benzoquinone diimine (——).
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The formation of the diimine was also observed when
triethylamine was used instead of NaOH. The quantity
in this case was about 809, of the expected one. In the
case where triethylenediamine was used, the quantity of
the diimine formed was still less. In both cases of
amines, the diimine was unstable and changed into
Bandrowski’s base having the absorption peak at 470
nm, while it was fairly stable in the case of NaOH.
When the amount of triethylamine was decreased to
about 1/10 to 1/20 molar equivalent of PPD+Br-, the
diimine was observed weakly, only as an absorption
shoulder at 267 nm at the early stage of the reaction.
Then the absorption spectra changed rapidly, showing
the formation of BB-H+ with a peak at 635 nm. The
spectrum in both the ultraviolet and visible regions
agreed fairly well with that expected from Eq. 1, sug-
gesting that the reaction mechanism in this case is essen-
tially the same as in the case of the reaction between
PPD+ and PPD.

The Reaction between DMPD*ClO,~ and DMPD.

When an ethanol solution of N, N-dimethyl-p-phenyl-
enediamine perchlorate (DMPD+CIO,~) and that of
DMPD were mixed, the color changed gradually from
red (the color of the cation) to blue. Figure 6 shows the
absorption spectra. After 4 days, the reaction mixture
was neutralized with NaOH and was separated by TLC
with the 3:1 mixture of benzene and ethanol. The
main products separated were 4,4’-bis(dimethylamino)-
azobenzene(AZ’), N,N-dimethylated Bandrowski’s base
(BB’), DMPD and an unknown substance (A,,=590
nm, 650 nm). The latter two substances were produced
more than BB’ and AZ’. The amount of BB’ formed
was nearly equal to that of AZ’. The absorption at 660
nm which appeared in the course of the reaction (Fig. 6)
might be attributable to the protonated species of BB’ or
AZ'. However it is not clear which contribution of the

L5

=
=)

Absorbance

0.5

(2)
(n

1 :
400 500 600 700

Wavelength, nm

Fig. 6. Spectroscopic course of the reaction in DMPD+
Cl1O0,~——DMPD system in ethanol.
[DMPD+CIO,~]=2.22 X 10~¢ M,
10-¢ M.

(1) 4 min, (2) 14 min, (3) 44 min, (4) 170 min after
mixing.

[DMPD]=2.20 x
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two is larger, because both of the protonated species have
their absorption peaks at the same wavelength, 660 nm.
The absorption at 660 nm decreased again with time
and new absorptions appear at 590 nm and 650 nm,
suggesting that BB’-H* or AZ’-H* reacts further. The
similar phenomenon was observed, when DMPD was
oxidized in ethanol with bromine.

The Reaction between TMPD+CIO,~ and Triethylamine
(TEA) in Ethanol. When TEA was added to an
ethanol solution of TMPD+CIO,~, the blue color charac-
teristic of TMPD+ disappeared and the solution became
colorless. The absorption spectrum after the reaction
showed a strong band at 263 nm which agreed very well
with that of TMPD both in shape and position. An
ether extract from the reaction mixture gave a colorless
crystalline solid whose IR spectrum agreed with that of
TMPD. Moreover, when bromine was added to the
reaction mixture, it turned blue, giving the absorption

Q
Q
<
&
2
-
o
w
8
<

i A L i i A e

230 250 270 290 310 330 350

Wavelength, nm
Fig. 7. The absorption spectrum of the reaction mixture

of TMPD (0.885x% 10-¢ M) and TEA (2.01x 10-¢ M)
at 3 h after mixing ( ), and the spectrum of TMPD
(0.885x 10-* M) in EtOH (-----).

Absorbance

i A £l 1

0 I 1
210 230 250 270

390300
Wavelength, nm

Fig. 8. Spectroscopic changes during the decomposition

of PPD*Br- in a 1: 2 (volume ratio) mixture of water

and ethanol at room temperature. (1) 4 min, (2) 9
min, (3) 13 min, (4) 31 min after mixing.
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spectrum of TMPD+*. From the absorption intensity
the amount of TMPD+* recovered was determined to
about 809, of TMPD+ before the reaction. This sug-
gests that 809, of TMPD+, at least, changes into TMPD
by adding TEA. Figure 7 shows the spectrum of the
reaction mixture together with the one which was ob-
tained by assuming 1009, conversion of TMPD*, into
TMPD.

Discussion

The Reaction of PPD*Br— with PPD, NaOH and Alipha-
tic Amines. When two molar equivalents of NaOH,
triethylamine or triethylenediamine was added to an
ethanol solution of PPD*Br, the formation of p-benzo-
quinone diimine was observed clearly as shown in Fig. 4.
In the case of the reaction of PPD+ with triethylamine,
the absorption intensity of the diimine in the region of
256—265 nm became weak with decreasing amount of
triethylamine. When it was decreased to 1/10 molar
equivalents of PPD+, only a weak shoulder of the diimine
was observed at about 270 nm. PPD*Br— decomposes
casily in water showing the absorption of the diimine,
though it is fairly stable in ethanol. Figure 8 shows the
spectra of the solution in a water—ethanol mixture, eth-
anol being added to decrease the rate of decomposition.
In the reaction between PPD+ and PPD, a shoulder at
267 nm was observed immediately after the mixing and
disappeared in a while, as shown in Fig. 1. From these
results, this absorption is attributable to p-benzoquinone
diimine, which may be formed by a process shown
below

+ base
HN-¢ SNH, ———
—. or water
HN-¢ }—NHa + bascor Hf, (4)
2HN—®—NH2
HN=®=NH + HgN—< NNH,  (5)

Let us estimate the Gibbs’s free energy change AG,°
for the Reaction 4 in the case without a base. It can be
estimated by using the following Born-Haber cycle.

—

e
'RHst:lv I 'RH;as - RHgas

o |
'Rsolv + H;olv (—‘_——e__ 'Rgis + 'Hgas
Here the cation radical of PPD is denoted as -RH*.
AG,° is expressed approximately by the equation
ASGY = —E;(PPD*) + S(PPD*) + D(N-H)

+ IyH-) — SH*) — SR-) (6)
where E,2, S, D, and I? represent adiabatic electron
affinity, solvation energy, bond energy and adiabatic
ionization energy, respectively.

The following values are obtained from the
tures.

litera-

E3(PPD*) = I&(PPD) = 6.8 eV.1D
I8(H.) = 13.6 eV, D(N-H) = 4.0eV.1»
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S(H* in water) 22 11,5 eV.1%19

S(PPD+ in water) is evaluated to be 2.2 eV using
Born’s equation with the dielectric constant of water at
25 °C, 78.5, and the effective radius of PPD+, 3.24 A.15)
Though the value of § (R -) is not certain, it can be taken
to be the order of 0.1 V. When these values are sub-
stituted in Eq. 6, AG,° (in water) of 1.2 eV is obtained.

Since the solvation energy of a proton is smaller in
ethanol than in water, AG,° is calculated to be larger in
ethanol than in water. This explains the fact that PPD+-
Br- is fairly stable in ethanol though it is unstable in
water.

It is important that the values of AG,°, though derived
approximately, are positive and fairly large both in
water and ethanol. It indicates that the equilibrium of
Eq. 4 is inclined to the left and the concentration of the
semiquinone R is small. Nevertheless, the experimen-
tal fact that the diimine is formed easily from PPD+ in
water or water-ethanol mixture indicates that the free
energy change of the reaction of Eq. 3 is nagative. Since
AG/° is positive, AG°, the free energy for the formation
of diimine from the semiquinone, must be a fairly large
negative value to make up for AG,°.

In the presence of bases (B), one must take account of
the reaction,

B 4+ H* — B.H* (7

the standard free energy change for this reaction in
water, AG,°, at 25 °C are obtained as follows:16)

AG.°(PPD) = —0.36 eV, AG,°(TEA) = —0.60 eV
AGL(OH™) = —0.83 eV

The standard free energy change of Eq. 4, AG,°, in the
presence of a base, is reduced from that in water estimat-
ed above by these amounts.

Since the solvation energy of a proton is smaller in
ethanol than in water, the equilibrium will shift to the
right so that AG,° becomes smaller in ethanol.  Fairly
large negative values of AG;’ are thought to be the rea-
son why the reaction is enhanced by the addition of
bases. Experimentally, the rates of decrease of the
visible absorption band of PPD+ at about 460 nm with
various bases lie in the order OH-, TEA and PPD, in
agreement with that of their basicities.

In the actual reaction course, the interactions through
the hydrogen bond are considered to be important.
Since PPD+ is thought to be a strong proton donor, a
hydrogen bond complex between PPD* and PPD or
aliphatic amines is formed. A proton will transfer
easily through this hydrogen bond. The CT interaction
between PPD+ and TEA was reported previously.%)
Though we tried to find the dimer cation formed be-
tween PPD+ and PPD in ethanol, we could not find it
spectroscopically in the temperature range from room
temperature to about —50 °C. Therefore the dimer
cation may not play an important role.

With the addition of 2 molar equivalents of bases to an
ethanol solution of PPD*Br—, the diimine produced
reached about 1009, of the theoretically expected quan-
tity in the case of NaOH, while in the case of TEA it was
about 809, and in the case of PPD a trace amount was
detected as a shoulder of the absorption spectrum (Fig.
1). The diimine formed was stable in the case of NaOH,
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though in the case of both TEA and PPD it decomposed
easily into Bandrowski’s base. These observations can
be explained as follows: Due to the relation, AG,°-
(PPD)>AG,°(TEA) >AG,°(OH-), the rate of the for-
mation of the diimine is in the order of OH-, TEA and
PPD. Corbett studied the reaction of p-benzoquinone
diimine with PPD in water and discussed the mechanism
of the formation of Bandrowski’s base.!” According to
his result, the rate of the reaction of the diimine with
PPD increases greatly with lowering pH in the region of
pH>6.1 Since the basicity becomes lower in the order
of PPD, TEA, and NaOH, the diimine formed is expect-
ed to be unstable in this order. The result is consistent
with these expectations.

The result of TLC shows that 4,4’-diaminoazoben-
zene (AZ) is formed at the molar ratio of about 1/8 of
BB. The following reaction is suggested for this.

2H2N—<;>—NH — HzN—Q—E—}NI—C>—NH2
diimine

e BN ONNL N, @

As is seen from the comparison of the molecular struc-
tures of AZ and BB, thus, AZ is formed by the bonding
between the N atoms of the amino groups, while BB is
formed by the bonding between the C atom of the ben-
zene ring and the N atom of the amino group. The fact
that BB is formed more than AZ indicates that the C
atom of the benzene ring is attacked more easily by the
aminonitrogen, in the above reactions.

TMPD*CIO,~ +triethylamine (TEA). In this
case, the first step of the reaction is considered to be an
electron transfer.

TMPD* + TEA — TMPD + TEA* (9)

The cation radical of TEA (TEA+) produced is consid-
ered to be quite unstable and undergo further reac-
tion, causing the shift in the equilibrium of Eq. 9 to
produce TMPFPD.
The free energy change for the electron transfer reac-

tion of Eq. 9 can be expressed approximately by

AGy = IS(TEA) — E3(TMPD*) + AP (10)
The following values are obtained from the literature.

I&(TEA) = 7.5€V,1®

E3(TMPD*) = I$(TMPD) = 6.20 eV1®
AP represents the difference of the polarization energy
before and after the reaction and it is expressed as

AP = P(TEA*) — P(TMPD*)
The value is estimated to be —0.4 eV by using Born’s
equation, assuming 4.3 A and 3.5 A as the effective radii
of TMPD+* and TEA#, respectively. When these valuie
are substituted in Eq. 10, AG,°=0.9 eV is obtained.
Since it is a large positive value, it seems improbable
that the electron transfer reaction proceeds to the right
without the second step of TEA* decomposition.
DMPD+CIO,~+DMPD. In this case, a large

amount of AZ’ was produced. The formation of AZ’
and BB’ would be explained by taking into considera-
tion the similar reactions with those for PPD+. However
the reaction proceeds further to form an unknown
product in this case.




48 Tadayoshi SakaTa, Mitsuo HiRomoTo, Tomoko YamacosHi, and Hiroshi TsuBoMura

References

1) B. Badger and B. Brocklehurst, Trans. Faraday Soc., 65,
2576, 2582, 2588 (1969).
2) I. C. Lewis and L. S. Singer, J. Chem. Phys., 43, 2712
(1965).
3) A. Kira, S. Arai, and M. Tmamura, J. Chem. Phys., 54
4890 (1971).
4) T. Shida and S. Iwata, J. Chem. Phys., 56, 2858 (1972).
5) T. Sakata, T. Okai, H. Sugimoto, and H. Tsubomura,
Bull. Chem. Soc. Jpn., 46, 2698 (1973).
6) L. Michaelis, S. Granick, J. Am. Chem. Soc., 65, 1751
(1943).
7) E. Bandrowski, Ber., 27, 480 (1894).
8) R. Willstétter and A, Pfannenstiel, Ber., 37, 4605 (1904).
9) D. Vorlinder and E. Wolferts, Ber., 56, 1229 (1923).
10) 4,4’-Diaminoazobenzene was provided through the
courtesy of Mr. K. Maeda.

[Vol. 50, No. 1

11) K. Tsuji, M. Saito, and T. Tani, Denki Kagaku, 41, 688
(1973).

12) L. Pauling, “The Nature of The Chemical Bond,” 3rd
ed p. 85, Cornell University Press, New York (1960).

13) I. Oshida and O. Horiguchi, Gendai Kagaku, I. F., 58
(1956).

14) J. B. Randles, Trans. Faraday Soc., 52, 1573 (1956).

15) The volume occupied by a PPD molecule is calculated
from the molecular weight, the density (1.259 g cm—3), and
Avogadro number to be 142.68 A3, If the volume is assumed
to be occupied by a sphere, the effective radius is obtained
to be 3.24 A.

16) “Handbook of Chemistry” compiled and ed by N.
A. Lange, McGraw-Hill, (1967), P. 1215.

17) J. Corbett, J. Chem. Soc., B, 1969, 818.

18) K. Watanabe and J. R. Mottle, J. Chem. Phys., 26,
1773 (1957).

19) Y. Nakato, M. Ozaki, A. Egawa, and H. Tsubomura,
Chem. Phys. Lett., 9, 615 (1971).




January, 1977]

Nature of Catalytically Active Sites over Solid Acids. II.

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 50 (1), 49—51 (1977) 49

Relationships

between Acidic Properties of Silica-Alumina and Its Catalytic
Activities for Olefin Polymerization
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The influences of the degree of hydration of a silica—alumina surface on its Bronsted or Lewis acid content and on
its catalytic activity for cis-2-butene polymerization were investigated at 30 °C as a function of the evacuation tem-
perature. The raise in the evacuation temperature, i.c., the decrease in the degree of hydration, gave rise to an
increase in both the Lewis acid content and the catalytic activity but to a decrease in the Brénsted acid concent. A
good linear relationship, which could not be extrapolated through the origin, was found between the Lewis acid con-
tent and the catalytic activity. Thus, the conclusion is drawn that only strong Lewis acid sites are active in olefin

polymerization on silica—alumina at low temperature.

Olefins such as propylene or butenes produce an irre-
versibly adsorbed species on silica-aluminal=® or some
Y zeolites™® at near room temperature. This species
gives rise to IR absorption bands characteristic of satu-
rated hydrocarbons.4-®) Recently, the species has been
proved to act as the proton-donating center in olefin
isomerization!®!) and to comprise branched oligomers
having about four monomer units on the average.l-%
However, the nature of the active site for this polymeri-
zation still remains unsettled, in spite of several inten-
sive investigations.3:5:6.8)

In the previous study,'® we investigated this problem
by using a series of silica-alumina samples whose Lewis
acid sites were selectively poisoned in situ with pyridine
to different extents, and concluded that strong Lewis
acid sites were active in the polymerization on silica—
alumina at 30 °C.  The present study intends to provide
additional evidence for this conclusion by correlating
the catalytic activities of partially hydrated silica-
aluminas with their acidic properties.

Experimental

Materials and Apparatus. Silica-alumina (SA-1, 13%,
Al,O4),' pyridine,'® and cis-2-butenel® were those used
carlier. The IR cell and the preparation of the self-supporting
20-mm diameter wafers of SA-1 are described in detail else-
where.1?)

Procedures. Partially hydrated samples were prepared
as follows. ~After the wafer had been mounted in the sample
holder and pretreated in a dry oxygen stream for 2 h at 450 °C,
it was cooled to 150 °C for 1 h in an oxygen stream containing
20—25 Torr of water vapor, and then evacuated in the IR
cell for 2 h at different temperatures of 150—450 °C.

The wafer was exposed to pyridine vapor at about 16 Torr
for 1 h at room temperature, and evacuated for 1 h at 110 °C.
The spectrum of chemisorbed pyridine was recorded. The
peak absorbances of the 1460 and 1540 cm—! bands due to
Lewis- (LPY) and Brénsted-bound pyridine (BPY), respective-
ly, were taken as a measure of the total acid content for the
corresponding acid type.

The reaction was carried out in a closed circulation system
including the IR cell as a reactor at an initial olefin pressure
of 5 Torr and 30 °C. 1Its progress was followed in the same
way as in the previous study.!?

The IR spectrometer and the operating conditions have
previously been described.!® Peak absorbances were all

normalized so as to indicate the absorbance per unit optical
thickness of the wafer. This normalized absorbance, AS/W
(cm?/g), corresponds to the quantity eM/W, where 4 and ¢ are
respectively the absorbance and the absorption coefficient of a
band, M is the amount (mmol) of the responsible species, and
S and W are the cross section (cm?) and the weight (g) of the
wafer, respectively.

Results and Discussion

Hydroxyl Groups on Surfaces. Figure 1 shows the
IR spectra in the O-H stretching region of partially
hydrated SA-1 samples. A sharp band at 3750 cm! is
due to isolated surface silanol groups, and a broad band
around 3600 cm™! is due to hydrogen-bonded surface
hydroxyl groups and adsorbed water.1 As the evacua-
tion temperature was raised, the 3600 cm~! band de-
creased in intensity and the 3750 cm—! band became
more and more definite without a significant change in
intensity. This fact implies that the adsorbed water is
only slightly hydrogen-bonded to the isolated silanol
groups.'  Since the original SA-1 had previously been
calcined at 550 °C for 8 h, and every wafer was heated to
450 °C before use, the wet oxygen treatment and the

[}
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Fig. 1. IR spectra of surface hydroxyl groups on SA-I.
A sample was evacuated for 2 h at 150 (a), 200 (b), 300
(c), or 450 °C (d).
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subsequent evacuation probably bring about no drastic
structural changes of the surface, except for hydration.
The intensity of the band around 3600 cm~! can there-
fore be taken as a qualitative measure of the degree of
hydration of the surface. Thus, Fig. 1 indicates that a
lowering in the evacuation temperature certainly results
in an increase in the degree of hydration.
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Evacuation temperature, °C

Fig. 2. Effect of evacuation temperature on surface acid
content of Lewis () or Brénsted (@) type.

Acid Contents. Figure 2 illustrates the effects of
the evacuation temperature, or, in other words, those of
the added water, on the acid contents of SA-1. As the
evacuation temperature was raised, the Lewis acid con-
tent increased while the Bronsted acid content de-
creased. Different values have been reported for the
ratio of absorption coefficients of the LPY band to the
BPY band: &;46/€1540~ 15717 or 2.6.18)  For our catalyst
it was evaluated to be approximately unity from the
differences in peak intensities resulting from the con-
version of LPY to BPY upon dosing with quite small
amounts of water. In view of this value, an increase in
the Lewis acid content is compensated for with a de-
crease in the Bronsted acid content in the evacuation-
temperature range of 200 to 450 °C. This implies that
one Bronsted acid site is converted into one Lewis acid
site when the surface is dehydrated. When the evacua-
tion temperature was lowered from 200 to 150 °C, the
Lewis acid content further decreased, while the Brénsted
acid content remained approximately constant. It is
quite reasonable to expect that comparatively large
amounts of added water poison acid sites of both the
Lewis and Brénsted types. Hence, a further lowering
in the evacuation temperature may effect a decrease in
the Bronsted acid content as well as in the Lewis acid
content.

Polymerization Activity. cis-2-Butene produced,
when it was introduced onto SA-1 at 30 °C, the polymer-
ic species giving rise to IR absorption bands at 2960,
2930, and 2870 cm™! in the saturated C-H stretching
region and at 1470, 1385, and 1370 cm~! in the saturated
C-H bending region. The growth of each band occur-
red rapidly in the initial stage of the reaction, slowed
down gradually, and finally ceased after 1—2 days. The
peak intensity at 2960 cm~! was well proportional to the
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Fig. 3. Effect of evacuation temperature on catalytic
activity for cis-2-butene polymerization at 30 °C.

amount of polymeric species formed.!'? The intensity
of this peak after 1 min was therefore taken as the initial
activity.

Figure 3 is a plot of the initial activity against the
evacuation temperature; it indicates that the initial
activity decreases as the evacuation temperature is
lowered, in other words, that added water certainly acts
as an inhibitor for the formation of the polymeric species.
This suggests that the Brénsted acid site is inactive in the
present reaction. It can be seen from Figs. 2 and 3 that
the influence of the evacuation temperature on the initial
activity is similar to that on the Lewis acid content.
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Fig. 4. Correlation of surface acidity with catalytic ac-
tivity for c¢is-2-butene polymerization at 30 °C. (O:
Lewis acidity, @: Bronsted acidity.

Figure 4 shows correlations of the initial activity of
SA-1 with its Lewis or Brénsted acid content. Since the
initial activity decreases with an increase in the Brénsted
acid content, this correlation is considered to be unrea-
sonable. On the other hand, the initial activity decreases
linearly with decreasing amounts of Lewis acid sites.
This reasonable correlation probably indicates that the
active acid site is of the Lewis type. Evidently, the
straight line correlating the initial activity with the
Lewis acid content does not extrapolate through the
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origin. 'This is easily explained on the assumption that
only part of the Lewis acid sites are active. According
to this interpretation, the majority of the active Lewis
acid sites are those which can be liberated, as a result of
desorption of water (or hydroxyl groups) from the sites,
by raising the evacuation temperature from 150 to 450
°C. Since such water probably is strongly adsorbed,
the active Lewis acid sites are reasonably concluded to
be high in acid strength. This conclusion agrees well
with the previous one.1?

In addition, the previous study!? showed that, in cis-
2-butene polymerization at the same temperature as in
the present study, an upper limit for the amount of the
active Lewis acid sites on SA-1 evacuated at 450 °C
amounted to about 309, of the total Lewis acid content.
The correlation in Fig. 4 may permit a similar estimate.
The point of intersection of the solid straight line and the
abscissa can be regarded as the point representing a
sample whose active Lewis acid sites have been just
blocked with added water. Accordingly, with respect
to SA-1 evacuated at 450 °C, an upper limit for the
amount of the active Lewis acid sites is again evaluated
to be about 309, of the total Lewis acid content. Thus,
we are again led to the conclusion that strong Lewis acid
sites are active in olefin polymerization over silica—
alumina at the low temperature of 30 °C.
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The emission properties of 9-ethylphenanthrene (EPh), poly(9-vinylphenanthrene) (PVPh), poly(9-phenan-

thryl methacrylate) (PPhMA), and poly[2-(9-phenanthryl)ethyl vinyl ether] were investigated in solution.
vinyl polymers showed no clear excimer fluorescence in the longer-wavelength region.

These
Both the fluorescence

quantum yield and the lifetime of PVPh decreased largely with an increase in temperature at higher temperatures.
This suggests that PVPh forms an excimer which has a low fluorescence quantum yield. The fluorescence properties
of PPhMA and PPhEVE, in which Ph chromophores are widely spaced on the skeletal chains, indicated little interac-

tion between neighboring Ph chromophores in the singlet state.
The phosphorescence spectrum and its lifetime of PPhEVE indicated a presence

difficult to form an excimer.

of a weak interaction between neighboring Ph chromophores in the triplet state.

This results from the nature of Ph, in whith itis

PVPh and PPhEVE showed

a delayed fluorescence resulting from a T-T annihilation between two migrating triplet excitons.

Recently, emission spectra of aromatic vinyl polymers
have been extensively investigated. It is known that
aromatic vinyl polymers exhibit excimer fluorescences in
dilute solutions due to the interaction between neighbor-
ing chromophores.

1-Ethylpyrene and l-ethylnaphthalene show the
excimer fluorescence in concentrated fluid solutions at
room temperature. Poly(l-vinylpyrene}!»2 and poly-
(1-vinylnaphthalene)3-5 show almost exclusively the
excimer fluorescence in dilute solutions. Poly(l-pyren-
ylmethyl vinyl ether) (PPyMVE),1:® poly(l-naphthyl-
methyl vinyl ether) (PNMVE),® and poly(l-naphthyl
methacrylate) (PNMA),” in which the pyrenyl and
naphthyl chromophores are widely spaced on the skele-
tal chains by -O-CH,- and -CO-O- bonds, show both
the structured monomer fluorescence and the excimer
one in dilute solutions. On the other hand, N-ethyl-
carbazole (ECz) and 9-ethylacridine (EAcr) show no
excimer fluorescence in concentrated solutions.1® Poly-
(N-vinylcarbazole) (PVCz)®) and poly(9-vinylacridine)
(PVAcr),) however, show the excimer fluorescence.
Poly[2-(N-carbazolyl)ethyl vinyl ether] (PCzEVE}), in
which the carbazolyl chromophores are widely spaced
on a skeletal chain by -O-CHy,—CH,- bonds, shows a
structureless fluorescence, which is different from both
the monomeric structured fluorescence and the sand-
wich-like excimer one observed for the model com-
pounds and PVCz respectively. This implies the
presence of the excited-state interactions among the
carbazolyl chromophores in PCzEVE.?

Phenanthrene crystal has only two molecules per unit
cell arranged with their molecular planes almost per-
pendicular. It does not normally exhibit an excimer
emission. However, this crystal under a high pressure
does exhibit a broad emission with a peak at ca. 440 nm.
This emission is assigned to the excimer fluorescence.!?)
Despite extensive studies of the prompt and delayed
fluorescence of phenanthrene, no excimer fluorescence
has been observed in this compound at room tempera-
ture.! Studies of the emission of a phenanthrene
sandwich dimer prepared by photolytic dissociation
have also shown that phenanthrene does not form an
excimer even under favorable condition.1?) Therefore,
it is of interest to investigate the emission spectra of the
vinyl polymers, where the phenanthryl (Ph) chromo-

phores are directly connected to or widely spaced on the
skeletal chains.

In the present paper, we have investigated the spectro-
scopic behaviors of poly(9-vinylphenanthrene) (PVPh),
poly(9-phenanthryl methacrylate) (PPhMA), and poly-
[2-(9-phenanthryl)ethyl vinyl ether] (PPhEVE}; in the
latter two polymers, the phenanthryl chromophores are
widely spaced on the skeletal chains by -CO-O- and
-O-CH,-CH,— bonds respectively.

Experimental

Syntheses of 9-Ethylphenanthrene( EPh) and PVPh. EPh
and 9-vinylphenanthrene(VPh) were prepared according to
the literature.’*19 The EPh was purified by recrystallization
from methanol and sublimation irn vacus. The VPh was
purified by recrystallization from ethanol and sublimation
in vacuo. The PVPh was prepared by the polymerization of a
0.4 M benzene solution of the purified VPh in the presence of
0.2 mol%, azobisisobutyronitrile in an evacuated sealed tube
at 80 °C for 20 h and was reprecipitated three times from the
benzene solution with methanol or hexane. The molecular
weight measured by a vapor pressure osmometer was 3600.
The degree of polymerization(DP) is about 18.

Synthesis and Polymerization of 2-(9-Phenanthryl)ethyl Vinyl
Ether(PREVE). 2-(9-Phenanthryl)ethanol(PhEtOH)
was prepared from purified phenanthrene according to the
literature® and purified by recrystallization from cyclohexane.
The PhEVE was synthesized from the PhEtOH by the route
similar to 2-(N-carbazolyl) ethyl vinyl ether'® and was purified
by recrystallization from ligroin and sublimation in vacuo.
Yield, 30%; mp 82.0—84.0 °C, IR(KBr-disk): dpy of vinyl
ether 960 and 820 cm—!, NMR (CDCl;): 1.4—1.6 © (multiplet,
two ring protons); 2.0—2.2 v (multiplet, one ring proton);
2.3—2.7 v (multiplet, six ring protons); 3.5—3.8 v (quartet,
-O-CH=CH,); 5.8—6.2 v (multiplet, —~CH,-CH,-O-CH-=
CH,); 6.5—6.7 = (triplet, -CH,~CH,-O-). Found: C, 87.07;
H, 6.529%,. Calcd for C;H,,0: C, 87.05; H, 6.519%,.

The polymerization conditions are summarized in Table 1.
The solvents were purified by ordinary methods.

Synthesis and Polymerization of Phenanthryl Methacrylate( PRMA).
9-Phenanthrol was prepared from the purified phenanthrene
according to the literature.!”? The PhMA was synthesized by
reacting methacryl chloride with the 9-phenanthrol by the
route similar to naphthyl methacrylate.’® The monomer
was extracted with benzene, washed with water, and dried over
Na,SO,. The PhMA was isolated by column chromatography
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(silica gel, benzene); mp 53.5—55.0 °C, IR (KBr-disk);
1715 (ve=o)s 1615 (vo_g)s 920 (8¢-cn,) cm~?, NMR (CDCly);
1.35—1.61 T (quartet, two ring protons);2.03—2.32 = (multi-
plet, two ring protons); 2.03—2.32 ¢ (multiplet, two ring
protons); 2.36—2.62 r (multiplet, five ring protons); 3.54 ¢
(singlet, terminal vinyl proton(cis)); 4.22 v (singlet, terminal
vinyl proton(irans)); 7.86 v (singlet, methyl protons). This
monomer was very labile and was polymerized often during
the purification. The PPhMA used for spectral measurements
was prepared by a thermal polymerization and was reprecipi-
tated from the chloroform solution with methanol. This
polymer was insoluble in some organic solvents, but soluble in
chloroform. Found: C, 81.31; H, 5.40%,. Calcd for C;H,,-
O,; C, 82.41; H, 5.39%.

Method. The sample of PPhEVE (No. 5 in Table 1),
which had the highest value of DP(87) was used for spectral
measurements. All of the solvents used (tetrahydrofuran
(THF), 2-methyltetrahydrofuran (MTHF), chloroform, and
1,4-dioxane) were purified by the usual methods. Solutions
were completely degassed by freeze-pump-thaw cycles. The
emission spectra and fluorescence decay times were measured
with the apparatus described in the previous paper.®

Results and Discussion

Polymerization of PREVE. The cationic polymeri-
zation results are shown in Table 1. The PPhEVE is
obtained in fairly good yields at or below 0 °C. The
yield decreases with an increase in the polymerization
temperature above 0 °C. PhEVE is also polymerized
by AIEtCl, in high yields. The PPhEVE is soluble in
some organic solvents, such as tetrahydrofuran and 1,2-
dichloroethane.

The PPhEVE prepared in the present study has a
comparatively high molecular weight (22000, DP=87).
This value of DP for PPhEVE is higher than the values
for PCzZEVE, PPyMVE, and PNMVE (33, 10, and 22,
respectively).16:19)  The rather low softening point (SP)
of the PPhEVE suggests the enhanced flexibility of the
skeletal chain as compared with the cases of PVPh (SP:
209—218 °C, DP=18), PPyMVE (SP: 220—230 °C,
DP=10) and PCzEVE (SP: 137—148 °C, DP=33).16:19)
The reason why the PPhEVE with the comparatively
high DP has the low SP value is that phenanthryl chro-
mophores, being less bulky than carbazolyl and pyrenyl
chromophores, are widely spaced on the skeletal chain.

Emission Spectra. 1,3-Di(N-carbazolyl) propane
and N-vinylcarbazole oligomer (DP=4), of which the
monomer compound (ECz) shows no excimer fluores-
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cence, show excimer fluorescence in dilute solution at
room temperature.”-20-22) Therefore, the PVPh(DP=
18) sample has sufficient molecular weight to be used in
order to examine the possibility of excimer formation.

Fluorescence spectra of PVPh, PPhMA, PPhEVE,
and EPh in solutions at room temperature are shown in
Fig. 1. The fluorescence spectrum of the concentrated
EPh solution indicated that EPh does not form an exci-
mer, as is the case of phenanthrene. The fluorescence
spectrum of PPhEVE is similar to that of EPh. Although
the fluorescence spectra of PVPh and PPhMA are broad
as compared with those of EPh and PPhEVE, no clear
excimer fluorescence in the longer-wavelength region is
observed for PVPh and PPhMA. Therefore, it is sug-
gested that the interaction between neighboring chromo-
phores in these polymers is much weaker than that ob-
served for other aromatic vinyl polymers.

Fluorescence spectra of PVPh, PPhEVE, and EFPh in
rigid glasses at 77 K are shown in Fig. 2. The fluores-
cence band shifts to lower frequencies in the order of
EPh, PPhEVE, and PVPh. The clear vibrational
structure bands observed for PVPh and PPhEVE are
similar to that for EPh and the fluorescence lifetimes of
PVPh and PPhEVE are also much the same as that of

Wavelength/nm

350 400 450

10

L 00

Fluorescence intensity
-

™~
T

Wave number/10% cm—!

Fig. 1. Normalized fluorescence spectra of (1) .-.... H
EPh, (2) ; PPhEVE, (3) .-.-; PPhMA, and (4)
------ ; PVPh in solutions at room temperature. Solvents;
(1), (2), (3); MTHF-THF (3: 2) mixture, (3); chloro-
form containing 1.09%, ethanol. Excitation wavelength;
345 nm.

TaBLE 1. PoOLYMERIZATION OF PAEVE®
No. m(S%Z goBF;fz?xitrger TSI(I]lp Tl}xlne Com;/c;)rsxon SoPCb) Mol wt®
1 1 55 9 28 115—125
2 1 20 9 52 88—100
3 1 0 9 73 103—110
4 1 —15 4 88 100—110
5 1 —40 4 92 115—120 22000
6 5 —45 4 87 100—118
7 2 —60 4 90 110—115 18000
8 1 —78 9 84 100—110

a) PhEVE, 0.2—0.5 g; monomer concentration, No. 6: 0.16 M, the others: 0.2 M; solvent, toluene.
c) Measured by a vapor pressure osmometer.

softening point.

b) SP,
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TABLE 2. SPECTROSCOPIC DATA OF VINYL POLYMERS WITH PENDANT
PHENANTHRYL CHROMOPHORES IN MTHF-THF

Fluorescence lifetime® /ns

Polymer ) Relative , Phogphpresccnce
yield at 20°C 77K —40°C 24 °C 50 °C: lifetime/s

EPh 1.00 59 50 50 48 4.4

PPhEVE 0.85 59 49 47 46 3.4

PPhMA® 0.15 — — 16% 159 —

PVPh 0.17 58 40 219 209 2.8

a) Solvent: chloroform containing 1.0%, ethanol.
DIC and UV-35 filters. Error is +2 ns.
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Fig. 2. Normalized fluorescence spectra of (1) EPh, (2)
PPhEVE, and (3) PVPh in MTHF-THF rigid glasses
at 77 K. Excitation wavelength; 330 nm.
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Fig. 3. Temperature dependence of fluorescence spectra

of PVPh (5.1 10~¢ M) in MTHF-THF solution. Ex-
citation wavelength; 310 nm. (1) —130, (2) —86.5,
(3) —37.7, (4) 6, and (5) 63.5 °C. The fluorescence (6)
is 1.95 times the fluorescence (5).

EPhat 77 K (Table 2). These facts suggest that there is
little interaction between neighboring Ph chromophores
in PPhEVE and PVPh in rigid glasses at 77 K.

Table 2 shows the relative fluorescence quantum
yields, taking the value of EPh as unity, and the fluores-

b) The fluorescence was observed through Toshiba UV-
c) The initial fast decay component was observed.

10 |-
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Temperature/°C

20

Fig. 4. Temperature dependence of the fluorescence
yields. The value of 7/, exhibits the ratio of the fluo-
rescence yield at some temperature to that at room
temperature. (1) O; EPh, (2) A; PPhEVE, (3) [;
PPhMA, and (4) @; PVPh. Solvent: (1), (2), (4);
1,4-dioxane, (3); chloroform containing 1.0%, ethanol.
These values were uncorrected for decrease in density
of solvents with an increase in temperature.

cence lifetimes. The fluorescence quantum yields and
lifetimes of PVPh and PPhMA at room temperature are
much lower than those of EPh and PPhEVE. The decay
curve of PVPh has an initial fast component. The
fluorescence spectra of PVPh in MTHF-THF solution
at various temperatures are shown in Fig. 3. The
fluorescence intensity decreases and the vibrational
bands broaden with an increase in temperature. Tem-
perature dependences of the fluorescence yields are
shown in Fig. 4. The changes observed for EPh, PPh-
EVE, and PPhMA are small and they show a similar
tendency. On the other hand, only PVPh shows a large
decrease. The same tendency is observed for the tem-
perature dependence of the fluorescence lifetimes(Table
2). Namely, the fluorescence lifetimes of EPh, PPh-
EVE, and PVPh in rigid glasses at 77 K are all equal.
Only the lifetime of PVPh, however, decreases unusually
with an increase in temperature.

As mentioned above, the vibrational structure of
fluorescence and its lifetimes of PVPh and PPhEVE are
similar to those of EPh in rigid solutions at 77 K. How-
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ever, the phosphorescence of PVPh and PPhEVE is
markedly different from that of EPh, as is shown in Fig.
5. The phosphorescence band shifts to lower frequency
and the vibrational structure broadens in the order of
EPh, PPhEVE, and PVPh. The phosphorescence life-
time shortens in the same order (Table 2). The red
shift of the phosphorescence band is much larger than
that of the fluorescence. These facts indicate that an
interaction between neighboring Ph chromophores in
the triplet state is much larger than that in the singlet
state in rigid glasses at 77 K.

Wavelength/nm
500 550 600
T ———————
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'S
=g

Phosphorescence intensity (Arbt.)

21 19 17

Wave number/10? cm—!

Fig.5. Phosphorescence spectra of (1) EPh, (2) PPhEVE,
and (3) PVPh in MTHF-THF rigid glasses at 77 K.
Excitation wavelength; 310 nm.

The delayed emission, of which the position and pro-
file are the same as those observed for the normal fluores-
cence at 77 K, is observed for PVPh and PPhEVE in
rigid glasses at 77 K. The emission intensity depends
quadratically on the phosphorescence intensity. The
lifetime of this emission of PPhEVE is about 30 ms,
while that of PVPh could not be determined because of
the extremely low intensity. These facts indicate that
this emission band can be assigned to the delayed fluores-
cence resulting from a T-T annihilation between two
migrating triplet excitons.

PPhEVE resembles EPh very closely in fluorescence
properties, forms no excimer, and does not show the
anomalous fluorescence observed for PCZEVE.?” The
fluorescence spectra of PPhMA is markedly different
from that of EPh and its lifetime is very short. The
temperature dependence of the fluorescence yield, how-
ever, is similar to those of EPh and PPhEVE. This
indicate that PPhMA forms no excimer. The fluores-
cence properties observed for PPhMA seems to be more
likely to be affected by the substituent groups (-O-CO-).
On the other hand, PPyMVE, PNMVE, and PNMA
show the excimer fluorescence in dilute solutions at room
temperature. Therefore, the failure of PPhEVE and
PPhMA to form an excimer is considered to be attribut-
able to the nature of Ph, which forms an excimer only
with difficulty.

Emission properties of PVPh indicate clearly that
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interaction between neighboring Ph chromophores in
PVPh is strongest in these polymers studied. It has
been reported, from fluorescence yield and decay curve
measurements, that phenanthrene does not show con-
centration quenching of fluorescence at room tempera-
ture.23:28)  Therefore, if PVPh forms no excimer, the
fluorescence yield of PVPh is expected to be as large as
that observed for EPh. The present result is not so.
Namely, the fluorescence yield of PVPh is much lower
than that of EPh (Table 2) and decreases largely with an
increase in temperature (Fig. 4). These facts suggest
that PVPh forms an excimer which has a low fluores-
cence quantum yield. This is reasonable from the fact
that the phenanthrene excimer in the crystal state under
a high pressure has a low fluorescence quantum yield.!®

As mentioned above, ECz, EAcr, and EPh show no
excimer fluorescence in concentrated solutions at room
temperature. PVCz and PVAcr, however, show the
excimer fluorescence in dilute solutions at room tem-
perature. It is suggested from the above mentioned
results that PVPh forms an excimer, although it does
not show clearly an excimer fluorescence. Thus, the
following conclusions were drawn: in the case of the
vinyl polymers with the aromatic chromophores which
form no excimer, an excimer is formed in the vinyl poly-
mers in which the aromatic chromophores are directly
connected to the skeletal chains, but it is not formed in
the vinyl polymers in which the aromatic chromophores
are widely spaced on the skeletal chains. PCzEVE is
considered to be rather a special case.
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The insertion reactions of recoil sulfur atoms produced by the nuclear transformation of *Cl(n,p)*S process

into the C—H bond of benzothiazole and the C~C bond of 2-methylbenzothiazole have been examined.

It has been

found that the C-H insertion is a little easier than the C-C insertion by the energetic sulfur atoms, and that in
thermal reaction the water used as a solvent seems to have some role in producing the C-H insertion product.

Sulfur atoms generated by the photolysis of COS react
with organic compounds to produce insertion and addi-
tion products to the C-H and the C=C double bonds,
such as the reaction of CH,, oxygen and other car-
benes.1-4

Church and Rowland® have studied the insertion
reaction of recoil sulfur atoms into the primary and the
secondary C-H bond in propane molecule to determine
the spin states of the recoil sulfur atoms, and they have
found that the sulfur atoms in the triplet state have
inserted mainly into the secondary C-H bond. How-
ever, the insertion of diradicals into the C—C bond has
not been reported.

In this study, the possibility of the insertion of recoil
sulfur atoms produced by the nuclear transformation of
35CI(n, p)3®°S process into the C-C bond was examined,
with the aim of determining, if possible, the ratio of the
insertion rate of the C-H bond to the C-C bond.

For the C-H and C-C bonds, the 2-position bond of
benzothiazole (C-H compound) and the 2-position bond
of 2-methylbenzothiazole (C-C compound) were re-
spectively used. The insertion product of 35S atoms to
the 2-position of benzothiazole as in (1) leads to 2-mer-
captobenzothiazole and to the 2-position of 2-methyl-
benzothiazole as in (2) leads to 2-(methylthio)benzo-

thiazole. These compounds are well-known and stable
substances.
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Experimental

Materials. After the vacuum distillation of bezo-
thiazole and 2-methylbenzothiazole (Tokyo Kasei Co.),

TABLE 1.

hydrochloric acid was added. Then the hydrochlorides thus
produced were purified by sublimation for benzothiazole and
by recrystallization for 2-methylbenzothiazole. These starting
materials were used as either an aqueous solution or a solid.
Oxygen and nitrogen oxide (Takachiho Chem. Co.) were
used as additives without further purification.

Thermal Neutron Irradiation. Thermal neutron irradia-
tion of the starting material was performed in a quartz ampoule
(about 0.5 ml) at a neutron flux of 3 X 10%3 or 7 x 10! n/cm?/s
for 20 min with JRR-2 or JRR-3 of the Japan Atomic Energy
Research Institute.

Separation, Purification, and Radioactivity Measurement of the
Reaction Products. The separation and the purification
were performed chromatographically and the radioactivity
measurements of the products were carried out as previously
described.®

Nearly all the experimental data are averages of three runs;
the errors are about 309, through all runs.

Results and Discussion

When the recoil sulfur atoms react with organic com-
pounds, many reaction products labeled with 358 may be
produced by either the energetic process or the thermal
one.” In order to distinguish between the two processes,
radical scavengers such as O, and NO are added to the
sample; thus the thermal atoms and their reactions may
be eliminated.”

In this experiment, the total organic yield in aqueous
solution was about 709,.%)

The Effect of Scavengers. From Tables 1 and 2, the
yield of the C-3S-H product from the C-H compound
in the aqueous solution is clearly inhibited in the pres-
ence of NO or O,. However, the yield of the C-35-C
product from the C-C compound was not affected in the
presence of the scavenger. From these results, it may
be said that the C-H insertion takes place in both the
thermal and energetic reaction, but the C-C insertion
takes place only in the energetic reaction. This experi-

RapiocHEMICAL YIELD OF THE C-35S-H proDUCT FROM THE C—~H COMPOUND

IN THE PRESENCE OF SCAVENGERS IN THE AQUEQUS SOLUTION

Concentration
(weight %) 6.0 50.0 75.0
Scavenger (Torr) O, None None 15 94 116 150 None
NO None 10 300 None None 51
Yield (%) 0.6 0.3 0.2 1.0 0.8 0.3 1.1» 0.3 3.3 0.3

2.7

a) and b) show the yield obtained by the annealing after the thermal neutron irradiation.

was at 95 °C for 1 h (a), or 120 °C for 1 h (b).

Annealing condition



58 Kazuhiro Nusawa and Ko Taxt

TABLE 2. RADIOCHEMICAL YIELD OF THE C-%S-H AnD
THE C-3S—-C proDUCT FROM THE C—C COMPOUND
IN THE PRESENCE OF SCAVENGER AT THE
CONCENTRATION OF 509,

Scavenger
(Torr) O

Yield (%)

None 80 100 150

C-*S5-H 0.6 0.3 — 0.3
C-355-C 0.2 0.3 0.3 0.2

mental fact may not conflict with the results of the reac-
tions of the carbenes produced by the photochemical
and thermal processes.!:2)

The Effect of Solvents and Their Concentrations. The
yield of the C-358-C from the C-C compound shows a
constant value in various concentrations of the aqueous
solution and the solid. On the other hand, the yields of
the C-3S-H product from the C-H and the C-C com-
pounds are affected by the concentration of the aqueous
solution, as shown in Fig. 1. But in the presence of
scavengers, the yield is no longer affected by the solution
concentration. Higher concentration of the C-H com-
pound give higher yields of the C-35S-H product. How-
ever, the energetic reaction is not affected by the con-
centration of the C-H compound.
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(solid)

Concentration {weight %)

Fig. 1. Yields of the C-*S-H and the C-%S-C product
from the C-H and the C—~C compound in the aqueous
solution.

Organic Solutions.®) To elucidate the role of the
solvent, various solvents such as methanol, benzene, and
hexane were used. The results show that the yield of
the C-35S-H and the C-35S-C were not affected in the
presence of the scavenger nor by the variation of the
concentration.

From these results, it seems that only the energetic
reaction occurs in the organic solution; in this case ther-
mal sulfur atoms may react easily with the organic sol-
vent to give some other products.?¥ Therefore, it is not
suitable for the thermal reaction of recoil sulfur atoms to
use the organic compounds as a solvent. Sulfur atoms
seem to be more stable in water than the organic solu-
tions.

The Annealing Effect on the Formation of the C-33S-H
Product.19 After the neutron irradiation of the
sample, the yield of the C-35S-H products from the C-H
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TABLE 3. RADIOCHEMICAL YIELDS OF THE C-%S-C AND
THE C-35S-H probpUCTS FROM THE C-C AND THE
C-H cOMPOUND IN VARIOUS ORGANIC SOLUTIONS

Concentration Scavenger Yield (%)

Solvent (Wt %)  NO (Torr) C-3S-C product
Benzene 9.0 None 0.3
51.0 None 0.3
74.0 None 0.2

Concentration Scavenger Yield (%)

Solvent (wt %) NO (Torr) C-%8-H pr(o)duct
Benzene 17.0 None 0.5
38.0 None 0.4
79.0 None 0.5
Hexane 61.0 None 0.3
85 0.3
Methanol 32.0 None 0.2
16 0.3
180 0.2

p-Dichlorobenzene was used as a chlorine source of
the nuclear transformation in these organic systems.

compound in the aqueous solution increases by anneal-
ing. The result is shown in Table 1.  Although the
mechanism of this effect is not clear, it may be consider-
ed that the sulfur atoms give some other intermediate
with the C-H compound or with water, and then it
becomes the C-35S-H product rather easily as a result
of the annealing. It seems that the water plays some
role in the reaction, because the annealing effect is found
only in the aqueous solution and not in the organic solu-
tions.
The Radiation Effect on the Formation of the Products.

Thiols are easily decomposed by the radicals induced by
radiation in aqueous solution, as follows:11)

H,0 ~w» H + OH 3)
R-SH + OH — RS + H,0 (4)
R-SH + H —» RS + H, (5)

The contribution of radiation to the formation and the
decomposition of the product during the thermal neu-
tron irradiation could not be estimated exactly. But
from the comparison of the rate constant for the decom-
position (k;)!?) with that for the formation (k;)!3 and the
comparison of the number of the sulfur atoms produced
(8 x 1012 atoms) by the nuclear transformation with the
number of the hydrogen and hydroxyl radicals (4 x 10?
species) ¥ formed, the insertion product may quite influ-
enced by the radiation.1%

ke
R-H + S — R-SH (6)
k
R-SH + H and OH —— decomp (7

The rate of the R-SH formation may be roughly
estimated as the difference of reactions 6 and 7 by
the following equation: d[R-SH]/d¢=ks[R-H][S]—
k,[R-SH][H and OH]

The ratio of the rate constant of the decomposition to
that of the formation (k,/k¢) is about 104

So, if the radiation effect can be neglected, the yield
of the C-35S-H compound in the reaction of the recoil
sulfur atoms may be about 10 times larger than the ex-
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perimental results of the C-%5S-H yield. This assump-
tion may be supported by the experimental result that
the sulfur atoms produced by the photolysis of CO3S
reacted with the C-H compound in the aqueous solution
to give about 139, insertion product, based on the car-
bon monoxide produced.

The Ratio of the Rate Constant for the C-H to the C-C Inser-
tion. Because of the low conversion of the reaction
product, it can be considered that the ratio of the rate
constant for the C—H to the C-C insertion may be equal
to the ratio of the C—*S—H to the C-35S-C product yield.

The ratio of the rate constant of insertion (K¢._u/
Ko _c) is about 1.5 in the energetic process. There are
direct and indirect insertion reactions in the reaction of
recoil sulfur atoms. One of the indirect insertion reac-
tion is the addition to the -N=C- double bond to form
—N—CII—H as described by Grovenstein.!®) The other is

S-
the formation of C-35S: intermediate by the reaction of
energetic sulfur atoms with the C-H compound; this
intermediate abstracts hydrogen from the surrounding
molecules to form the C-3S-H product.

The evidence for this reaction is shown by the forma-
tion of the C-35S-H product from the C-C compound.
as is shown in Table 2 and Fig. 1. Moreover, the hy-
drogen dissociation in the aqueous solution may be con-
cerned with the production of the C-358-H, because the
yield shows a higher value at the concentration of 759,
than that of the solid state. In the reaction of carbon
atoms using accelerated #Ct+ ions with benzene, toluene
and cycloheptatriene were formed as synthetic prod-
ucts.”? It was assumed that the energetic methylene
must be involved in this reaction and gives C-H and
C-C insertion products. The C-H insertion yield is
higher than the C—C insertion in their experiments.

However, the photolytically generated #CH, reacts
with benzene to give toluene in which the methyl group
is exclusively labeled (C-H insertion product).1®) And
naturally it is possible that the relative populations of the
spin states of the recoil sulfur atoms may decide the yield
and radioactivity distribution of the insertion product.

From these considerations, it may be concluded that
the formation of the C-35S-C is a direct insertion, but
the C-35S-H formation involves both direct and indirect
insertion.

Reaction of Recoil 35S Atoms 59

The C-35S-H product gives a slightly higher yield
than the C-3S-C in the aqueous solutions.

The authors wish to express their appreciation to Dr.
M. Matsui for his helpful discussion and suggestions on
the effects of radiation.
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The infrared band shapes of methyl iodide in solutions were simulated by the superposition of the Lorentzian

functions.

explained by the reorientational and vibrational relaxations.

The a,-type band was well repoduced by a single Lorentzian function.

Its half-width was reasonably
The e-type band was reproduced by two Lorentzian

functions; one represents the central main peak of the band, while the other is much broader and appears like a back-
ground. The half-width of the former was nearly proportional to the Q-branch line spacing in the gas spectrum,
while that of the latter seems to be related to the A,-E-type Coriolis coupling.

The infrared band shape of a molecule in the liquid
phase contains information about the rotational dif-
fusion of the molecule.l-12) However, in order to get
insight into the details, it is necessary to take into ac-
count the vibrational relaxation of the resonant-ex-
change®1%® and translational-diffusion types,!1:12) and
the vibration-rotation interaction® as well. The effect
of other overlapping vibrational transition can not be
neglected, either.l!)

It is well-known that the e-type bands of methyl
halides in the liquid phase have considerably greater
widths than the a;-type bands. Jones and Sheppard!?)
attributed this fact to a large difference between the two
kinds of moments of inertia of the molecules. They also
suggested that the Coriolis interaction between the de-
generate vibration and the rotation about the three-fold
axis was operative on the e-type band widths, since a
considerable degree of rotational freedom about the
three-fold axis remained in solutions. On the other
hand, Glass and Pullin’® and also Bulanin and Ton-
kov!®) reported that no clear correlation was observed
between various half~widths of the e-type bands and the
Coriolis constants. Bulanin and Tonkov proposed that
the broadening of the e-type band was caused, rather, by
the splitting of the degenerate level as a result of the
intermolecular force field. However, the observed
splittings in a crystal'®) resulting from the intermolecular
force field are too small to explain the various half-
widths of the e-type bands in the liquid phase. Under
these circumstances, more detailed analyses of the bands
are necessary in order to clear up the character of the
infrared band shape. In a previous paper we reported
on the »; band of methyl iodide.!V) In the present work,
the simulation of the observed band shape by means of
analytical functions has been extended to the eight a;-
type transitions and the five e-type transitions of the
same molecule in solutions.

Experimental

The infrared transmission was measured at room tempera-
ture with a JASCO DS-701G Spectrophotometer. The spec-
tral slit widths were set at 1.0—1.5 cm~! and about 2 cm—!
in the measurement of the a,- and e-type bands respectively.
Under these conditions, no correction is needed for the effect
of the finite slit width on the observed band-widths.}? Uncer-
tainties in the observed band-width were estimated, in the
manner described in the previous report,?) to be 4-0.3 cm—?

*  Present address: Canon Inc., Torite, Ibaragi.

and 41 cm~! for the a,- and e-bands respectively. The
concentrations of methyl iodide in solutions were arranged
between 0.4 and 2.3 mol/l. They are in the same concentra-
tion range as was employed in the previous work,") where the
observed band shapes in the »; region were almost independent
of the concentrations. Therefore, the concentration-depend-
ence of band shapes was also ignored in the present work.
Carbon disulfide and carbon tetrachloride were used as
solvents. The two kinds of solutions yielded almost the same
band-width wherever both solvents can be used for measure-
ments.

Decomposition of Bands

The observed intensity was obtained by means of this
equation:

I(v) = In (T/T),[»(1 —exp (—hev/kT))] 7Y, (I
where (T/T,), is the transmittance at wavenumber »
and where 7 is the absolute temperature. The ob-
served values are indicated by small circles in Figs. 1—5.
If the random-reorientation model is adopted for the
ensemble of molecules, the band-shape function (1) for
a single vibrational transition centered at »° is given by:1

I(v) ~ Dpul<ile-m|.f5 P6UE,— Ehe— (=] (2)

From this equation, one can easily derive the following
relationship:

I(2v°—y) = exp (—he(v—v°)[kT)-I(») (3)

This is nothing but the condition of the detailed bal-
ance.!'® Such a function, I(¥), can be represented in
terms of a symmetric function, I;(]»—»°|), as follows:

I(9) = exp (he(v—1%)/2KT)-L,(jv—7]) 4
Here, I(|»v—»°|) represents the Fourier transform of a
real autocorrelation function of the transition dipole
moment. It is widely accepted that the dipole correla-
tion function should show an exponential decay at a
long time in the liquid phase. It follows from this that
the central part of the infrared band should be described
by a Lorentzian profile. Thus, Ii(]»—°|) was assum-
ed to be Lorentzian. The observed intensity in a given
region is, then, expressed in general by:
ptjﬂtﬂ)ﬁ (5)
(=224 (04/2)*°
where v, w;, p; denote the band center, the half band-
width, and the peak height respectively for the i-th
vibrational transition. The right-hand side of Eq. 5 is
divergent on the high-frequency side. However, since
the absorption regions in question were limited near the

I(y) = ; exp (he(v —v;%)[2kT)
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TaBLE 1. BAND PARAMETERS OF THE a,-TYPE
VIBRATIONS OF METHYL IODIDE

Concn »0

Solvent mol/l cm-1 cm-!
” CS, 1.0 2952.4 10.8
CCl, 1.0 2958.0 10.7
{21/2 CCl, 1.5 2841.0 20.0
Vy+vgtvg CcCl, 1.5 2818.0 18.3
{2v2(0—>2) CS, 1.6 2464.2 9.1
2v,(1—3) CS, 1.6 2453.0 . 9.0
vy CS, 0.4 1239.5 7.7
2vy™ CS, 2.3 1046.7 13.2
vg(0—1)® CS, 1.5 526.8 8.3
{ CCl, 1.5 527.6 8.3
vy (1>2)» CS, 1.5 520.2 7.7
CcCl, 1.5 521.0 8.3

a) Reproduced from Ref. 11.

band centers, no difficulty occurred in the band analysis.
The parameter values fitted are summarized in Tables 1
and 2. Practically, the parameter values adjusted for
bands with half-widths smaller than 30 cm—! did not
depend upon whether or not the exponential factor in
Eq. 5 was ignored. Therefore, the values for the »;
band in Table 1 are taken from the previous report, in
which this factor was ignored.!)

Results and Discussion

a,-Type Bands. The band shape of the funda-
mental a,-type vibration is well reproduced by a single
Lorentzian function, except for slight deviations from
the Lorentzian functions in the lower-frequency wings,
as may be seen in Fig. 1. A similar deviation was also
found for the »; fundamental band.1?) These deviations
may be attributed to the vibration-rotation interaction,
as was mentioned in the previous report on the »; band.

The doublet in the region from 2740 to 2900 cm™! was
observed as parallel bands in the gas phase and was
assigned to the Fermi doublet, 2v; and v3+v;+v,, by
Matsuura and Shimanouchi.l® The decomposition of
the doublet was performed after subtracting the wings of
the »; and », bands from the total absorption. The
results are shown in Fig. 2a.

In the absorption region of the 2», band, a small band
is observed in the lower-frequency wing, as is shown in
Fig. 2b. The best-fit parameter values of the two
Lorentzian functions are »,°=2464.2 cm™1, »,°=2453.0
cm!, w,=9.1 cm~1, and w,=9.0 cm™!, and the ratio of
band areas, ppwp/paw,, is 0.095, where the subscripts a

Infrared Band Shapes of Methyl Iodide in Solutions’
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Fig. 1. The infrared bands of methyl iodide in solutions:
(a) », in CCl,, (b) », in CS,,.
: Observed; : calculated.

and b denote the 2», and the small band respectively.
The small band may be assigned to the hot band transi-
tion, 2v,+v;—w,, since its half-width is nearly equal to
that of 2y, and since the area ratio is in agreement with
the theoretical values, exp(—hevy/kT)=0.081, at T=
300 K. The anharmonicity constant was estimated
using the relation x,3=(v,"—»,2)/2 to be —5.6 cm™.
This value is nearly equal to the value of —5 cm™1 ob-
tained by using another relation, xg3=(vy,+v3) —v,—7s3,
in a CCl, solution.2® Although such a non-zero x,3
should produce the »;+v;—w»; hot band at the frequency
lower than that of the », fundamental by about 5 cm™,
it is impossible to resolve the observed band into the two
components. However, the effect of the hot band on
the parameter values obtained for the », fundamental
band may be small and need not be taken into account
in the following discussion.

The band width of the overtone, 2,, is larger than
that of the fundamental, »,. This is probably due to the
difference between contributions from the vibrational
relaxation of the translational-diffusion type,'? as was
pointed out in the case of the v, transition.!t)  If there is
no other cause of the band broadening, the width due to
the vibrational relaxation is estimated to be w, (0—2) —
w3(0—1)=1.4 cm™!; accordingly the width due to the
reorientational relaxation becomes wy(0—1)—1.4cm™1

TABLE 2. BAND PARAMETERS OF €-TYPE VIBRATIONS OF METHYL IODIDE®

Solvent ?;’37{‘ W(Ly) o) Ly oy ofap) £ oL/
vy CS, 1.5 3046 29 3029 200 76 0.060» 31
Cdl, 1.5 3051 27 3042 202 76 29
R ccy, 2.3 2126.3 28
{v5 CCl, 1.5 1430.0 31 1418 171 43 —0.016% 30
vat-vg CCl, 1.5 1400.3 30 29
Vg CS, 1.5 881.3 24 882 80 30 0.2109 30

a) Frequencies in cm ! unit.
d) Taken from Ref. 27d.

b) Taken from Ref. 27a.

c) Average of {;=—0.242 and {,3=0.210, see text.
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Fig. 2. The infrared bands of methyl iodide in solutions:
(a) the region of the doublet 2v5 and v4+v5+v4 in CCly,
(b) the region of the 2v, band in CS,.

Observed ; : calculated, total;

culated, components.

=6.3 cm™!. In order to estimate the reorienta-
tional relaxation for the », band, some Raman data is
available. The width of the isotropic component of the
Raman », band has been found to be 3.5 cm™ in CS,
solutions (1.7 mol/l).2 This width may be considered
to be due to the vibrational relaxation and to be transfer-
able to the infrared-band width.11:22-28) Then, the band-
width of the infrared », vibration due to the reorienta-
tional relaxation is estimated to be w,(0—1)—3.5
cm1=7.3cm~1. The widths of the »; band due to the
reorientational and vibrational relaxations have pre-
viously been estimated to be 6.3 and 2.0 cm™! respec-
tively.1)

The vibrational species of the same symmetry have
transition dipole moments in the same direction in the
molecular framework. Therefore, their band-widths
based upon the reorientational relaxation should be
identical to one another only if the effect of the vibra-
tion-rotation interaction is negligible. This is the case
for the a,-type band of CHzI. The estimated band-
widths due to the reorientational relaxation, 7.3, 6.3,
and 6.3 cm™! for the v, »,, and »; vibrations respectively,
agree approximately with one another in spite of a scat-
tering of the observed total widths, 10.8, 7.7, and 8.3
cm-1.26)

The band-widths of the Fermi doublet, 2, and »;+
v5-+7, are much larger than those of the other a,-type
bands. Matsuura and Shimanouchi'® have pointed
out that the unperturbed (v4+»;-+v4)° band behaves as
a quasi-perpendicular band with an effective Coriolis
constant of —0.47, whereas the unperturbed (2v,)° band
has the normal profile of a parallel band. The band-
widths observed in solutions are intermediate between
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those of the a;-type and the e-type bands. It is probable
that the vibration-rotation interaction is operative in
solutions and that, as a result, the broadenings of the
components of this doublet are much larger than those
of the other a,-type bands.

e-Type Bands. The absorption region of the e-
type vibration is, as a rule, well reproduced by two
Lorentzian functions. The narrower Lorentzian, de-
signated as »(L,), and the broader one, designated as
v(L,), represent the shape near the band center and a
background-like absorption of a greater width respec-
tively.

1{§9]

s wail S

cm-t

Fig. 3. The infrared absorption in the region from 2720
to 3400 cm~! of methyl iodide in the carbon tetrachloride
solution.
essse: Observed;
culated, components.

: calculated, total;

Figure 3 shows the absorption ranging from 2720 to
3400 cm™!, of methyl iodide in carbon tetrachloride. In
addition to the e-type », band, there appear three a;-
type bands, v, 2v;, and v;+v;+,. The absorption in
this region is well reproduced by five Lorentzian func-
tions. It should be noted that »,(L,) is much broader
than the others and spreads all over the region.

In the absorption region of v, the combination band
v3-+74 also appears. This region is well reproduced by
three Lorentzian functions, as is shown in Fig. 4. It has

1(v) .

........

1480 ML W00 160
Fig. 4. The infrared absorption in the region of the Fermi
doublet »; and »,-+v, of methyl iodide in the carbon
tetrachloride solution.
e0see: Observed;
ted, components.

: calculated, total; ----—- : calcula-
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been established that the Fermi-resonance occurs be-
tween the »; and »;+vg bands.?) If the value of the
Fermi-resonance parameter, W=Kg;,/»/ 2, in the solu-
tion is assumed to be equal to that in the gas phase, 10.4
cm~1,%") the unperturbed frequencies may be estimated
to be 1426.5 and 1403.8 cm™! for »,® and (v;+v,)° re-
spectively. The value of the anharmonicity constant,
X3g, 1S, then, obtained to be as follows: x3q=(v5+v4)°—
v3—vg=—4.8 cm~1. This value agrees with those ob-
tained in the gas phase, —5.629) and —5 cm™.27b)
Both the values of K5 and x4 seem to be almost un-
changed on going from gas to solution.

v

1(v)

7160 2160 2140 2120 2100 2080
cm~!

Fig. 5. The infrared bands of methyl iodide in solutions:
(a) g in CS,, (b) v5+74 in CCl,.
ecseo; Observed; : calculated, total;
culated, components.

cal-

The region of the g vibration is simply reproduced by
two Lorentzian functions, as is shown in Fig. 5a. The
combination band, », g, is much weaker than the other
e-type bands studied in the present work. The back-
ground-like absorption in Fig. 5b looks nearly constant
throughout the region. This is probably because of the
overlap of the wings of the neighboring bands. It is
impossible to extract the »(L,) from the whole back-
ground.

The shapes of »,, v;, and »¢ fundamental bands, each
of which is composed of »(L,) and »(L,}, are compared in
Fig. 6. Their band-widths, w(ap), are very different

1(v)

150 100 50 ) 50 100 -150
V=Y (cm)
Fig. 6. Comparison of the normalized shapes of the »,,
v;, and v¢ bands, each of which is composed of »(L;) and
(Ly).
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from each other, as is shown in Table 2. Nevertheless,
the half-widths of »(L,), w(L,), are much less dispersive
and in the order of w,(L;)>w,(L;)>we(L,), in accord-
ance with that of the Q-branch line spacings in the gas
phase. The Q-branch line spacing of methyl iodide in
the gas phase is nearly proportional to 1—{, where { is
the Coriolis coupling constant. The values of { have
been reported to be 0.060,27) —0.242,279) and 0.21027)
for »,, v;, and »4 respectively. If a strong Fermi reso-
nance occurs, the Q-branch line spacing of each
Fermi component may be related to the mean value of
¢ for the unperturbed vibrations, at least in the region
near the band center. Therefore, we tentatively adopt-
ed the value of {=({;+4{¢)/2 for the Fermi doublet, by
using {g in place of {55. The values of w(L,) divided
by 1—{ are given in the last column in Table 2. They
are constant; in other words, w(L,) is proportional to the
Q-branch line spacing. o

The absorptions specified by w»(L,) serve for the
broadening of the observed bands; the percentage of
each »(L,) occupying the band area and the broadening
are much larger for v, than v; and ;. No definite con-
clusion can be drawn about their origin and precise
shape at present. However, the »(L,) parts of the e-type
bands seem to be related to the A;-E-type Coriolis coupl-
ing, with the intense nondegenerate band in the neigh-
borhood. The intensity perturbation due to the A;-E-
type Coriolis coupling is approximately proportional to
[J(J+1)—K(K+1)] in the gas phase.?® This type of
coupling probably intensifies the band-wing, even in the
solutions. For methyl iodide, the separations between
the degenerate bands and their nondegenerate intense
neighbors are »,—»,;~90 cm™!, y;—v,~170 cm~!, »,—
74~360 cm™!, and »;—wv32350 cm~!. Therefore, the
A;-E-type Coriolis coupling may affect the », band most
strongly and the 4 band most weakly. This is consistent
with the observed order of the magnitudes for w(L,).

The authors wish to thank Professors Osamu
Yonemitsu and Kozo Tanabe of Hokkaido University
for their permission to use the JASCO DS-701G infrared
spectrophotometers.
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A new statistical thermodynamic theory is presented for a model of liquid water, which consists of two com-
ponents, i.c., tetrahedrally-coordinated pentamers and non-hydrogen-bonded monomers. In the model the two com-
ponents are assumed to be immersed in a uniform background potential which results from electrostatic, induction,

and dispersion forces between water molecules.

A partition function is given without assuming any specified lattice.

A translational partition function is written into a simple and explicit expression which is derived from the Lebowitz

solution of the Percus-Yevick equation for hard sphere mixtures.

The mole fraction of each component and the den-

sity are determined by solving two equations, i.c., the condition of free energy minimization and the equation of state

derived from the partition function, simultaneously.

Various thermodynamic quantities are calculated and the

values determined are compared with those observed. Some discussions are carried out, together with the criticism

of the earlier theories.

Various kinds of statistical thermodynamic theories of
liquid water!~3) have been proposed for about a decade
since the presentation of the earlier theory by Némethy
and Scheraga (1962). Many new experimental results
have also been accumulated for nearly the same period
of time and added a great deal of contributions to the
knowledge of the structure of liquid water,? though no
decisive conclusion about it has been obtained at pres-
ent.5

Concerning the structure theories of liquid water, the
situations are diversified nowadays certainly, but, as to
the theoretical methods and models used, several distin-
guishable features are found in the studies carried out
recently. Those are classified into three groups: 1)
lattice and cell theories, 2) applications of the recent
progress in the theory of liquids, i.e., the Percus-Yevick
and HNC equations etc., 3) results in computer experi-
ments, i.e., molecular dynamics and Monte Carlo cal-
culations.

Among the first group of studies we find lattice
theories presented by Bell and others®) and by Fleming
and Gibbs,” a cell theory by Weissmann and Blum,®
and an order-disorder theory by the authors.? Some of
these theories®”? treated the theme of the cooperative
character in the structure of liquid water, that is, the
cooperative formation and breakage of the hydrogen-
bonded structure, but the success of those is only qualita-
tive, subjected to the limitation which is associated with
the essential nature of the lattice theory. The studies in
line with the second group are mainly promoted by Ben-
Naim and others.1® There seems to be a fair prospect
of success of these theories, but the greatest problem lies
in mathematical difficulties of solving integral equations
for correlation functions. The most remarkable results
in the third group are those of molecular dynamics given
by Rahman and Stillinger.'¥ They have made impor-

“tant contributions to the determination of the structure
model for water. All the results described above give
new possibilities, surely, to solve the important but diffi-
cult problem of the liquid structure of water. However,
their successes remain to be qualitative and limited ones
on the whole.

From the quantitative view-point of results, recent
two theories presented by Weres and Rice!®? and by
Scheraga and coworkers!® are intensely interesting. The

former one is a kind of lattice theory and the latter one is
based on a mixture model (cluster model). They made
a further forward step to the quantitative explanation of
the equilibrium behavior of water. However, they are
too solid-like. For example, it has been found in the
calculation by Weres and Rice that the value of configu-
rational entropy with respect to the arrangement of
water molecules in basic cells remains quite unchanged
throughout the temperature range from 0 to 100 °C.
In the calculation by Scheraga et al. also, it has been
found that U,y,,, the internal energy resulting from the
intermolecular vibrational structure, increases from the
value of 3.33 kcal/mol to 3.87 kcal/mol throughout the
same range of temperature while U,,,,s., the energy for
translational motion, is very small, being within the
range from 0.18 to 0.28 kcal/mol. These features of the
two theories clearly show the too solid-like character,
though it is found to be more intense in the theory by
Weres and Rice than in the one by Scheraga et al.

Thus, the authors have attempted to propose a statisti-
cal thermodynamic theory of liquid water based on the
recent progress in studies of liquids, in order to give the
more adequate explanation of the properties of water.
Details of the results are reported in the following sec-
tions.

Description of the Model

Since the proposition by Bernal and Fowler in 1933,
the tetrahedral coordination has been considered to
dominate in the local structure in liquid water. The
results of X-ray studies from Morgan and Warren’s
(1938) to the recent Narten, Danford, and Levy’s'® has
ascertained that the average coordination number in
liquid water is slightly larger than four at ordinary tem-
peratures, indicating the predominance of the local
tetrahedral geometry. Recent spectroscopical studies
by Walrafen!® and others has also confirmed that the
tetrahedrally-coordinated hydrogen-bonded configura-
tions with C,, symmetry constitute most of the structures
present in water. This feature should be taken into
consideration firstly in the formulation of the theoretical
model for water.

In the recent presentation of a statistical thermody-
namic theory for water, Lentz, Hagler, and Scheraga
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Fig. 1. Tetrahedrally-coordinated pentamer.

have used a model consisting of a distribution of small
clusters from 1 to 9,'® admitting the criticisms against
the earlier theory of Némethy and Scheragal!® (1962)
that it used a model with very large clusters.

It is desirable that the basic model underlying a theory
is as simple as possible if the theory can explain the be-
havior of the substance as objects with a sufficient accu-
racy. Thus, the authors assume that liquid water
consists of two species which are tetrahedrally hydrogen-
bonded pentamers (Fig. 1) and unbonded monomers.
The character of the structure supposed to be intrinsic of
water is attributed to the presence of the pentamers, and
liquid water is regarded as an equilibrium mixture of the
monomers and the pentamers.

In the formulation of the total partition function, we
assume that attractive forces between molecules give rise
to a uniform background potential, taking into considera-
tion the treatment made first by Longuet-Higgins and
Widom for liquid Argon,'” by Scheraga and others
for water,!3!®) and by the authors for normal liquid.1®
The magnitude of the background potential is deter-
mined by a direct calculation as described in later sec-
tions, while it was treated as an adjustable parameter in
the calculatlon of Scheraga and others.

In order to give a translational partition function we
regard the two species as hard spheres with diameters
R, and R, (R;<{R,), respectively, which are immersed in
the background potential, and the translational parti-
tion function is derived from the analytical solution of
the Percus-Yevick equation for hard sphere mixtures.
Its details are described later.

The Partition Function

For the model used the total partition function is ex-
pressed as a product,

Z = Qirans. Lrot. Lint. Lras (1)

in terms of the translational, rotational, internal, and
background potential contribution, respectively.

i)  Translational Partition Function. We can write
the translational partition function Q... at given V
and T for an assembly of N, non-hydrogen-bonded
monomers (the mass m; and the diameter R,) and N,
pentamers (the mass m, and diameter R,). The formula
is derived from the analytical and explicit solution of the
generalized Percus-Yevick equation given first by
Lebowitz.2:21) . The details of the derivation are de-
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scribed in Appendix 1.
Q trans. 1s expressed as

Qur. = [ (ZELY e | (22 L) s ],
@

and

_1_ 9 vV

f=( E)exp[ = N W, (= 6)2(2XY 2XY$+X3)]
3

where
vy = VIN; = p,7}, v, = V[N, = p,74,

X = %lelz + %PzR*zz, Y= %lel + %Psz,
and the packing fraction is
§= %Ples + %PzRas-

The Eqgs. 2 and 3 are a generalization of Eqs. 4 and 6
in the previous paper!® for an one component fluid into
the formulas for a mixture of hard spheres, where ¢ cor-
responds to y in the paper. Equation 2 is seen to have a
form identical with that given in the free volume theory
in general. Thus, f=Eq. 3 is defined as a generalized
equivalent free volume fraction, which is similar to the
case of an one component fluid.1® This is extended to
the general case for an m-component fluid as described
in Appendix I. In the presentation of our theory no
lattice is assumed, and the theory derived is free from the
criticism against the lattice theory in general in its
application to liquids.

1)  Rotational Partition Function. The contribu-
tion Q.. from the rotational motions to the total parti-
tion function becomes

m\2 [ 8a?k T \*/2 v
Qo = [—(—> (L, a1y,801,0)"?

6y h?
.

1/2 [ 8u2k T \3/2 L4
X[n <ﬂT) (12,A12,312,0)1/27] ’ (4')

Og

where [, I; 8, I;,c, and o; are the moment of inertia
and symmetry factor, respectively, of an i-th particle.
y is a reduction factor which results from the restriction
of the over-all free rotation for a larger particle such as a
pentamer. Though this factor y is expected to be smal-
ler than 1 for the pentamer, we take it as 1, for it is im-
possible to compute the reduced number of rotational
configurations. Symmetry factors ¢; and o, are taken
to be 2, as usual.

iit) Internal Partition Function.
partition function Q i, is

The internal

4Nye ), 5)

Qins. = Q. CXP( —kT

where Q ,ip. 1s the contribution from the vibrational
degrees of freedom from N, pentamers and ¢ is the
energy of hydrogen bonding within pentamers. In each
pentamer four hydrogen bonds are formed between the
central molecule and four tetrahedrally-coordinated
molecules. We write the vibrational contribution Q .y,

as
o= (B chml] s ©
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where v; is the frequency of intermolecular vibrational
mode within a pentamer. 24(=6x5—6) degrees of
freedom are considered for the modes.

i) Backbround Potential. The contribution Q gq
from the uniform background potential term to the total
partition function becomes

Qoo = exp (~ Upo/kT) (7)

As described in the previous section, each hard sphere
molecule is assumed to be immersed in a uniform back-
ground potential Usg, and no specific interactions are
considered between hard spheres. Usgg for a molecule
is considered to result from the dipole-dipole, dipole-
induced dipole, and dispersion interactions between the
molecule and all the other molecules as its medium. Usq
is expressed as inversely proportional to the volume of
the liquid in the same way as Longuet-Higgins and
Widon assumed,'” and is written into a simple form as
Usec=aN?|V, where a is a constant. This presupposes
that, concerning electrostatic, induction, and dispersion
interactions, water molecules behave similarly with each
other, whether they are within pentamers or in unbond-
ed state.

The dipolar interaction between permanent point
dipoles is expressed as

2
U, = -;l-é—s[sin 0, 5in G5 cos (P, —py) —2 cos @, cosBp),  (8)

where R is the separation between a dipole A and a
dipole B, 0, and 0z the polar angles for A and B (the line
connecting A and B is regarded as a polar axis), and ¢,
and @5 the angles formed by the plane including the
dipole and the polar axis with a reference plane. U, is
averaged for all configurations of two dipoles A and B
with respects to angles 0a, 0, ¢i, and ¢s,_and the
averaged value < U,,>> becomes a function of R only.

Uy = XUW exp (— U, JkT)dQ / Sexp (= U, JkT)d8,
9

WhCI'C dQ=sin OA sin 03 d GA d 03 d ¢A d ¢B~
The dipole-induced dipole interaction U, becomes

uPx
U = =57 (10)
where & is a average molecular polarizability, and the
dispersion interaction between two molecules is
¢
Udisp. = '—ﬁ, (11)
The background potential Upg is determined by inte-
gration of the sum of Egs. 9, 10, and 11 multiplied by
g(R). The g(R) is a molecular correlation function2?
obtained from the observed radical distribution function
by substracting intramolecular contributions.
Then, Usq is written as

N? ' S mm
Uso = 3 {0+ Uyt Vs e BtafraR. (12
A Monte Carlo method is used in the calculation of

< U,>. The details in the procedure of calculation of
Usg are described in Appendix II.
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Thermodynamic Variables

In the present model the following equilibrium at
given T is established in water,

5(H,0) == (H;0);, (13)

where the total number of water molecules N remains
constant,

N = N, + 5N, (14)

The free energy F is obtained from the total partition
function Z (Eq. 1).

F= —kTn Z, (15)

where N, N,, and molar volume V° (density p) at equili-
brium are determined at given 7" and N from the condi-
tion of Z maximization and the equation of state derived
from Z. Under the association equilibrium condition
(Egs. 13 and 14), the following relation holds.23)

(3] (2, ), (B0, 9
0T )y,x \O0T/)v,wow, \V/)e,w \OV /) w,w,

This relation simplifies the formulas for various thermo-
dynamic variables which are derived from Eq. 15.
The equation of state is given as

kT 7N, N,

o = AE i maareren - e-ry
X {R1+Rﬂ+%(£V‘—R’2—;J—V£>R,R2}] + ”JI\,’E, (17)

where the first term in the right of Eq. 17 is the same as
that derived by Lebowitz20) for hard sphere mixtures,
and the second term comes from the background poten-
tial term.

The entropy S is expressed?® as

S = Stra_ns. + Srot. + S(nc.’ (18)

Strans. =kln Qtrans. + %(Nl_i'Nz)k

Seor, = k1 Ques, + S (Ny+ Nk

Sin. = kln Qupp, + kT‘_‘—'a Ina%vm' = Syib.e

The internal energy U=F+TS is obtained from F
and § as

2
U = B(Ny+ NET + 4Nz + kﬂ(a I“a%'b-) + ”?,’ . (19)

3
Uitans. = Uror. = ?(N1+N2)kT

Ukln. = Ul:rans. + Uroc.

Upp,, = kT2(a—ln Qvlb-)

oT
Unp = 4Nge
aN?
Ugg = B

The heat capacity at constant pressure, C;, is derived
as follows,
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%= (37),++(37),
= (5 ) @), 520 2057),

_ 01n Q. of *1n Q oy,
= 3(N;+ Ny)k + QkT(—aT + kT Fre

+ (QQE‘A) + [—12kT+4e+kT2(%)]
) aT

aT

X (361;)? +p<gl7/,> (20)

where (¢yib.)=(Qyip.)"*2 is a molecular vibrational
partition function for a pentamer. .

Numerical Computations

1)  Determination of Molecular Parameters. For the
purpose of calculating thermodynamic quantities, the
following values of molecular parameters are used,
which have been determined from various sources. The
magnitudes of hard sphere diameters and moments of
inertia are tabulated in Table 1.

TABLE 1. MOLECULAR PARAMETERS
Unbonded Pentamers
monomers

Diameter of hard spheres
R,=3.10A R,=5.50 A
5.55 A
Polarizability & =~ 1.44x 10-%¢ cm? O-H-..-O

distance 2.82 A

Dipole moment 4, 1.84 D

Moments of inertia (10-4° g cm?)
I, ,=1.0220 L,=Lg
I,,5=1.9187 =1,.=634.332
I,,.=2.9376

The R, is considered to correspond to the van der
Waals diameter for water, which is used in the molecular
dynamics calculation by Stillinger and Rahman.') The
magnitudes of moments of inertia for monomers are
those determined by Benedict and others?) and cited by
Eisenberg and Kauzmann.?® Those of moments of
inertia for a pentamer are calculated for the configura-
tion shown in Fig. 1, where the hydrogen-bonded
distance in liquid water is taken to be 2.82 A14:2") and
the mass of four tetrahedrally-bonded molecules is
assumed to be concentrated at their centers of mass.
Calculated values of the moments of inertia for three
rectangular axes shown in Fig. 1, i.e., I,,a, 1,5, and I,
are all equal in their magnitudes. This equality of these
three moments of inertia shows high degree of symmetry
of that configuration, which supports the idea that the
pentamer is treated as a sphere in this work. Some un-

certainly attaches to the determination of R,. Lentz,
Hagler and Scheragal® used about 5.3—5.4 A as the
values of R, for a pentamer. They determined the value
by measuring the displaced volume of “foil-wrapped
space-filling models” (by immersion of the models into
liquid). Their values are those for “clusters as compact
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as possible, consistent with a maximum value of hydro-
gen bonding”, and supposed to be a little smaller than
that for the pentamer shown in Fig. 1. Thus, we have
carried out calculations for two values of R,, i.e. 5.50
and 5.55 A.

As to the energy of the formation of hydrogen-bond-
ing, the value of 2.5 kcal per mole of hydrogen bonds is
used, various experimental sources of which are given in
Table 2. This value of ¢ is assumed to correspond to the
energy for the process of hydrogen-bond breakage dur-
ing which the separation of the hydrogen-bonded pair of
molecules remains nearly unchanged. The values de-
termined by various different experimental techniques
are seen to agree with each other. Davis and Litovitz
used the value of 2.55 kcal/mol in their calculation.2?

TABLE 2. THE ENERGY OF HYDROGEN-BONDING
& (kcal/mol)

€ Authors Bonding
R® 2.5 Walrafen'® O-H..-O
IRD 2.5 Worley and Klotz2® O-H...O
R 2.4—2.5 Lindner'® O-D-..O
IR 2.3 Senior and Verrall2® O-D...O
No ~2.5 Safford® O-H..-O

Average 2.5

a) R: Raman. b) IR: infrared.
tering.

¢) N: neutron scat-

Concerning the assignment of the frequency »;, there
is still some uncertainty. We have assigned the values
tabulated in Table 3 to each normal mode frequency
v;(j=1—24), which are grouped as seen in the table.
These values are taken from the sources!3:15:30,:31) cited in
Table 3 and are used as rounded-up values.

TasLE 3. NORMAL MODE FREQUENCIES

v; FOR PENTAMERS

vy (cm1) Number of modes®
y? 700 3
vy 550 4
v’ 450 4
Vr 200 3
vy’ 150 3
Vior. 100 2
vy 60 3
v 40 2

a) Refs. 13, 15, 30, 31. b) Suffix L, L’, L” are those
for librational modes, T and T’ for translational
ones, tor. for torsional one, and b and b’ for bending
modes.

ii) Determination of Mole Fraction x _for Hydrogen-Bond-
ed Molecules and the Density of Liquid Water. In ad-
vance of calculating various thermodynamic quantities
we must determine the equilibrium distribution for N,
and N, at given 7T and V for a given total number N of
molecules (Eq. 14). This can be carried out using the
condition of the maximization of Z with respect to N,,
where the number of independent variables is only one
under the condition of Eq. 14 for a given value of N and
we take N, for the independent variable for convenience.
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Thus,

(aF) ___(aF) +<6F) (aN,) -0
oN, VT A NyyV,T N, NsyV,T ON, V,T

From Eq. 14 for a constant value of N,

aﬂ) - _5
(aNz VT )

Inserting this into the equation described above, we

Obtaln
61'2 NV, T al.l NV,

Ha = Spty @r)
where g, and g, is the chemical potential for each
species, respectively. Eq. 21 (i.e. Eq. 21’) is the condi-
tion of thermodynamic equilibrium between pentamers
and unbonded monomers.

In order to determine the density for the liquid theo-
retically, the equation of state, which is expressed as Eq.
17, is used, where the left hand side (pV) is safely regard-
ed as zero under ordinary pressures (the so-called
“vanishing external pressure condition’1%:32),

The two procedures for the determination of the mole
fraction and the density (.. molar volume) must be
carried out simultaneously, because the two kinds of
values to be determined are interrelated to each otherin
the two equations.

We use x=5N,/N as an independent variable instead
of N,, which is the mole fraction for hydrogen-bonded
molecules in water. The following two equations are
used in the determination of ¥ and V for practical use.
Eq. 21 becomes

(21)

or

2 s
(115) 5 g(l“%")&“ i e)(R22Y+R2X)
- H”—S_EF(&SXY +%R22X2) = ﬁ‘;sf;]

1/2 [ 82k T \3/2
[ ()

+In { 24 exp (— v 2kT) kS
j=1 1 —exp (—hv,[kT) kT
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+oin {(FEE) (11x>} (=8

- (11@ T (- se)re - (g wer R
- g (R grar) - ]
+ 5[1n {“”2 (8”2” 3/2(1,,A1,,,,1,,0)1/2}] =0, (22
e=2 —JI‘/L[R,S(l —%) +R23%]
x=2 —II‘;’-[R,z(l ) +R22§]
r=2 g[Rl(l x)+R25]

and, from Eq. 17 with the vanishing external pressure
condition, we obtain

kT

W[”(l“%"

By -0+ 2] + Vo =0

Ja-ey

(23)

after some calculations (see Appendix I). For given
values of various molecular parameters, the two simul-
tanious equations are solved numerically to determine
the values of x and V (i.e., the density p).

i1) Numerical Calculations of Thermodynamic Variables.
The computations of thermodynamic variables, F, U, S,
C, are carried out for each temperature, using the values
of U,s given in Appendix II as well as those of ¥ and V
determined according to the procedures in the previous
section. The values of F, U, S, C, are tabulated in
Table 4 for the case of R,=5.50 A including observed
values. The calculated values of x and p also are given
in Table 5

We have taken the state of ice at 0 K in its ground
intermolecular and intramolecular vibrational levels as
the thermodynamic standard states. The values of Ugg
have been calculated employing the state of infinitely
dilute vapor at 0 K as the zero of energy. Then, we
have added the value of 11.3—1.4=9.9 kcal/mol to
those of U and F calculated from Eqgs. 15 and 19, where

TABLE 4. CALCULATED AND EXPERIMENTAL THERMODYNAMIC PROPERTIES OF WATER

F U N Cy
o (kcal/mol) (kcal/mol) (cal/deg mol) (cal/deg mol)
Temp (°C) . — —_——
Calcd Obsd® Calcd Obsd® Calcd Obsd® Calcd Obsd™

0 —1.07 —1.44 3.30 2.71 16.0; 15.2 29.6 18.2
10 —1.164 —1.59 3.60, 2.89 16.8, 15.8 29.1 18.1
20 —1.34 —1.75 3.89; 3.07 17.9 16.4 28.4 18.0
30 —1.59 —1.92 4.17, 3.25 19.0 17.1 26.9 18.0
40 —1.95; —2.09 4.42 3.43 20.3 17.6 25.2 18.0
50 —2.35 —2.27 4.68 3.61 21.7 18.2 25.3 18.0
60 —2.654 —2.46 4.954 3.79 22.8 18.8 26.2 18.0
70 —2.89 —2.65 5.23 3.97 23.7 19.3 27.3 18.0
80 —3.09; —2.84 5.50 4.15 24.3; 19.8 27.8 18.1
90 —3.28 —3.04 5.77 4.33 24.9, 20.3 28.0 18.1
100 —3.47 —3.25 6.03; 4.52 25.4, 20.8 28.1 18.2

a) Ref. 13 and N.E. Dersey “Properties of Ordinary Water Substances,” ACS Monograph, No. 81, Reinhold,

New York (1940).

b) G.S. Kell, J. Chem. Eng. Data, 12, 66 (1967).
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TABLE 5. MOLE FRACTION OF HYDROGEN-BONDED
MOLECULES x AND DENSITY p
. p (g/cm?)
Temp (°C) x A

Calcd Obsd

0 0.790 1.147 0.9998

10 0.729 1.121 0.9997

20 ~0.645 1.089 0.9982

30 0.529 1.049 0.9957

40 0.362 0.996 0.9922

50 0.200 0.943 0.9880

60 0.091 0.901 0.9832

70 0.040 0.870 0.9778

80 0.019 0.847 0.9718

90 0.009 0.826 0.9653
100 0.005 0.808 0.9584

11.3 kcal/mol is the value of sublimation energy from
ice at 0 K3) and 1.4 kcal/mol is the shift in intramole-
cular zero-point energy®¥ for the process of sublimation.

Results and Discussion

1) Temperature Dependence of x and p. Values of
# calculated are plotted against temperature in Fig. 2,
where the two calculations for R,=5.50 A (Table 5) and
for R,=5.55 A are given. The curves given in Fig. 2
shows that magnitude of x, which is regarded as a
measure of the “‘structure” in liquid water, is large at
lower temperatures (about 80% for R,=5.50 A and
about 609, for R,=5.55 A) and decreases rapidly with
increase of temperature. The inflection point where
0%x¢/0 T?=0 and the decreasing rate is maximum is about
40 °C for R,=5.50 A. This supports the idea that the
structure of water varies a great deal at about 40—50
°C. It is observed experimentally that compressibility
becomes minimum near about the temperatures and
also that the third peak of the radial distribution curve
nearly disappeares above the temperatures.'4:3% The
rapid decrease of x at the temperatures is supposed to be
associated with those observed facts. The calculation
for R,=5.50 A is expected to give a more adequate result
than that for R,=5.55 A.

Temp, °C

Fig. 2. The temperature dependence of mole fraction of
hydrogen-bonded molecules.

.t Ry,=5.50 A,

------ : R,=5.55 A.
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The mole fraction of unbroken hydrogen bonds, xyus,
which is calculated from the value of x, is given in Table
6, and is compared with the values of Lentz, Hagler and
Scheraga!® (LHS) and those of Weres and Rice'?
(WR). Our values decrease more rapidly and are found
to be smaller than those of LHS and WR. The values
of WR are seen to be constant throughout the range of
temperature from 0 to 100 °C, and those of LHS also
are nearly constant. This is unreasonable, considering
from the variation of various properties of water with
temperature, i.c., the disappearance of some features in
the radial distribution curve at higher temperatures,
etc. 'The temperature dependence of xgs found in our
work may be reasonably accepted as showing the beha-
vior of water, though the magnitudes are too small at
higher temperatures.

TABLE 6. MOLE FRACTION OF UNBROKEN
HYDROGEN BONDS Xyp

This work

Temp
©C) (Ry=5.50 A) LHS WR
0 0.32 0.47 0.68%
20 0.26 0.46
40 0.14, 0.45
100 0.00, 0.43

a) Nearly constant from 0 to 100 °C.

Values of p calculated are plotted against temperature
in Fig. 3 in comparison with observed values. The tem-
perature dependence in the calculated p vs. T curve is
seen to be too large compared with that observed. The
curve becomes fairly flat at about 0—10 °C range (R,=
5.50 A), though the temperature of maximum density
(TMD) is not observed.

12}
E 1.0¢
Y
a
0.8
1 1 /] 1 1
20 40 60 80 100
Temp, °C
Fig. 3. The temperature dependence of density p.

——: Ry,=5.50 A,
...... : Ry;=5.55 A,
(O : observed values.

In the recent study by Lentz, Hagler, and Scheraga!?®
they did not calculate the density and used the observed
values as given ones in their calculation. Weres and
Rice gave a calculated p vs. T curve (in Fig. 6 in their
paper'®), but their values of p is determined only semi-
empirically as a direct result of their assumption that
“the dimensions of the basic cell vary linearly with
temperature.”

In our calculation the density is determined theoreti-
cally without any additive assumptions by solving direct-
ly a simultaneous equation (Egs. 22 and 23). The
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agreement of the calculated values of p with observed
ones is fairly good on the whole, which proves the essen-
tial usefulness of the procedures for the determination of
p in this work.

Fleming and Gibbs? have presented a lattice gas
theory of water and carried out a theoretical determina-
tion of p. Their values are found to be too large by a
factor of 1.4. They also have not succeeded in giving
TMD in the range of temperatures from 0 to 100 °C,
though a possibility of the presence of TMD below 0 °C
has been stated. To give TMD in the calculated p ws.
T curve is the problem of further studies.

ii)  Temperature Dependence of Thermodynamic Variables.
The values of F, U, and § are plotted against tempera-
ture in Figs. 4, 5, and 6, including the values calculated
for the case of R,=5.55 A and those observed for com-
parison. The calculated F vs. T curve is seen to be in
good agreement with the observed curve. Concerning
the § vs. T given in Fig. 6, the deviation from the ob-
served curve is small at lower temperatures, and it
ascends more rapidly with temperature, being above the
observed curve through all the range of temperatures
from 0 to 100 °C. The behavior is similar to the U vs.
T curveasgivenin Fig. 5.  As clearly seen in Figs. 2—5,
the calculation for R,=5.50 A gives better results than
that for R,=5.55 A.

F, kcal/mol

20 40 60 80 100
Temp, °C
Fig. 4. The temperature dependence of free energy F.
——:R,=5.504,
—————— : R,=5.55 A,

(O: observed values.

U, kcal/mol

1 1 | 1
20 40 60 80 100

Temp, °C
Fig. 5. The temperature dependence of internal energy
U.
——:R,=5.50 A,
------ : R,=5.55 A,

(O: observed values.
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S, cal/deg mol

20 40 60 80 100
Temp, °C
Fig. 6. The temperature depencence of entropy S.
——:R,=5.50A4,
------ : Ry=5.55 A,

(O : observed values.

As expressed in Egs. 18 and 19, the thermodynamic
quantities calculated are regarded as consisting of several
terms which are attributed to various kinds of degrees of
freedom. Those are tabulated in Tables 7 and 8. Itis
very interesting to investigate the variation of the con-
tribution from each degree of freedom with temperature,
in order to compare the features of various theories.

Thus, our results (Tables 7 and 8) are compared with
those of LHS!3 (Table 9) and WR1? (Table 10) in

TABLE 7. VALUES OF VARIOUS TERMS
N Eq. 18 (cal/deg mol)

T&%rég) St rans. Srot. Slnl.a) Stotnl
0 1.9 6.5 7.64 16.0;
10 2.7, 6.8, 7.2 16.8;
20 4.0, 7.3 6.5, 17.9
30 5.6 7.9 5.5 19.0
40 7.7 8.7, 3.8, 20.3
50 9.8; 9.6, 2.2 21.7
60 11.5 10.3 1.0 22.8
70 12. 10.6; 0.4 23.7
80 13.3 10.8, 0.2 24.3;
90 13.8; 11.0 0.1 24.9;
100 14.3; 11.0; 0.0, 25.4;
a) In our calculation S, is identical with S, .
TaABLE 8. VALUES OF VARIOUS TERMS
IN Eq. 19 (kcal/mol)
& U Um Us Uk Uiw
0 0.60 2.70 —1.58 —8.32 3.30
10 0.70, 2.54; —1.45; —8.09  3.60,
20 0.84, 2.30 —1.29 —7.86 3.89,
30 1.04, 1.92, —1.05, —7.64 4.17,
40 1.32, 1.35 —0.72, —7.41 4.42
50 1.62 0.76 —0.40 —7.20 4.68
60 1.84 0.35, —0.18 —6.96 4.95,
70 1.98 0.16 —0.08 —6.73 5.23
80 2.07, 0.07, —0.04 —6.51 5.50
90 2.15 0.03, —0.02 —6.29 5.77,
100 2.21, 0.02 —0.01 —6.09 6.03;

a) 9.9 kcal/mol has been added to the sum in order
to obtain U,,,,.
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TABLE 9. THERMODYNAMIC PROPERTIES CALCULATED
BY LENTZ, HAGLER, AND SCHERAGA®)

0°C 100 °C

U (kcal/mol)

U™ 0.542 0.868

U 3.331 3.866

Uns 2.541 3.096

Uotar™ 2.914 4.331
§' (cal/deg mol)

Sirans. 4.16 5.54

Seot. 2.50 3.14

Sotn. 8.73 10.81

Sy 0.63 0.53

Siotal 16.02 20.02

a) Upyn. = U,rans.+ Usor.-  b) The intermolecular zero
point energy, 3.500 kcal/mol, has been substracted
from the sum to obtain U,,,.

TaBLE 10. THERMODYNAMIC PROPERTIES
CALCULATED BY WERES AND Ricge!®

0°C 100 °C
H=U (kcal/mol)
Lattice —8.296 —8.088
Translational vib. 1.729 2.290
Librational 2.517 2.858
Nonbonded neighbor  —1.325 —1.271
Long range —1.190 —1.166
Intramglecular —0.900 —0.694
zero point
Total® 3.835 4.509
S (cal/deg mol)
Configurational 4.48 4.48
Orientational 1.70 1.69
Translational vib. 7.12 9.28
Librational 2.00 3.44
Nonbonded neighbor  —1.17 —0.95
Vibrational 0.26 0.26
Total 14.39 18.20

a) The sublimation energy at 0 K, 11.3 kcal/mol, has
been added to the sum to obtain U,,,,;.

details. It is noticed that as to the entropy, each term
in our theory corresponds to that in LHS theory when
Sine. of ours is regarded as equivalent to (Syip. +Su) in
LHS, and also noticed that it is not the case in the com-
parison with WR theory.

It is easily seen that the temperature dependence of
entropy in our results is greater than that in WR and
LHS theories. In the case of WR the calculated values
of S,o¢a1 are smaller than observed, being in sharp con-
trast to the authors’ values. At lower temperatures the
largest contribution to S, comes from the vibrational
motion in all three theories, but the behaviors are differ-
ent at higher temperatures. In the authors calculation,
Sirans, increases fairly rapidly and amounts to about a
half of the total entropy at about 50—60 °C, while Sy, n.
in LHS theory increases only slightly with increasing
temperature. As to the internal energy, the similar
behavior is observed in the comparison between Uy;,,
in our calculation and that in LHS.
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~ We can see another noticeable feature in the com-
parison of Sy, and Uy, the contributions from the
vibrational degrees of freedom. They both decrease
with increasing temperature in our calculation, while in
the calculations by LHS as well as WR they increase on
the contrary.

From the two features described above, it is tentatively
said that the theory of LHS as well as that of WR is
possessed of too solid-like character so far as the tempera-
ture dependence of thermodynamic variables is con-
cerned.

In the calculation of WR, the configurational entropy
which is attributed to the number of ways for the ar-
rangement of molecules within a basic unit cell is kept
constant throughout the range of temperatures from
Oto 100 °C. This is unreasonable, because it shows
that the local structure in liquid water remains thor-
oughly unchanged with the variation of temperatures.

In our calculation the magnitudes of Uy, Sipe,=
Svib.» Uns,, and Sirans. vary most rapidly at 40—50 °C
with increasing temperature. This is ascribed to the
rapid decrease of the mole fraction of water molecules
forming pentamers, as seen in Fig. 2, at the tempera-
tures.

iii) Heat Capacity. In using Eq. 20 for the
calculation of C,, the term p(dV/aT),=pVa has been
safely ignored in comparison with the term (3U/[0T),,
where pV<1 cal/mol and the thermal expansion coeffi-
cient 5103 deg.~. Among the remaining terms in
Eq. 20, the temperature derivatives of x=5N,/N and
Usge are determined graphically using the curves given
in Figs. 2 and AII-2, respectively, and the terms includ-
ing Q ip. are calculated using Eq. 6.

Our values (the eighth column in Table 4) becomes
27.3; cal/deg mol in the average throughout the range of
temperatures, 0—100 °C, which is about 9 cal/deg mol
larger than the average of € opsg. This is in sharp con-
trast to the feature found in the calculations of LHS!3)
and WR,!® where Cj.cy1cq is smaller than C.qpsq-

It is noted that a shallow minimum is observed at
about 40 °C in the Cp..4cq v5. T relation in this work.
This corresponds to the presence of a minimum at about
35 °Cin the €. opsq v5. T relation. In the calculation of
LHS and WR, Cj.ca1cq 5. T curves are monotonously
increasing throughout the range of temperatures, 0—
100 °C. The contribution to C, from each degree of
freedom can be determined from the corresponding
values of internal energy (Eq. 19) given in Table 8.
Each contribution averaged in the range 0—100 °C is
shown in Table 11.

TABLE 11. AVERAGE CONTRIBUTIONS TO THE
TOTAL HEAT CAPAcITY G, (cal/deg mol)

Kinetic 16.1;
Vibrational —26.8
Hydrogen-Bonding 15.7
Background Potential 22.3
Cp.totnl 27' 35

iv) Equivalent Free Volume Fraction f. In the
formulation of our theory we have used Eq. 2 as the
translational partition function, - The partition function
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has a form which is similar in its appearance to the for-
mula used in cell theories of fluid mixtures. Then, we
have defined f (Eq. 3) as an equivalent free volume
fraction, which is a generalization of the authors’ pro-
position!® with respect to a pure liquid into multi-con-
ponent fluids. In our theory no lattice which is neces-
sary for cell theories is assumed. .

The translational partition function for hard sphere
mixtures is shown as a comparatively simple exphclt
expression similar to usual free volume theories. This is
expected to give a good promise for further use.

We have calculated the values of f according to Eq. 3
and the values are compared with those calculated by
Weissmann and Blum?® for water using the Monte Carlo
method. The values are given in Table 12. Our values
are found to be larger than those of Weissmann and
Blum. However, in their calculations, the contribu-
tion from the rotational degree of freedom is included,
and the magnitude of f is expected to be of nearly the
same order compared with ours if that contribution to
the phase integral is substracted as stated in their paper.

TasLE 12. FREE VOLUME FRACTION f
AND PACKING FRACTION &

! ¢
——t— —_—
Tem . Weissmann-
(°c§) This work Bloms R,=5.50 A 5.55A
4 5.80x 105 0.60x 10-7 0.64, 0.61
50 7.14x 10-3  0.34x10-8 0.50 0.48
100 2.95x10-2 1.19x 10-¢ 0.42 0.42

As for the magnitudes of the packing fraction £ given
together in Table 12, the large value of & at 4 °C is
supposed to result from the too large value of pgycq Ob-
tained at the temperature.1%:3%)

Concluding Remarks

The purpose of this paper has been to formulate a
statistical thermodynamic theory for liquid water with-
out using adjustable parameters to obtain the best fit
with observed data as ordinarily carried out. We have
used a model consisting of tetrahedrally hydrogen-bond-
ed pentamers and unbonded monomers which are im-
mersed in a uniform background potential. The feature
in the theory and its results are outlined as follows: (a)
the translational partition function for the model has
been derived from the analytical solution of the Percus-
Yevick equation for hard sphere mixtures, (b) Use has
been calculated directly as the sum of dipole-dipole,
dipole-induced dipole, and dispersion interactions, (c)
the mole fraction x of hydrogen-bonded species and the
density p have been determined by solving a simultane-
ous equation numerically, and calculated values of p are
found to be of the right order in their magnitudes, com-
pared with observed values, though the TMD is not
observed, (d) the magnitude of x is found to be large
(about 809%,) at 0 °C which shows the predominance of
the “‘structure” in liquid water at lower temperatures,
(e) calculated thermodynamic properties are found to
vary rapidly at 40—50 °C with increase in temperature,
which is attributed to the rapid decrease of x at the range
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of temperatures, (f) the magnitude of x becomes very
small above about 60 °C (Table 5).

The success in the present.theory, though it is quali-
tative and limited, has put a support to the so-called
small cluster model, and the better fit of results with ob-
served data is expected through making some improve-
ments of the model used. The first of those is an intro-
duction of one more species, i.e. “hydrogen-bonded ring
hexamer” as a structure unit. In that model, water is
assumed to be a mixture of unbonded monomers, tetra-
hedrally-coordinated pentamers, and ring hexamers
immersed in a uniform background potential. This
three-component model is expected to improve the
results.

Appendix I. An Analytical Expression
of the Partition Function for the
Mixture of Hard Spheres

For a system consisting of m components with number
densities pg, i=1,------ m,

m
F =G = pV = 3Wai — Y,

where g is the chemical potential of the i-th species and N;=
p:V. The exact analytical solution of the generalized Percus-
Yevick equation for the mixture of hard spheres was given
by Lebowitz, and the g; becomes, following Lebowitz and
Rowlinson,2?

h3
By =1n [(2”—”‘,5)7] —in (1-8) + ZppR;

(AI-1)

9 R2X2
RAY+R.X eX°
g RAHRY) + g

where R, is the diameter of a particle of the i-th species and
p=1/kT, and

=31 % RA Y kil

e—z_‘llGPtRuX gﬁpth, Y= 26(%13;

Substitution of Eq.AI-2 into E
P i

F= ﬁ?’ [(27: kT)3/2]
ZpwW— | —Zpp1— 2+ 4XV—4XVE+3X3 .
S )
(AI-3)

(AI-2)

q.AlI-1 gives
M

=B In(1-§)¢

The equation of sate (Eq. 2.8 in Ref. 20) which was given
associated with the generalized compressibility relation is

o = gre| (01 +E+E

“%@ p;p,(Ri—R/)’(R;+R,+R‘R,X)]. (AI-4)

Using the relations,

7 18

?{S"j' 005 (Re—Ry)*(Ry+ Ry) = 35(2!") - ;XY
and

T5Y pu0y(Re— Ry ReRy = (v — X%)

2% L) 1 £ p ’
we obtain from Eq. AI-4

b= 5)3 [(Em)(l E)’+—(XY—XY$+X3)]. (AI-5)
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Inserting Eq. AI-5 into Eq. AI-3, we obtain

_ g1 pgh® M
F=p zﬁl"[(zmkns/ﬂ]

IM

—fIn (1-§)3

—ﬂ“zi‘,Ni —ﬁ W~ (2XY—2XYE+ X3).

(AI-6)

From Eq. AI-6 we give the following partition function Z
which is expressed as a form with the equivalent free volume
fraction f for an m-component mixture of hard spheres,

1 5)2

hﬁ
(?Ni)' m 27tm kT 3/2 N;
A [ () o]
(AI-7)
where f has the form
9
S=(1-§)ex p[ = 5)2 (2XY——2XYE+X3)] (AI-8)

and o= V/Nyo=V/S}N;.

For a one-component system, Eqs. AI-7 and AI-8 lead us
to the same analytical expression as given in the previous paper
by the two of the authors,® in which the concept of an
equivalent free volume was proposed on the basis of Wertheim’s
solution for the Percus-Yevick equation of pure liquid.

Appendix II. The Calculation of the
Background Potential

Two steps of numerical integrations are required in carrying
out the calculation of the background potential Uzs. The
first step is the integration in obtaining < U,,> (Eq. 9),
as follows, ‘

ww={{ S”Sz”dmdendmd% exp [—
0 [1] 0 1]

Uyﬂ(aA)aB,¢A’¢B) ]
kT

® O (2727
X U,,sin @, sin 6y / S S S S df,dbrdg,dés
0 Jo Jo Jo
U,.(01,05:62,85)

X exp [-— iT ] sinf, sinfg, (AII-1)

where

2
U, = %T[sin 0, sin Gy cos (¢, — Pg) —2 cos @, cos fg].
The numerical evaluation of multidimentional integral
such as Eq. AII-1 is usually carried out by means of the
Monte Carlo method which gives as an estimate for the
integral the sum,

> = 5 ge [ OOl rd |y ng, sin,, /
_Al_i_é CXp [_ U#F(HA"ZS;:’OB"QSB‘)] sin OA‘ sin 030

(AIL-2)

where M is the number of the points X; (8,,, ¢A¢, B P5)> and
0“, ¢A‘, Og,, and @y, are chosen at random in the range of
integration.

The error of such an estimate is of the order of M-1/2 as a
standard deviation. In carrying out the evaluation we have
used the Monte Carlo method using the techmque devised by
Haselgrove.? It is shown that the error in the method is
convergent asymptotically to the order of O(M-1) and O(M-?)
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4.0F

3.56F

3.0

2.5| \

<U,,>, kcal/mol

R, A
Fig. AII-1. <U,> vs. R curves at 25 °C.
: Exact, ------ : approximated (Eq. AII-3).

under certain conditions, and also shown that the method is
superior to the usual Monte Carlo method. The magnitude
of M has been taken as 15000, when the convergence in the
integration is very well.

The calculated values of (U,,> for 25 °C are plotted against
the separation R in Fig. AII-1, including the values calculated
from the following approximate formula which should be
used under the condition that £7T is much greater than the
difference of the maximum and minimum value of U,,.

2 @
Uw = —57 Fo

The curve for this approximate formula is observed to deviate
from the exact curve discriminately within the range of R
smaller than 4—5 A.

The second step is the numerical evaluation of the integral
in Eq. 12, where the magnitudes of & and g are given in Table 1
and the value of ¢ is taken to be 60 x 1040 erg cm8.39)

Then, the background potential is

(AIL-3)

UBG; <UM‘>3 kcal/mo]
f

~
o,
~
5 N~
Sos -
\\n
4 S~
S
20 20 %0 80 100
Temp, °C

Fig. AII-2. The temperature dependence of Ugg and
<> m>
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Uso = 7| (<UD + Uyt Vs Ja RytnfaR
= U + Ua + Oyp. (AII-4)
where the value of R, is taken to be 3.1 A.31) We have

estimated the integral by means of the Simpson rule. The
values of Upg and (TU,.> thus calculated are given in Fig.
AII-2. Throughout the range of temperatures from 0°C to
100 °C, the values of U,, and Uy, are found to remain
constant within the range of 0.344-0.01 and 2.05+0.05 kcal/
mol, respectively.
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Relation between Molecular Size and Optimum Temperature
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The ENDOR spectra of several alkylated biphenyl anions with para- and meta-substitutions were observed, and
the relation between the molecular size and the optimum temperature of ortho-proton ENDOR were investigated in

terms of the electron-nuclear dipole-dipole interaction.

On the basis of the Stokes-Einstein model, a linear relation

was found between the inverse of the effective radius and the cubic root of the n/ T"value at the optimum temperature
of the ortho-proton ENDOR, under the assumption that the radical anion undergoes rotation accompanied by the sol-
vent shell. In this situation, the separation between the radical anion and the counter cation thus estimated is
more than 8.3 A and the ion pair exists as a solvent-separated ion pair.

It is known that the optimum ENDOR enhancement
in a solution can usually be observed in the temperature
region close to the freezing point of the solvent. In
identical physico-chemical environments, the optimum
temperature varies with the proton species, e.g., the
aromatic protons and the aliphatic protons; the elec-
tron-nuclear hyperfine interaction affects a shift of the
optimum temperature. A larger spin density on aro-
matic carbon usually displaces the optimum enhance-
ment toward higher temperatures. Such an effect is
successfully interpreted under the assumption that the
electron-nuclear dipole-dipole interaction (END) plays
the dominant role in the relaxation process, when the
Heisenberg spin-exchange interaction in negligible in
dilute solution systems;! that is, the desaturation of the
ESR by NMR exciation is most effectively established
when the lattice-induced nuclear-spin transition proba-
bility, W, has a certain value comparable to the lattice-
induced electron-spin transition probability, W,. W,
is proportional to the molecular rotational correlation
time, Tgr, and the square of spin density. The 7z value
can be also related to the molecular volume and, there-
fore, the molecular volume, as well as the spin density,
should affect the optimum temperature for ENDOR
enhancement.

Alkylated biphenyls with meta- or para-substituents are
some of the most suitable systems for investigating this
point, because the spin densities at the ortho-position are
only slightly perturbed by alkyl substitution,®? and
ENDOR observation has already been established.3—
In the present paper, the relation between the molecular
radius and the temperature dependence of the ENDOR
enhancement is investigated for anion radicals such as
biphenyl (BP), 4,4'-bitolyl (p-Me), 4,4’-diethylbiphenyl
(p-Et), 4,4’-di-t-butylbiphenyl (p-Bu), 3,3',5,5'-tetra-
methylbiphenyl (m-Me), and 3,3',5,5'-tetra-t-butylbi-
phenyl (m-Bu). The effective radii of the solvated radi-
cal anions are estimated and the structures of the ion-
pairs are discussed.

Experimental

Commercial biphenyl was recrystallized from ethanol and
the alkylbiphenyls employed was synthesized and purified in
the manner described in a previous paper.®

The anion radicals were prepared by reduction with potas-
sium metal in 1,2-dimethoxyethane (DME). The ENDOR
spectra were recorded using a JEOL-type ES-EDX-1 spectrom-
eter for a constant rate of microwave output (3.2 mW) from
a JES-MES3-ESR spectrometer. The operating power of
NMR excitation was maintained constant (120 W). The
viscosity of the solvent for all temperatures was calculated
using the formula given in the table.”

Results and Discussion

Hpyperfine Coupling Constants and Optimum Temperature of
the ENDOR Signal Intensity. Figure | shows the
ENDOR spectra of biphenyl and the 3,3",5,5'-tetra-¢-
butylbiphenyl anion radical. With reference to the
previous work, the signals for the biphenyl anion radical
observed at 14.43, 17.63, and 21.46 MHz can be easily
assigned to the meta-, ortho-, and para-ring protons. The
ENDOR spectrum of the 3,3',5,5-tetra-t-butylbiphenyl
anions clearly resolved the #-butyl proton splittings,
which have never been detected in previous ESR stud-
ies. The proton hyperfine splittings for the alkylbi-
phenyls determined in the same manner are summarized
in Table 1, where it is seen that the magnitude of the
ortho-ring proton splitting more or less close to that of the
biphenyl anion radicals. A typical example of the tem-
perature dependence of the ENDOR intensities (F) are
shown in Fig. 2. For biphenyl anion radicals, the maxi-
mum ENDOR signals for the meta-, ortho-, and para-ring
pratons appear at —95, —90, and —80 °C, respectively,
in order of increasing spin densities; that is, p,,<p,<p,.

For 9,10-anthraquinone, similar effects due to the
different spin densities have already been studied by
Kotake and Kuwata, who demonstrated the importance

TABLE 1. PROTON HYPERFINE COUPLING CONSTANTS FOR
ALKYLBIPHENYL ANION RADICALS (in G)

0 m ¥4
BP 2.66 0.41 5.31
p-Me 2.73 0.47 5.76%
p-Et 2.70 0.44 3.76"
$-Bu 2.71 0.46 0.11%
m-Me 2.53 0.31% 4.90
m-Bu 2.59 0.06 5.14

a) Methyl proton. b) Ethyl proton. c) Butyl proton.
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of the END mechanism.® A similar tendency was also
seen for the para- and ortho-positions of the 3,3’,5,5-tetra-
t-butylbiphenyl anion radical, except for the anomalous
optimum temperature of the ¢-butyl proton, which has
often been reported for the hindered phenoxyl radi-

by
!
()
b
"
{\’“ My f 0
(b)
()
12 13 4 15 16 17 18 19 20 21 22 23
MHz
Fig. 1. The ENDOR spectra of biphenyl (a) and 3,3’,-
5,5’-tetra-i-butylbiphenyl anion radical (b). (a) and

(b) were observed at —78 °C. (c) is the ENDOR of
para-protons of 3,3,5,5’-tetra-i-butylbiphenyl observed
at —40 °C.

10

Fig. 2. Temperature dependence of the ENDOR en-
hancement for biphenyl and 3,3’,5,5’-tetra~t-butylbi-
phenyl anion radicals.

s ortho, ----- : meta.

F denotes the ENDOR enhancement calculated to be

F=1Igypor/ITgsrs Where Igypor and Ipgp are the peak

height of the ENDOR and ESR signal at any tempera-

ture.
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cals.!® In the case of 3,3’,5,5'-tetra--butylbiphenyl,
however, the optimum temperatures for both the para-
and ortho-positions (—40 °C, —73 °C) were displaced to
higher temperatures in comparison with those (—80 °C,
—95 °C) for biphenyl. Actually, the ENDOR of the
para-ring proton of biphenyl anion radicals was clearly
recorded at —78 °C, but that of 3,3’,5,5'-tetra-{-butyl-
biphenyl could hardly be detected and the signal inten-
sity gradually increased with elevation of the observing
temperature, up to —40 °C.

Because the spin densities on the para- and the ortho-
positions are close together in both radicals, alterations
of the optimum temperature could be attributed to the
differences of the molecular radii. This is true, because
the optimum temperature of the ortho-proton ENDOR
increases with an increase in the number of substituents
and their spherical bulkiness as shown in Table 2.

TapLE 2. OPTIMUM TEMPERATURES (°C) OF
ortho-pPrOTON ENDOR
BP p-Bu p-Me m-Me  p-Et m-Bu
—95 —79 —87 —86 —86 —73
Molecular Radius and Optimum Temperature. Under

ordinary ENDOR conditions in solution, the electron-
spin transition probability, WW,, and that of the nuclear
spin, W, can be expressed as functions of the rotational
correlation time, 7g, as follows:V

W, = A(1/zg), (1)
W, = Bty 2

Where 4 is the constant related to the magnitude of the
g-factor and hyperfine anisotropies, and B is related to
that of hyperfine anisotopy only. According to the
END approximation, optimum ENDOR enhancement
is observed when the ratio

b= W, /W, = (B/A)rs* (3)
has a certain value. Because B is proportional to the
expectation value of the END term over the molecular
wave function, the rotational correlation time at the
optimum ENDOR enhancement, 73, should become
shorter for an increase of the spin density on the carbon
atom to which the observing proton is bonded. In
alkylbiphenyl anion radicals studied here, 73", corre-
sponding to the optimum ENDOR of the ortho-ring
proton may have a constant value for each anion radical,
because the spin densities, p,®, at the ortho-position have
more or less the same values regardless of the alkyl sub-
stitutions. On the other hand, 73", can be expressed
by the Stokes-Einstein relationship:

4mrd
“-R.C’pt = W(n/ T)opt' (4)

One may thus expect that a linear relation holds be-
tween the inverse of the effective radius, 1/r, and the
cubic root of the (n/T') value calculated for the optimum
temperature of the ortho-proton ENDOR. If the radical
ions are subject to a tumbling motion accompanied by
the solvent shell, which has an averaged thickness, 7.,
the following relation can be derived;

(' +r)[(r+15) = (0| T") "3 (n/ T) 712, (5)
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Where r and r" are the averaged radius of the alkylbi-
phenyl and the biphenyl anion radical, respectively, and
7 and %’ are the viscosity coefficient at the optimum
ENDOR temperature for the derivative (7") and for the
biphenyl anion radical (T"). The averaged radii, 7, of
the alkylated biphenyl, which is regarded to be an
ellipsoid, were calculated by taking the geometrical
average of the threeaxesa, b,andc. The length of each
axis was estimated using the following interatomic bond
distances R and bond angles 6:11)

R_c(aromatic)=1.40 A, R, . (bridgehead)=1.49 A,

Re_c(aliphatic)=1.54 A, R,_y=1.08A,

05 =120° and @, = 109°.

The total length of each shorter and longer axesa and b
was estimated by summing the Van der Waals radii of
the ring, the aliphatic (1.20 A) and terminal methyl
protons (2.00 A), and the thickness of the phenyl group,
¢, was assumed to be 3.40 A. As is shown in Fig. 3, a

14}
3
=
=
&
=
£ 12t
=
b
-
£
et
101
— L 1 i
1.0 1.2 14 16
r'lr

Fig. 3. Relation between the molecular radii and the

cubic root of 1/T value.

linear rotation can be seen between the (r/r’) and the
[(n/T)](n'| T'Y]¥3 values of each derivative, and r, is
thus estimated to be 2.4 A, as calculated from the slope
of the plot. The rotational correlation times of the
anions at the optimum ENDOR, 73", calculated using
the effective radius r-4r, have more or less constant
values, which are close to 1.0 x 10—? s, as summarized in
Table 3.

TaABLE 3. MOLECULAR RADII, MOLECULAR VOLUMES
AND ROTATIONAL CORRELATION TIMES AT
opTiMuM ENDOR ENHANCEMENT

BP p-Me p-Et p-Bu m-Me m-Bu

r (10-8 cm) 3.16 3.36 3.79 4.16 3.60 4.69
V (10~ cm) 132 159 228 307 200 432
790 (109 ) 1.08 0.98 1.28 1.19 1.05 1.07

The 7' values were calculated assuming that the
thickness of the solvent shell is 2.4 A

[Vol. 50, No. 1

Since the 78" value thus determined may contain
inaccuracies attributable to the crude estimation of the
molecular volume and neglect of the contribution due to
the anisotropic rotational diffusion,!® the numerical
values cannot be taken too seriously. Nevertheless, the
large effective radius of the anion radical demonstrated
here, is quite interesting, because this suggests that the
distance between the radical anion and the alkali metal
cation should be large, at least 8.3 A in the case of bi-
phenyl—-K+ system, in which case the radius of K+ is
assumed to be 1.5 A.13 Previous NMR studies of the
biphenyl——K+ system confirmed that the interaction
between the anion and the cation is rather weak in
DME, and the ion pair is considered to be a solvent
separated ion pair.!¥ According to conductance studies
of biphenyl--Nat ion pairs in DME, the dissociation
energy is reduced by lowering the temperature, that is,
AH,pc=—2.5 kcal and AH—;.c=0 kcal.’® This means
that the cation and the anion are completely separated
by the solvent molecules at low temperature. Indeed,
no important change was observed in the temperature
dependence of the ENDOR enhancement for the bi-
phenyl anion radical, even through the alkali metal
cation is replaced by sodium in the present investigation.
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The hydrocracking of tetralin was carried out over supported nickel-tungsten (NiO 3%,, WO, 209%,) on silica-
alumina, alumina, and silica catalysts at a hydrogen pressure of 100 atm and in the temperature range from 325 to
375 °C. The total conversion of tetralin and the product composition of hydrocracking were measured for the cata-
lysts. The influence of pretreatment of the catalysts with H, and H,S on the conversion and product composition

was investigated for each catalyst.

The hydrocracking of decalin was also carried out under the same conditions. It

is found that the hydrocracking of tetralin proceeds along two reaction paths: (A) hydrogenation to decalin followed
by conversion to methylperhydroindenes and C,,-naphthenes, (B) isomerization to methylindans followed by crack-

ing to butylbenzene.

Catalytic hydrocracking is of considerable importance
in petroleum refining. In the course of the commercial
growth of the petroleum industry, the chemistry of hy-
drocracking over various catalysts has been studied with
pure hydrocarbons. Most hydrocracking catalysts of
commercial interest are of dual nature, consisting of both
a hydrogenation-dehydrogenation component and an
acidic support.

Recently, the chemistry of hydrocracking of typically
pure hydrocarbons has been reviewed by Langlois and
Sullivan,? and the mechanism for hydrocracking of
polynuclear aromatic hydrocarbons on silica-alumina
based dual-functional catalysts (CoS, MoS,, NiS, WS,,
etc.) has been investigated by Qader.? Hydrocracking
is found to proceed through sequential hydrogenation,
isomerization and cracking reactions. Also, the reac-
tion is found to follow first-order kinetics and the data
are found compatible with the dual-site mechanism of
Langmuir-Hinshellwood.

Sullivan et al.?) have found considerable cyclization of
the side chain when certain aromatic hydrocarbons
(phenanthrene, anthracene, pyrene, efc.) are hydrocrack-
ed over a nickel sulfide on silica-alumina catalyst. The
product is found to be predominantly tetrahydronaph-
thalene (tetralin) of lower moleculer weight than that of
the reactant.

In this paper, the hydrocracking of tetralin was car-
ried out as a test reaction to clarify the selectivity of hy-
drocracking catalysts. Supported nickel-tungsten on
silica-alumina, alumina and silica catalysts were used.
Effect of the carrier in the supported catalysts on the
selectivity of hydrocracking was observed to significant
extent. Also, the product composition changed exten-
sively with catalyst pretreatment. On sulfiding the
silica—alumina supported catalyst with H,S, the princi-
pal reaction was found to be the hydrogenation to per-
hydronaphthalene (decalin), which was further convert-
ed to methylperhydroindenes and C;s-naphthenes.
While for the catalysts pretreated with H,, isomerization
to methylindans and cracking to butylbenzene occurred
predominantly.

The selectivity of each reaction path seems to depend
on the relative strength of the acidic and hydrogenation
components on the catalysts.

The selectivity of each reaction path and the catalytic properties are discussed.

Experimental

Equipment. The experiments were performed in a
continuous flow system with a fixed bed reactor, a flow
diagram of which is shown in Fig. 1. The catalyst (16—32
mesh, 5 ml) was supported inside a 12 mm id. by 680-mm
long stainless-steel tube which was surrounded by an electric
furnace. The catalyst temperature was measured by a
chromel-alumel thermocouple located in a thermowell in the
catalyst bed.

Fig. 1. Reaction apparatus.

A Reactant vessel, B: plunger pump, C,C’: non return
valve, D: reactor, E: furnace, F: catalyst bed, G: ther-
mocouple, H: separator, I,I’: D.P. cell, J: level control
valve, K: reservoir, L: pressure control valve, M: stand-
ard pressure vessel, N; six way valve, O: gas chromato-
graph, P: gas meter, Q: gas purifier, R: flow control
valve.

Tetralin or decalin was fed by a plunger pump, and purified
hydrogen was fed through a needle valve. The effluent from
the reactor was taken to a gas-liquid separator. The liquid
from the separator was automatically effluent by a revel control
valve. The gas, passing through a six-way valve, was meas-
ured with a gas meter. Both the gas and liquid were analyzed
by a gas chromatograph.

The reaction was carried out in the temperature range from
325 to 375 °C at a pressure of 100 atm. The liquid hourly
space velocity (LHSV) was 8 per h and the molar ratio of
hydrogen to the hydrocarbon was 10. In order to collect
products representative of steady-state reaction conditions, the
first hour was taken as off-stream time for bringing the reaction
system to a steady state.
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Analysis. The products were analyzed with a Hitachi
Model K-53 gas chromatograph with flame-ionization detectors
and with a squalan capillary column (90 mXx 0.25 mm) at
90 °C. In the identification of each product on the chro-
matogram, the information!® from the capillary gas chro-
matographic method for determining the C,—C,, hydrocarbons
in full-range moter gasolins was applied.

The peak areas in the chromatograms were measured with a
Hewlett-Packerd Model 3380A reporting integrator.

Catalysts and Chemicals. The catalysts consisted of
supported nickel-tungsten (3% NiO, 20% WO,;) on com-
mercial alumina (Ketjenfine pure alumina), silica-alumina
(25% Al,O,, Nikki Kagaku N 633H) and silica carriers.
These catalysts were prepared by impregnating the carriers
with a solution of nickel nitrate and ammonium paratungstate.
The impregnated materials were oven-dried and calcined in
air at 500 °C for 10 h.

Prior to reaction, they were reduced in flowing hydrogen at
500 °Cfor 16 h. In some experiments, they were sulfided with
109% H,S in H, after the reduction.

Surface areas, determined by the standard BET method,
were 226 m?/g for the silica—alumina supported catalyst,
186 m?/g for the alumina-supported catalyst, 156 m?/g for the
silica-supported catalyst.

Tetralin and decalin were commercial extra-pure reagents
(Kokusan Kagaku, 999, purity) and were used without further
purification. The decalin consisted of 549, ¢rans-decalin and
459, cis-decalin.

Results and Discussion

Product Composition and Reaction Path. The total
conversions of tetralin and the product compositions for
hydrocracking on a nickel-tungsten-silica-alumina
catalyst pretreated with H,S are shown in Table 1. At

TABLE 1. HYDROCRACKING OF TETRALIN ON A SULFIDED
NICKEL-TUNGSTEN-SILICA—ALUMINA CATALYST

Hydrogen pressure, 100 atm; LHSV, 8; Hy/Tetralin, 10.

Temperature °C 325 350 375
Total conversion mol %, 9.8 13.2 22.6
Product composition mol/100 mol charge
Cg-Compounds 0.2 0.8 2.2
Cjo-Naphthenes 0.8 1.9 7.3
Methylperhydroindenes 2.2 2.4 3.4
Butylbenzene 0.6 0.9 1.7
Methylindans 0.3 0.7 1.7
Decalin 4.4 5.2 4.5
Tetralin 90.2 87.4 77.4
Naphthalene 0.8 1.3 1.5

a temperature of 325 °C, the main product is decalin,
and the other products are divided into methylindans,
methylperhydroindenes,  Cjy-naphthenes,  Cg-com-
pounds,® butylbenzene, and naphthalene. The selec-
tivities of each product (the ratio of the yield to the total
conversion) were calculated from this table and are
shown in Fig. 2. At higher temperatures,” the selec-
tivity for decalin and methylperhydroindenes decreased,
whereas both the yields and selectivities of other prod-
ucts increased.

In Table 2, the conversions and the product composi-
tions for the hydrocracking of decalin are shown under
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Fig. 2. Selectivity for hydrocracking of tetralin.

TABLE 2. HYDROCRACKING OF DECALIN ON A SULFIDED
NICKEL-TUNGSTEN-SILICA-ALUMINA CATALYST
Hydrogen pressure, 100 atm; LHSV, 8; Hy/Decalin, 10.

Temperature °C 325 350 375
Total conversion mol 9, 6.3 18.2 33.5
Product composition mol/100 mol charge
Cjo-Naphthenes 2.6 10.8 22.5
Methylperhydroindenes 3.7 7.4 11.0
Decalin 93.7 81.2 66.5

the same conditions and catalyst as for the tetralin reac-
tion (in Table 1). The principal products are methyl-
perhydroindenes and C,y-naphthenes.

From a comparison of the above product compositions
for the hydrocracking of tetralin and decalin, it is sug-
gested that hydrogenation to decalin occurred predomi-
nantly in the first step during the reaction at a lower
temperature and then the isomerization of decalin to
methylperhydroindenes occurred in the second step.
Then the methylperhydroindenes were further convert-
ed to Cyg-naphthenes in the third step. At higher tem-
peratures, the isomerization to methylindans and crack-
ing to butylbenzene also occurred to a significant extent.

These data indicate that the hydrocracking of tetralin
is divided into two types of reaction paths as shown in

CHa,

C.Hy
st
00 —OF = O™

Decalin Methylperhydro~  Cio—Naphthenes
A indenes

Tetralin \
- C,H.
He CHs o

Q0

Naphthalene

Fig. 3.

Methylindans Butylbenzene Benzene

Mechanism of hydrocracking of tetralin.



January, 1977]

Hydrocracking of Tetralin on Supported Nickel-Tungsten Catalysts 81

TaBLE 3. HYDROCRACKING OF TETRALIN ON SUPPORTED NICKEL—TUNGSTEN CATALYSTS
Hydrogen pressure, 100 atm; Temperature, 350 °C; LHSV, 8; H,/Tetralin, 10.

Ca t.alys ts Ni(.:lfel—Tungs_ten— Nickel—Tu_ngsten-— Nickel—'.I‘.ungsten— Silic?.—
Silica-Alumina Alumina Silica Alumina
——— A ———— ———A———, ———P

Pretreatment H,S H, H,S H, H,S H, H,

Total conversion mol %, 13.2 7.6 35.4 17.5 24.0 0.4 4.0
Product composition mol/100 mol charge

Cg-Compounds 0.8 2.0 — 1.2 — — —
Cjo-Naphthenes 1.9 0.5 0.9 3.2 — — —
Methylperhydroindenes 2.4 0.5 — 2.5 — — —
Butylbenzene 0.9 0.7 — 2.6 — — 0.6
Methylindans 0.7 1.2 — 1.9 — — 1.7
Decalin 5.2 1.7 34.2 5.3 23.8 0.2 —
Tetralin 87.4 92.4 64.6 82.1 76.0 99.6 96.0
Naphthalene 1.3 1.1 0.3 0.8 0.2 0.2 1.8

Fig. 3: (A) hydrogenation to decalin followed by con-
version to methylperhydroindenes and C,y-naphthenes,
and (B) isomerization to methylindans and cracking to
butylbenzene followed by conversion to benzene.

Effect of Pretreatment and Carriers of Catalysts. In
the hydrocracking of tetralin, the influence of pretreat-
ment of the supported nickel-tungsten catalysts with H,
and H,S on the product composition was investigated.
In Table 3, the conversions of tetralin and the product
compositions on three supported catalysts, silica-alu-
mina-, alumina-, and silica-supported catalysts, were
measured at 350 °C. The conversion of tetralin and
the product composition for each sulfided catalyst
were quite different from those of the reduced catalyst.
The conversion on the reduced catalyst was lower than
that on the sulfided catalyst in each case.

The decalin yield on the silica-alumina supported
catalyst treated with H,S was higher than that on the
reduced catalyst, and the yield of methylperhydroin-
denes and C,,-naphthenes were also higher. However,
the yield of methylindans and Cg-compounds on the
reduced catalyst were higher than those on the sulfided
catalyst.

In the hydrocracking of decalin, the influence of the
pretreatment of these catalysts on the decalin conversion
was investigated. In Table 4, the conversions on the
silica-alumina- and alumina-supported catalysts treat-

TaBLE 4. HYDROCRACKING OF DECALIN ON SUPPORTED
NICKEL-TUNGSTEN CATALYSTS
Hydrogen pressure, 100 atm, Temperature, 350 °C,
LHSV, 8, H,/Decalin, 10.

Nickel- Nickel— B
Catalysts Tlé’:fz ;e_n— Tungsten- A?;lrlg?n—a
Alumina ~ Alumina
Pretreatment HSS H, H,S H, H,
Total conversion
mol %, 6.3 42.4 — 36.2 7.0
Product composition mol/100 mol charge
C,o-Naphthenes 2.6 29.0 23.8 2.0
Methyl- No
perhydroindenes 3.7 13.2 reaction 12.3 5.0
Decalin 93.7 57.6 63.8 93.0

ed with H, and H,S are compared. The conversion on
the silica-alumina-supported catalyst treated with H,
was about seven times that on the catalyst treated with
H,S. On the alumina-supported catalyst, the reaction
was extensively inhibited by the sulfidation. The con-
version for the silica-alumina catalyst alone was com-
parable to that on the sulfided silica-alumina-supported
catalyst.

From the above observation for hydrocracking on
these catalysts, the selectivity of catalysts is discussed in
relation to several recent reports.

Selectivity of Hpydrocracking Catalysts. Some data
have been reported on tetralin hydrocracking over
nickel sulfide on silica-alumina catalysts.

Flinn et al.® have reported that ring opening and hy-
drogenation are the predominant reactions at 68 atm
and 412 °C, and light alkanes are produced with a high
ratio of branched to unbranched alkanes.

Sullivan et al.®) have reported that the fused bicyclic
cycloalkanes as main products are produced by the hy-
drocracking of tetralin at 288 °C and 82 atm.

However, the reaction path of the hydrocracking was
not discussed in these reports.

TABLE 5. SELECTIVITY FOR HYDROCRACKING OF TETRALIN
ON SUPPORTED NICKEL-TUNGSTEN CATALYSTS

Nickel-

Tunesten— Nickel- Nickel-
Catalysts g Tungsten- Tungsten—
Silica— . 2
¢ Alumina Silica
Alumina
——A— —P
Pretreatment H,S H, H,S H, H,S
Total conversion
mol ¢, 13.2 7.6 35.4 17.5 24.0

Selectivity
Path A 0.74 0.36 0.98 0.64 0.99
C,o-Naphthenes 0.15 0.07 0.02 0.18 —
Methyl-
perhydroindenes 0.19 0.07 — 0.15 -
Decalin 0.40 0.22 0.96 0.31 0.99
Path B 0.17 0.50 — 0.31 —
C4-Compounds 0.06 0.26 — 0.06 —
Methylindans 0.05 0.15 — 0.10 —
Butylbenzene 0.06 0.09 — 0.15 —
Naphthalene 0.09 0.14 0.02 0.05 0.01
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In the present paper, it was demonstrated that the
hydrocracking of tetralin proceeds along two reaction
paths (A and B) as shown in Fig. 3. According to the
mechanisms, the selectivity calculated from the product
composition in Table 3 are shown in Table 5. The
selectivity for all naphthenes produced for path A was
0.74 on the sulfided silica-alumina supported catalyst,
whereas it was 0.36 on the reduced catalyst. On the
alumina-supported catalyst treated 'with H,S and H,,
the selectivities were 0.98 and 0.64, respectively. The
selectivity for the sulfided silica-supported catalyst was
0.99.

The total conversion of tetralin on each catalyst treat-
ed with H,S was generally higher than that on the re-
duced catalyst. As shown in Table 4, the activity of the
sulfided catalyst for decalin hydrocracking was lower
than that of the reduced catalyst.

It is suggested from the above observations that the
active sites for hydrogenation of tetralin on the catalyst
are produced by means of sulfidation, while the acid sites
producing isomerization and the cracking of tetralin and
decalin are decreased upon sulfidation.

Langlois et al.? have found that, with sulfiding a nickel
on silica-alumina catalyst, the total conversion of decane
hydrocracking greatly increased and the predominant
reaction changed from isomerization to cracking. They
postulated that the catalyst before sulfidation contained
both nickel metal and nickel salts at the silica-alumina
acid site, and upon sulfidation the nickel metal was con-
verted to nickel sulfide, and the H,S reacted with the
nickel-silica~alumina salt to regenerate the original
strong acid sites of the silica~alumina support.

In this paper, it is suggested that on the silica-alumina
supported catalyst treated with H,S, the original acid
sites of the silica-alumina carrier are effective for the
isomerization and cracking of tetralin. Also, by reduc-
ing the catalyst, acidic sites are formed on the surface of
the supported tungsten oxide. Upon sulfidation of the
alumina supported catalyst, no hydrocracking of decalin
occurs. However, the hydrocracking activity of the
reduced catalyst is higher. Therefore, the acidic pro-
perties of the catalyst are assumed to be formed by re-
duction with H,.

The sulfidation of tungsten oxide supported on silica-
alumina catalysts has been studied by Massoth and
Bidlack.1® Supported catalysts and bulk WO, were
sulfided with mixture of HyS and H, at temperatures
between 260 and 594 °C and at a H,S partial pressure
of 0.1 -5 atm. Studies of partially reacted samples
show the sulfided species to be WS, and the unconverted
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oxide to be Wy Oygq, suggesting that partial reduction
precedes sulfidation. The salient findings of their study
are: (1) reduction of bulk WO; by H, proceeds rapidly
to W,,O4s and then more slowly to W metal, (2) the
sulfidation of bulk WO; by H,S-H, mixtures proceeds
rapidly through the formation of W,,Oy,, followed by a
slower reaction to WS,, and (3) the mechanisms of sulfi-
dation for bulk and supported WO, are similar.

The catalytic structure of nickel-tungsten sulfide as a
hydrogenation catalyst has been investigated by Voor-
hoevel’) using the ESR technique. It was concluded
that the active sites for benzene hydrogenation in a wide
variety of tungsten-disulfide based catalysts are tungsten
ions, probably in the trivalent state. Nickel appears to
have an indirect influence on the hydrogenation activity
in Ni-W-S rather than acting as the active center.

It is apparent that the state of tungsten on the sulfided
catalyst surface in the present study is probably attribut-
able to WS,. According to the above conclusions re-
ported by Voorhoeve,'V) it is apparent that the active
sites for the hydrogenation of tetralin are the tungsten
ions of tungsten disulfide crystals on the catalyst.

On the reduced alumina-supported catalyst, the
acidic catalyzed isomerization and cracking activity is
attributed to the acidic hydroxyl groups over the partial-
ly-reduced surface of tungsten oxide supported on
alumina.

Appreciation is expressed to Dr. T. Kabe for a signifi-
cant contribution to this work and to Mr. T. Hasegawa
for assistance with the experimental work.
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Kohji Havase and Shigeo HAavaNo
Institute of Industrial Science, The University of Tokyo, Roppongi, Minato-ku, Tokyo 106
(Received July 22, 1976)

The distribution coefficients, K, for l-butanol, 1-pentanol, 1-hexanol, and 1-heptanol between the sodium
dodecyl sulfate (SDS) micellar and aqueous phases were measured directly, with the gas chromatographic technique
was used to measure the vapor pressure of the alcohols. The standard free energy change of penetration, AG,°, of the
alcohol from the aqueous to the micellar phase was obtained using the equation: AG,°=-RTInK. Thereis a linear
relation between AG,° and the carbon number of the alcohol.

The change in the standard free energy of an alcohol
for a transition from the aqueous to the micellar phase,
AG,°, is indispensable to the study of solubilization of
additives in surfactant solutions. In spite of the neces-
sity of evaluating AG,°, no values of AG,° have yet been
reported for an aqueous alcohol solution. Though
Kaufman? and Dalen, Gerritsma, and Wijkstra® have
reported the solubilization of organic additives in organ-
ic solvents, they were unable to calculate the distribution
coeflicient because of a lack of an accurate knowledge of
the critical micelle concentration (CMC) in the organic
solvent.

Concerning the effect of alcohol on decreasing the
CMC, Ward® and Herzfed, Corrin, and Harkins® have
pointed out the importance of evaluating AG,°.
Shirahama and Kashiwabara® have discussed thermo-
dynamically the relation between AG,° and the CMC
decrease of systems containing alcohol. However, since
the AG,° were not measured but were estimated values
deduced from the physical constants of the alcohols, the
theoretical equation does not correspond to their experi-
mental results. Thus, an experimental determination
of the AG,° values would be useful in their thermody-
namical discussion.

In this paper, experimental work on the distribution
coefficients is reported. These experiments are thought
to be very important for the discussion of the interaction
of surfactants and additives. The distribution coeffici-
ents were evaluated by measuring the vapor pressure
of the alcohol in an aqueous alcohol solutions both in the
presence and absence of sodium dodecyl sulfate (SDS)
employing a gas chromatograph. This technique, to
the best of the authors’ knowledge, has not yet been
applied to this kind of problem.

Experimental

Method. 5 ml vapor samples equilibrated with alcohol
solutions were introduced from a gas loop by means of a
six-way sampling valve into a Shimadzu GC-3BF gas chro-
matograph equipped with a flame ion detector. Helium was
used as the carrier gas at flow rates of 50, 80, and 100 ml/min
through a 3 mmX2 m column. The column packing was 5
or 109, polyethylene glycol 6000 on a 30—60 mesh Flusin T
support, and 5% Versamid 900 on a 60—80 mesh Uniport
KS support. The operating temperature was 120—160 °C.

The experimental arrangement for the gas chromatographic
measurements is shown in Fig. 1. The measuring process was
similar to the reported by Kaufman.) To prevent foam
from overflowing to the outer part of the bottle, the helium was
passed for four minutes in order to saturate the vapor, which

3 U< SO
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Fig. 1. Experimental arrangement for measuring vapor
pressure by gas chromatograph.
(1) : Helium cylinder for saturator, (2): helium cylinder
for gas chromatograph, (3): thermostat, (4): saturator,
(5): ribbon heater, (6): sampling loop, (7): sampling
valve, (8): gas chromatograph, (9): flow meters, (10):
ballast.
(Solid lines in the sampling valve denote a standby posi-
tion; dotted lines denote a sampling position.)

was then introduced into the gas chromatograph. The
helium flow was stopped for twelve minutes in order to reduce
the quantity of foam. The sampling procedure was stand-
ardized to allow a uniform 1.5 min period for the valve in the
sampling position.

The 1-butanol, 1-pentanol, 1-hexanol, and 1-heptanol peaks
were well-resolved, symmetrical and only slightly tailed. .

The measurement of the electric conductivity of the SDS
solution was made using a Towa Denpa Co., Ltd. Model CG-
201PL universal bridge. An electric conductivity cell of the
dip type was bright-platinized and immersed in a 100-ml
polyethylene beaker which was maintained at 25°C in a
thermostat.

The SDS concentration was varied by adding portions of a
concentrated SDS solution containing an alcohol.

Materials. Wako Pure Chemical Industries, Ltd. SDS
for biochemical use was carefully dried in a vacuum for
twenty hours. The I-butanol, 1-pentanol, 1-hexanol, and
1-heptanol of high purity (higher than 999%,) were used. The
water used was passed through a Nihon Millipore Co., Ltd.
Milli-Q2 Systems until its specific conductivity fell below 10-7
O 1tcem—.

Results and Discussion

Figure 2 displays two curves obtained directly from
the gas chromatographic measurements. In Fig. 2,
I-heptanol is shown as an example. The upper or

“calibration curve represents the data taken from a series
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Fig. 2. Calibration curve for the aqueous l-heptanol
solution and typical results for the same solution in the
presence of SDS (at 25 °C).

(A): 1-Heptanol fraction remaining in the aqueous
phase, (B): I-heptanol fraction existing in the micellar
phase.

of solutions without SDS, while the lower curve shows
the data for a similar solution to which a specific amount
of SDS was added.

For the purposes of this study, it is unnecessary to
know the absolute concentration of the alcohol in the
vapor phase, provided that a relationship between the
peak area and the compositions of the solutions has once
been established. Owing to the self association of the
alcohol in the solution, the slopes of the curves decrease
as the concentration of the alcohol increases.

The horizontal separation between the two curves at
any ordinate represents A and B. B corresponds to the
alcohol fraction existing in the micellar phase and A to
the alcohol fraction remaining in the aqueous phase.
From these curves, the distribution coefficient was cal-
culated from the following equations:

Y, = (18X 4)/1000, 1
X, = B/(§—CMC(C,)+B), (2)
and K = X,/Y,, (3

where Y, is the molar fraction of the alcohol in the aque-
ous phase, X, the molar fraction of the alcohol in the
micellar phase, § the total concentration of SDS added,
C, the concentration of the alcohol in the solution, CMC
(C,) the CMC of SDS in the presence of the alcohol, and
K the distribution coefficient of the alcohol (the ratio of
the concentration in the micellar phase to that in the
aqueous phase).

In Fig. 3, the molar fractions of the alcohol((1-heptan-
ol, for example) in the micellar phase are plotted
against the mole fractions of the alcohol in the aqueous
phase. The amount of SDS was 40 mmol/l. From
these results, we evaluated the distribution coefficients
using the least-squares method.

The values of K and AG,° calculated from

AG? = —RTInK (4)

are shown in Table 1.

Some work!+2 has been reported on the solubilization
of organic additives by surfactant micelles in organic
solvents. Kaufman?) has given the solubilization ratios
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Fig. 3. Distribution of 1-heptanol between the aqueous
and the micellar phases (at 25 °C).

TABLE 1. THE DISTRIBUTION COEFFICIENTs (K)
OF ALCOHOL BETWEEN THE AQUEOUS AND
MICELLAR PHASES AND THE STANDARD
FREE ENERGY CHANGES OF PENET-
RATION OF THE ALCOHOLS

(AG,?) (at 25 °C)

1-Butanol 1-Pentanol I-Hexanol 1-Heptanol
K 3.00x10% 7.22x10® 2.25x10® 6.02x 103
(kc‘:l‘/;;;:ol) —3.38  —3.90 —4.57  —5.16

computed for the sodium, cesium, barium, magnesium,
and zinc salts of 1,8- dinonyl-4-naphthalene sulfonic acid
as a function of methanol, propylamine, and acetic acid
in toluene. However, because an accurate value of the
CMC was inacessible for organic solvents containing
organic additives, no concentration of micellized surfac-
tant was reported. Therefore, an accurate distribu-
tion coefficient could not be obtained, because the total
surfactant concentration was employed instead of the
micellized surfactant concentration.

TABLE 2. CMC vALUES FOR SDS IN WATER TO
WHICH A SMALL AMOUNT OF ALCOHOL
was ADDED (at 25 °C)

Alcohol concn (mmol/I) CMC (mmol/I)

Pure water 8.01
1-Butanol 43.74 6.96
116.9 5.32

204.4 4.18

1-Pentanol 15.41 6.86
31.15 5.70

64.45 4.17

1-Hexanol 2.683 7.32
5.584 6.61

9.227 5.89

1-Heptanol 0.7354 7.54
1.918 6.89

3.178 6.45

Since, in this experiment, accurate values of the CMC
using the conductivity method were obtained, as given
in Table 2, it is now possible to evaluate the distribution
coefficients. Our results for the CMC values both in
pure water and in the presence of 1-butanol agree ap-
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proximately with those of Shirahama and Kashiwa-
bara.5)

As shown in Table 1, AG,° is a linear function of the
carbon number of the alcohol. As the carbon number
of the alcohol increases, the AG,° decreases. Similarly,
the standard free energy change of micellization, AG°,
decreases as the carbon number of the surfactant in-
creases.®) This can be understood since an increase in
the carbon number of the alcohol is expected to result in
an increased hydrophobic interaction with the surfactant
micelles. In other words, penetration of the alcohol into
the micellar phase becomes more favorable for an in-
crease in the carbon number of the alcohol. Thus, it is
reasonable that this tendency of the AG,° to decrease
parallels the tendency of solubility of the alcohol in water
to decrease. '

AG,° is linearly related to the carbon number of the
alcohol as follows:

AG,° = —0.60n — 0.95, ()

where 7 is the carbon number of the alcohol.

The increment of AG,° per methylene group is —0.60
kcal/mol. Kresheck and Hargraves® have investigated
the AG,,° of the sodium octyl-, decyl-, and dodecyl sulfate
series and found that the increment of the AG,_ ° per
methylene group was approximately from —0.55 to
—0.32 kcal/mol. The absolute value of the increment
of the AG,° per methylene group is a little larger than
that of the AG,° per methylene group.

Mankowich? has reported on the solubilization of
Orange OT in aqueous sodium dodecyl benzene sul-
phonate solutions. In his paper, the standard free
energy changes of the solubilization of Orange OT from
the non-micellar phase to the micellar phase were re-
ported to be from —5.4 to —5.8 kcal/mol in the range
25—50 °C. In his method, the solubilities of Orange OT
both above the CMC and at the CMC were measured.
The concentration (mol/l) of Orange OT in the micellar
phase was calculated from the solubility of Orange OT
above the CMC, and the concentration (mol/l) of
Orange OT in the non-micellar phase was calculated
from the solubility of Orange OT at the CMC. Then,
the standard free energy change was computed from
these two concentrations. However, his method is in-
convenient for evaluating AG,°, because the solubilities
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of 1-butanol, 1-pentanol, 1-hexanol, and l-heptanol are
much higher than that of Orange OT, and the CMC
values are altered in the presence of the alcohols.

Aveyard and Lawrence® and Larsen and Magid®
reported the standard enthalpy change of penetration,
AH°, of the alcohol from the aqueous phase to the
micellar phase obtained using the calorimetric method.
If the AH,° of their results (l-butanol: 0.5 kcal/mol,
l1-pentanol: 0.4 kcal/mol, 1-hexanol: 0.4 kcal/mol) are
employed, it is possible to estimate the standard entropy
change of penetration, AS,°, of the alcohol using the
following equation:

AG,S = AHS — TAS. (6)

The results are 13.0, 14.4, and 18.7 cal/mol K for
1-butanol, I-pentanol,and 1-hexanol, respectively. From
these results, it may be considered that penetration of the
alcohol from the aqueous to the micellar phases exhibits
entropy dependence rather than enthalpy dependence.
This is similar to the case of micellization of surfactants,
namely, penetration of the alcohol from the aqueous to
the micellar phases may be attributed to the release of
the compact iceberg structure of water molecules around
the hydrophobic parts of the alcohol.
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Acidic Properties of Si0:-Mo0; and MoQ;, and Their Catalytic Activities
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MoQO;, SiO,, and SiO,—-MoO; of different compositions were prepared and their surface and catalytic properties
examined. A large number of acid sites were generated by mixing SiO, with MoQ,, while each component oxide by

itself did not exhibit any appreciable acidic properties.
~with SiO,.

tene, both MoO, and SiO,-MoQO, were active.

The oxidizing property of MoO, was enhanced by mixing
No new compounds were detected in the oxide mixture by X-ray diffraction.
merization of 2,4,6-trimethyl-1,3,5-trioxane correlated well with the surface acidity.
The active sites on MoO; were poisoned by CO, but not by NH,,

The activity for depoly-
In the isomerization of 1-bu-

while those on SiO;—MoO); were poisoned by NH, but not by CO,.

Among the metal oxides most widely used as a com-
ponent of the multicomponent metal oxide catalysts is
MoOQOyg, which is usually mixed with other oxides such as
Si0,, Al,Og, Bi, Oy, and SnO,. Many metal oxides are
known to exhibit acidic properties when they are mixed
with other oxides.»® The acidic sites play an important
role not only in reactions recognized as acid-base cata-
lyzed reactions, but also in those of other types. For
instance, the selectivity in the oxidation of olefins de-
pends strongly on the surface acid-base properties.3-8)
However, the acid-base properties of the catalysts con-
taining MoQj as a component oxide have not been sub-
jected to extensive study except for MoO;-Al,0,.9

We have prepared SiO,~MoO, in various molar ratios
and examined their acid-base properties. Two typical
acid-base catalyzed reactions, depolymerization of 2,4,-
6-trimethyl-1,3,5-trioxane and isomerization of butenes,
were studied.

Experimental

Catalyst Preparation. SiO, and MoQO; were prepared by
precipitation from an isopropanol solution of ethyl orthosilicate
and an aqueous solution of ammonium molybdate, respective-
ly, with nitric acid followed by aging at 70—80 °C for 16 h
and drying at 110 °C for 24 h.

SiOy-MoQO, was prepared as follows. A mixture of ethyl
orthosilicate and 109 aqueous solution of ammonium
molybdate was dissolved in isopropanol. To the solution was
added dilute nitric acid (pH=1) and the solution was heated
at 70—80 °C for 16 h to facilitate gelation. The resulting
gel was dried at 110 °C for 24 h. Amounts of the reagents
are given in Table 1.

TABLE 1. AMOUNTS OF REAGENTS USED FOR THE
PREPARATION OF M0Q;-SiO, wiTH
DIFFERENT COMPOSITIONS

Compein (G110, MUIS0n (G

(MoQO,: SiO,) g ml
MoO, 0 160 0
9:1 13.2 159 14
1:1 167 129 170
1: 9 402 35.3 400
SiO, 400 400

Acidity and Basicity Measurements. Acidity was measured
at 55 °C by titration of the suspension in benzene with 0.1 N
butylamine benzene solution. The indicators used were

dicinnamilideneacetone (pK,= —3.0), p-(phenylazo)diphenyl-
amine (1.5), Dimethyl Yellow (3.3), Methyl Red (4.8), and
Neutral Red (6.8). The existence of basic sites was monitored
by dropping a series of benzene solutions of nitroaniline
indicators onto a sample.

Surface Area, X-Ray Analysis, DTA, and TG, ESR Measurements.
Specific surface areas were determined by applying the BET
equation to nitrogen adsorption isotherms at —196 °C. X-
Ray diffraction patterns were recorded on a Toshiba ADG-301
with a powdered sample over the range of 20=10"—60°,
CuKa was used as the radiation source.

DTA and TG were performed on a Rigakudenki standard
model over the range from room temperature to 720 °C.
The rate of temperature rise was 20 °C/min.

For ESR measurements, 20 mg of the sample in a cell with a
breakable seal was evacuated at the desired temperature for 3 h
andsealed off. ESR spectra of these samples were measured at
—196 °C and room temperature. After recording the spectra,
samples were exposed to butene, oxygen, nitrobenzene or a
benzene solution of perylene through a breakable seal. All
the spectra were measured on a Varian E-4 ESR spectrometer.

Reaction Procedure. The benzene solution of 2,4,6-trimethyl-
1,3,5-trioxane (paraldehyde) (0.0495 mol/l} was used as a
reactant for the depolymerization of paraldehyde. Powdered
catalyst was calcined at 500 °C for 3 h in air. To 40 ml of the
reactant in a 100 ml flask with a cap was added 0.24 g of
catalyst followed by magnetic stirring at 30 °C. Portions of
the reaction mixture were periodically withdrawn from the
system and subjected to analysis of acetaldehyde by the follow-
ing method. Excess amount of 0.1 N NaHSO; was added to
10 ml of reaction mixture to form a complex with acetaldehyde.
After titration of residual NaHSO, with I,, the NaHSO,-
acetaldehyde complex was dissociated by the addition of
NaHCO;. The amount of NaHSO, required for the forma-
tion of the complex was determined by titration with I,.

A microcatalytic pulse reactor was employed for the iso-
merization of butenes. The catalyst was sieved to 20—35
mesh and calcined at 500 °C for 3 h. A quarter grams of the
catalyst was placed in the reactor and pretreated at 500°C
under a helium stream for 1h prior to reaction. All the
reactions were carried out at 250 °C. Butene (ca. 40p. mol) was
introduced into a helium carrier ahead of the catalyst by
manipulating a stop cock. Effluent products were directly
introduced into a gas chromatographic column for analysis.
The flow rate of the carrier was kept constant (1.1 ml/s). In
some experiments, CO, or NH, was introduced in order to
examine a poisoning effect after reaching a steady activity,
which was usually attained after 7 or 8 injections.

Results

Surface Area, X-Ray, DTA, and TG. The specific
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TABLE 2. SPECIFIC SURFACE AREA (m?/g) OF
MoO;-SiO; AFTER CALCINATION
AT VARIOUS TEMPERATURES®

Calcination temperature, °C

Composition

(MoO;: Si0,) 34 400 500 600
MoO, 4.5 4.8 4.3 2.8
9:1 5.4 4.5 4.0 2.9
1:1 143 92 81 40
1:9 440 376 240 93
SiO, — — 520 375

a) Before measurement, sample was evacuated at
150—170 °C for 1 h.

surface areas ot catalysts are given in Table 2. They
decrease with an increase in percentage of MoO,; and
with a rise in calcination temperature.

X-Ray diffraction patterns show that all the peaks
obtained for SiO,-MoOj of different compositions
calcined at 400, 500, and 600 °C are due to those of
MoO;, strong peaks being observed at 20=10.17, 19.90,
and 29.80°. The samples calcined at 300 °C did not
show this set of peaks. The peak intensity increases with
a rise in calcination temperature and with an increase in
MoO; content in SiO,-MoO;. No peaks other than
those ascribed to MoO; were found.

Si0r-MoO(9: 1)

T RS

Si0z-Mo0s(1: 1)

____________ —_—
A,

200 300 400 500
Temperature, °C
Fig. . DTA-TG curves of catalysts.

TG, broken line.

or
8

DTA, solid line;

DTA-TG curves are shown in Fig. 1.  All the samples
show endothermic peaks by DTA around 50—200 °C
with loss of weight. These peaks can be ascribed to
desorption of physically adsorbed water. The samples
containing MoO; show exothermic peaks around 400
°C also accompanied a weight loss.

ESR. Si0,-MoO; and MoO, show ESR signals
assigned to Mo®t. The signal for Si0,-MoO; (9: 1)
after evacuation at 500 °C is shown in Fig. 2. On ex-
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50G
—
Fig. 2. ESR signal of SiO;-MoO; (9: 1) evacuated at
500 °C.

posure to nitrobenzene, the amplitude of the signal de-
creased considerably but no signal for nitrobenzene
anion radical was observed. On admission of a ben-
zene solution of perylene, a strong signal appeared which
could be assigned to perylene cation radical. The
signals observed for Si0,-MoO; 9: 1 and 1: 1 showed
hyperfine splitting into nine peaks. On the other hand,
the signals for SiO,~MoO; (1: 9) and MoOj; were broad
singlets. The variation of the integrated signal ampli-
tude of perylene cation radicals with composition is
shown in Fig. 3.

Amplitude of signal, arbitrary unit

L !

& A
010 50 90 100
Mole % of Mo0;

Numbers of perylene cation radicals on SiO,-
Catalysts had been

Fig. 3.
MoO, of different composition.
evacuated at 500 °C.

Admission of butene at 200 °C to SiO,-MoO; (9: 1)
evacuated at 500 °C resulted in an increase in the signal
amplitude of Mo®t, and the successive admission of O,
after the excess butene had been trapped in liquid nitro-
gen resulted in a decrease in the amplitude of the Mo%+
signal and the production of O2-,

Acidity. Figure 4 shows the acidity of SiO,-Mo-
Oj; having compositions of 9: 1, 1: 1, and 1: 9 as well as
that of SiO, and MoQO;,, when calcined at 500 °C in air.
Although SiO, and MoO, showed negligible amounts of
acid sites stronger than Hy=3.3, Si0,-MoO, with com-
position 9: 1 and 1: 1 showed considerable amounts of
these acid sites. Change in calcination temperature
caused no great change in acidity., An example is shown
in Fig. 5 for SiO,—~MoOj (9: 1).

Depolymerization of 2,4,6-Timethyl-1,3,5-trioxane.

The reaction rate equation was of first order in concen-
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1.0 ]

0.8

o
[+)]

Acidity, mmol/g

0 10 50
Mole ° of MoOs

Fig. 4. Acidity of SiO,~MoQ; of different composition.
Hy=—3.0(0O), + 1.5 (), +3.3(A), +4.8 (@), +6.8
(@)

90 100

08

04

Acidity, mmol/g

0.2r

300 200 500 600
Calcination temperature, °c
Fig. 5. Changes in acidity of SiO;-MoO, (9: 1) with
calcination temperature Hy=—3.0 (O), +15 (),
+3.3(A), +4.8 (@), +6.8 (D).

tration of reactant. Activity of the catalyst was expres-
sed by a first order rate constant, k, per unit weight of
catalyst. The variation of the activity with composition
is shown in Fig. 6, where the catalysts are calcined at
500 °C in air. A similarity in the change in activity to
that in acidity with composition of the catalyst suggests
that the acid sites are active sites for the decomposition
of 2,4,6-trimethyl-1,3,5-trioxane to produce acetalde-
hyde. The activity of the catalysts is more than 10 times
greater than that of NiSO, and CuSO,.”

Isomerization of Butene. The conversion of ¢is-2-
butene over MoO,; and SiO,-MoO, (9: 1) is plotted
against the pulse number in Figs. 7 and 8. {The decrease
in conversion with the pulse number is greater for MoO,
than SiO,-MoO; (9:1). After the conversion had

[Vol. 50, No. 1

—
N

2

First order rate constant kx10. min

~ o ® o

N

0o y
0 10 50
Mole %, of MoQs

Fig. 6. Variation of activity for depolymerization of
2,4,6-trimethyl-1,3,5-trioxane with composition.

90100
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c
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>

& NH:  CO:

O | l 1
0b— M N o Sl
0 5 10

Pulse number

Fig. 7. Activity decrease in isomerization of cis-2-butene
with pulse number and with NH, or CO, addition over
MoOQO,.

501

40

Conversion, °fb
N w
o o

T ]

=
¥

0 5 10
Pulse number
Fig. 8. Activity decrease in isomerization of ¢z5-2-butene

with pulse number and with NH; or CO, addition over
Si0,-MoO, (9: 1).

attained a constant value, CO, or NH; was introduced.
The active sites of MoOj; were poisoned by CO,, but
not substantially by NH;. On the other hand, the active
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50

40

= 30

20

Conversion

010 50 90 100

Mole °/ of MoOs

Fig. 9. Initial activity () and steady state activity (@)
for isomerization of ¢is-2-butene.

sites. of S10,-MoQ;; were poisoned by NHj, but not by
CO,.

The conversion at the first pulse and that after several
pulses (the constant conversion) are shown in Fig. 9.
Except for MoO;,, the change in conversion with the
composition of catalyst is similar to that in acidity.

Discussion

Mixing of SiO, and MoQO; gave rise to new surface
and catalytic properties not found in either component
oxide, though X-ray and DTA-TG data showed no
formation of a new compound. Of these properties
acidity is important. A good correlation of acidity with
activity for depolymerization of 2,4,6-trimethyl-1,3,5-
trioxane indicates that the active sites for the reaction are
the acid sites generated by mixing SiO, and MoQO;.

For the isomerization of butene, MoO;, showed con-
siderable activity though it had no acidic sites stronger
than Hy=4.8. The catalyst was not poisoned by NHj.
Thus, the active sites are not acidic. Since CO, is an
acidic molecule and can be adsorbed on basic sites, and
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CO, actually poisons the catalyst, the active sites on
MoO; for the butene isomerization seem to be basic.
On the other hand, the activity of the mixed oxides cor-
relates with the acidity and NH; poisons the active sites.
Thus, the active sites on SiO,-MoQ); are suggested to be
acidic sites and the reaction proceeds via a carbenium
ion mechanism.

An increase in the amplitude of the ESR signal for
Mo5%+ by the admission of butene to Si0,-MoOj (9: 1)
indicates that reduction occurred during the course of
isomerization of butene. The activity also decreased
with successive pulses. It seems that the active sites
become less active by reduction. The mechanism of
generation of acid sites in a mixed oxide was proposed
by one of the authros,!+2) and the concept can be applied
to the S10,-MoOj system. Acid sites are caused by the
excess positive charge on Si*t in the SiO,-MoQO;,;. The
reduction of Mo®t reduces the excess positive charge on
Si¢t by the transfer of negative charge to Si¢+ through
oxygen bridging. This weakens the strength of acid
sites or eliminates the acid sites.
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5-Bromocytosine and phthaloyl-pL-glutamic acid co-crystallize from their aqueous solution in space group PI,
with dimensions of a=10.578(2), =19.640 (4), c=9.890 (3) A, «=88.13 (2), 8=107.86 (3), y=104.26 (1)°. Two

molecular complexes and one water molecule are in an asymmetric unit.

The structure was solved by the heavy

atom method and refined by a block-diagonal least-squares method. The 5-bromocytosine molecule binds with y-
carboxyl group of the amino acid through NH.--O and OH.--O hydrogen bonds. In spite of largely different mo-
lecular environment in the crystal from that of 5-bromocytosine: N-tosyl-L-glutamic acid complex, the mode of

interaction between the nucleotide base and the amino acid is the same.

Thus, it is suggested that the present geo-

metry is a typical binding mode between cytosine and acidic side group of amino acid.

The present structure determination is a part of the
serial studies on specific binding patterns of nucleotide
base-amino acid interactions.

As reported in Part II on the 5-bromocytosine:N-
tosyl-L-glutamic acid complex (BCTG),V we have found
a specific hydrogen bond of cytosine with y-carboxyl
group of glutamic acid, not with a-carboxyl group. In
cytidine: N-benzyloxycarbonyl-L-glutamic acid complex
dihydrate,? on the other hand, cytosine binds with «-
carboxyl group of glutamic acid. As a-carboxyl group
is used for peptide bond formation in protein except for
its C-terminal, the hydrogen bonds between cytosine and
y-carboxyl group may represent a more general mode of
interaction. So, it must be examined whether the
interaction mode found in BCTG complex is preserved
or not, when the molecular environment in a crystal is
altered. We have investigated this by the structure
analysis of the title complex which has a different N-
protective group of glutamic acid from BCTG.

Experimental

Plate crystals were obtained from an aqueous solution
containing equimolar quantities of the two components.
The complex formation was confirmed by IR spectroscopy
and an elementary analysis of these crystals. Found: C,
43.12; H, 3.39; N, 12.289,. Caled for C,H,N,OBr.
Cy;H,;NOg- 1/2H,0: C, 42.87; H, 3.39; N, 11.779%,. Diffrac-
tion pattern of the crystal indicated the crystal system to be
triclinic. The wunit-cell dimensions were determined by
least-squares calculations from 89 reflexions recorded on
equator Weissenberg photographs about the three different

TaBLE 1. CRYSTAL DATA

5-Bromocytosine: phthaloyl-pL-glutamic acid
hemihydrate

CH,N,OBr-C,;H;NO,- 1,H,O

F.W.=476.2

Crystal system: triclinic

Space group: P1

e=10.578 2) A $=19.640 (4) A ¢=9.890 (3) A

«=88.13 (2)° B=107.86 (3)° yp=104.26 (1)°

U=1893.3 (7) A* Z=4

D.=1.671gcm-?* D_ =1.69gcm-3

4 (CuKe)=38.11 cm-?

axes, calibration being made with superposed silicon lines
(@=5.43075 A). These results are listed in Table 1.

Diffraction data were collected on equi-inclination Weissen-
berg photographs (0kl-7k! and £k0-kk7) using Ni-filtered CuKa
radiation and the intensities were measured by a TV densi-
tometer.¥ The crystals used for the a- and c-axis rotations
were 0.1xX0.2XxX0.3 mm and 0.07x0.19%0.36 mm in size,
respectively.  Corrections were made for Lorentz and
polarization effects and spot size, but not for absorption. A
total of 7649 independent reflexions was obtained, of which
zero-reflexions numbered 3908. The N(z) test? indicated
the crystal to be centro-symmetric; this is reasonable because
the amino acid derivatives is racemic, thus the space group
being decided to be PI. The density, measured by flotation
in a CHBry-CCl; mixture, indicated that there are two
molecular complexes and one water molecule in an asymmetric
unit,

Structure Determination
and Refinement

The structure was solved by the heavy atom method,
and refined by a block-diagonal least-squares method,
the minimized function being X wAF? where AF=
|Fyl—|F.|. In this refinement, the zero-reflexions
were assumed to have the value of |Fy|,;, (=4.31).
The zero-reflexions for which |F,| values were smaller
than |F,| 1, were omitted in each cycle of refinement.
The weight function used was as follows: w=exp(—as?—
bt2—est—ds—et— f) for |Fo|>|F,| nin, where s=|F,| and
t=sinb/i; w=1/<AF2?> for |F,|=|F,lpin- The coef-
ficients, a—f, were evaluated by least-squares at each
cycle of the structure refinement so that <<wAF2z>=1.
The refinement was terminated when the maximum
shift of parameters was less than 0.04¢ and 0.06¢ for
positional and thermal parameters, respectively. At
the final cycle, the coefficients of weight function were
0.00006012, 23.72, —0.05158, 0.04557, —21.35, and
5.304, respectively, and weight for |F,|,;, was 0.0763.
The final value of R is 0.13 (R,=0.11). For reflexions
of |F,|>30 (6=1/s/w), R is 0.078. The comparison
between observed and calculated structure factors is
given in Table 2.5 Atomic scattering factors used were
taken from ‘““International Tables for X-Ray Crystallo-
graphy.”® The final positional and thermal para-
meters are given in Table 3.
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TABLE 3.

FINAL POSITIONAL AND THERMAL PARAMETERS
The temperature factor has the form

Standard deviations are given in parentheses.

exp[— (B11h2+ Pagk®+ Baal®+ Brahk+- Brahl+ Bagkl)].

plied by 104

All parameters have been multi-

91

Atom x J < B Beo Baa Bie Bia Bes
N(1A) —5030(7) 732(3) 6337(8) 85(7) 26(2) 162(11) 31(6) 84(14) 48(7)
C(2A) —4185(8) 332(4) 7115(9) 80(8) 20(2)  139(11) 14(6) 61(15) 21(7)
N(3A) —3009(6) 337(3) . 6883(8) 77(6) 24(2) 134(9) 18(5) 68(13) 30(6)
C(4A) —2623(7) 753(4) 5895(9) 80(8) 23(2) 129(11) 24(6) 58(15) 20(7)
C(5A) —3498(8) 1153(4) 5043(8) 90(8) 24(2) 100(10) 18(6) 54(14) 25(7)
C(6A) —4695(8) 1125(4) 5285(10)  100(9) 26(2)  131(11) 30(7) 49(16) 27(8)
O(2A) —4612(5) —54(3) 8042(7) 90(6) 28(2) 159(8) 29(5) 101(12) 52(6)
N(4A) —1408(7) 777(4) 5741(9) 89(7) 34(2) 174(11) 39(7) 106(15) 54(8)
Br(5A) —2979(1) 1711(0) 3616(1) 124(1) 27(0)  123(1) 27(1) 91(2) 32(1)
N(1B) 2738(7) —278(3) 8361(8) 91(7) 26(2) 148(10) 33(6) 98(14) 39(7)
C(2B) 1906(8) 120(4) 7563(9) 98(8) 20(2) 140(11) 29(6) 78(16) 34(8)
N(3B) 631(6) 26(3) 7603(8) 86(7) 24(2) 145(9) 35(6) 82(13) 49(7)
C(4B) 147(8) —469(4) 8427(9) 88(8) 27(2) 126(11) 24(7) 87(16) 28(8)
C(5B) 992(8) —896(4) 9241(9) 95(8) 42(2) 107(10) 32(7) 42(15) 19(7)
C(6B) 2277(8) —790(4) 9184(9). 102(9) 24(2) 131(11) 30(7) 75(16) 27(8)
O(2B) 2412(6) 574(3) 6810(7) 111(6) 27(2)  179(9) 38(5) 129(13) 76(6)
N@4B) —1124(7) —543(4) 8446(9) 97(8) 33(2) 185(12) 46(7) 121(16) 62(8)
Br(5B) 324(1) —1569(0)  10424(1) 116(1) 30(0) 165(1) 33(1) 117(2) 58(1)
O(3A) —6109(7) —4305(3) 8387(8) 138(8) 26(2) 171(10) —3(6) 120(14) —6(6)
O(4A) —4113(7) —3543(3) 8568(9) 111(7) 32(2)  222(12) 10(6) 136(15) —4(8)
C(7A) —5336(8) —3740(4) 8744(9) 94(8) 27(2) 111(10) 19(7) 57(15) 23(8)
C(8A) —5644(8) —3147(4) 9482(9) 77(8) 27(2)  129(11) (7) 69(15) 21(8)
C(9A) —4460(9) —2769(4) 10761(10) 116(10) 24(2) 129(11) 15(7) 39(17) 12(8)
C(10A) —3510(9) —2135(5) 10386(12) 98(9) 30(3) 192(15) 20(8) 51(19) 34(10)
C(11A) —4175(8) —1537(4) 9923(10) 83(8) 26(2) 153(12) 25(7) 44(16) 19(8)
O(5A) —3493(7) —1074(4) 9235(10) 117(7) 35(2) 287(14) 52(6) 188(17) 88(9)
O(6A) —5212(7) —1475(4) 10126(9) 109(7) 41(2)  251(13) 60(7) 138(16) 53(9)
N(5A) —6893(7) —3428(3) 9846(8) 94(7) 20(2) 137(9) 22(5) 77(13) 40(6)
C(12A) —8141(9) —3236(4) 9241(10) 108(9) 24(2)  134(11) 29(7) 78(17) 28(8)
C(13A) —7027(8) —3963(4) 10794(9) 95(8) 22(2)  127(11) 22(7) 57(15) 21(8)
O(7A) —8303(7) —2807(4) 8333(8) 128(8) 39(2) 176(10) 54(7) 99(14) 94(8)
O(8A) —6090(6) —4208(3)  11459(7) 108(6) 26(2) 157(9) 40(5) 83(12) 60(6)
C(14A) —9106(8) —3649(4) 9944(8) 96(8) 24(2) 101(10) 21(7) 60(15) 18(7)
C(15A) —10423(9) —3643(5) 9801(9) 100(9) 33(3) 111(11) 30(8) 48(16) 14(8)
C(16A) —11105(9) —4105(5) 10616(10)  109(10)  37(3) 128(12) 38(8) 70(17) 9(9)
C(17A) —10458(9) —4549(5)  11532(9) 102(9) 32(3) 111(11) 23(8) 64(16) 4(8)
C(18A) —9101(8) —4552(4) 11675(9) 106(9) 25(2) 99(10) 15(7) 65(15) 10(7)
C(19A) —8448(8) —4097(4) 10854(9) 92(8) 22(2) 114(10) 24(6) 68(15) 11(7)
O(3B) 3892(6) 4443(3) 5505 (8) 110(7) 35(2) 169(10) —15(6) 110(14) 8(7)
O(4B) 2956(6) 4386(3) 7247(7) 110(7) 31(2) 136(8) 9(5) 88(12) —2(6)
C(7B) 3077(7) 4145(4) 6086(8) 77(7) 26(2) 94(9) 18(6) 25(13) 14(7)
C(8B) 2148(7) 3414(4) 5626(9) 74(7) 25(2)  128(10) 33(6) 79(14) 42(7)
C(9B) 2112(8) 3148(4) 4179(9) 103(9) 23(2) 115(10) 6(7) 63(16) 21(7)
C(10B) 1299(9) 2384(4) 3827(10) 115(10)  24(2) 134(11) 26(7) 49(17) 19(8)
C(11B) 1970(8) 1894(4) 4817(10) 92(8) 25(2)  163(13) 23(7) 113(17) 37(8)
O(5B) 1096(6) 1303(3) 4943(8) 95(6) 26(2) 209(11) 14(5) 111(13) 51(7)
O(6B) 3177(6) 2014(3) 5451(10) 70(6) 31(2) 294(14) 26(5) 53(15) 50(8)
N(5B) 780(6) 3392(3) 5681(7) 79(6) 21(2) 118(8) 23(5) 69(12) 33(6)
C(12B) 113(8) 2932(4) 6508(9) 89(8) 19(2) 121(10) 7(6) 76(15) 18(7)
C(13B) 1(8) 3838(4) 4945(9) 93(8) 24(2)  125(11) 34(7) 48(15) 23(7)
O(7B) 594(6) 2505(3) 7264(7) 131(7) 31(2) 180(10) 51(6) 147(14) 74(7)
O(8B) 373(7) 4296(3) 4203(8) 140(8) 34(2) 179(10) 57(6) 119(15) 72(7)
C(14B) —1251(7) 3087(4) 6217(9) 72(7) 26(2) 135(11) 1(6) 75(15) —17(8)
C(15B) —2345(10) 2769(5) 6711(11) 108(10) 39(3) 156(14) —13(9) 125(20) —49(10)
C(16B) —3528(10) 3040(7) 6202(13) 91(10) 54(4) 188(16) 33(10) 85(20) —52(13)
C(17B) —3562(10) 3576(7) 5297(12) 90(10) 61(5) 168(16) 54(11) 45(20) —6(14)
C(18B) —2459(10) 3906(6) 4833(12) 92(10) 52(4) 174(15) 62(10) 25(19) —7(12)
C(19B) —1307(8) 3631(4) 5289(9) 80(8) 28(2)  121(11) 32(7) 25(15) 8(8)
O(9) 3512(6) 4493(3) 2602(7) 127(7) 29(2) 147(8) 37(6) 76(13) 22(6)
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Results and Discussions

Bond lengths and angles of the two independent
molecules are listed in Table 4. The values for corre-
sponding bonds are in good agreement, and their
averages are given in Fig. 1. The effects of bromine
substitution on the bond lengths and angles of pyrimi-
dine ring is not so large; somewhat longer C(2)-O(2)
bond and shorter C(2)-N(3) bond are observed as com-
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pared with the authentic values of neutral cytosine,? but
these should be attributable partly to the effects of strong
hydrogen bonds involving O(2) (Table 5), which are
also observed in BCTG complex.) The crystallograph-
ically independent molecules are shown in Fig. 2.

The molecules are arranged in layers parallel to the
(021) plane (Fig. 3). Asshown in Fig. 4, four a-carboxyl
groups and two water molecules constitute a 14-mem-
bered ring around the center of symmetry at 1/2, 1/2,
1/2 by hydrogen bonds, O(4A)YH:--O(9), O(9)H:--O

TaBLE 4. BOND LENGTHS AND ANGLES OF THE TWO INDEPENDENT MOLECULES
Standard deviations are given in parentheses.

Molecule Molecule
Bond lengths (I//A) —_— —_—
B A B
N(1)-C (2) 1.38(1) 1.37(1) C(2)-N(3) 1.33(1) 1.33(1)
N (3)-C (4) 1.35(1) 1.35(1) C (4)-C (5) 1.42(1) 1.43(1)
C (5)-C (6) 1.35(1) 1.34(1) C (6)-N (1) 1.36(1) 1.36(1)
C(2)-0(2) 1.29(1) 1.27(1) C(4)-N@4) 1.33(1) 1.32(1)
C (5)-Br(5) 1.891(8) 1.887(8)
C(7)-0(@3) 1.19(1) 1.20(1) C(7)-0(4) 1.32(1) 1.31(1)
C(7)-C (8) 1.54(1) 1.52(1) C (8)-N(5) 1.45(1) 1.46(1)
C (8)-C(9) 1.53(1) 1.53(1) C (9)-C (10) 1.51(1) 1.53(1)
C (10)-C(11) 1.50(1) 1.50(1) C(11)-O(5) 1.32(1) 1.32(1)
C(11)-0(6) 1.21(1) 1.20(1)
N (5)-C (12) 1.41(1) 1.41(1) N (5)-C (13) 1.40(1) 1.39(1)
C (12)-C (14) 1.48(1) 1.49(1) C (13)-C (19) 1.48(1) 1.48(1)
C (14)-C (19) 1.39(1) 1.39(1) C (14)-C (15) 1.36(1) 1.39(1)
C (15)-C (16) 1.41(1) 1.42(2) C (16)-C (17) 1.38(1) 1.36(2)
C(17)-C(18) 1.40(1) 1.39(2) C (18)-C(19) 1.39(1) 1.40(1)
C (12)-0(7) 1.21(1) 1.21(1) C (13)-0O(8) 1.21(1) 1.21(1)
Molecule Molecule
Bond angles (¢/°) —— e
A B A B
C(@2)-N(1)-C(6) 120.4(7)  121.4(7) C (8)-N(5)-C (12) 125.4(7)  124.1(7)
N(1)-C(2)-0(2) 116.5(7)  117.2(8) C (8)-N(5)-C (13) 123.3(7)  123.5(7)
N(1)-C (2)-N(3) 120.9(7)  120.4(8) C (12)-N(5)-C (13) 111.2(7)  112.4(7)
0(2)-C(2)-N(3) 122.6(8) 122.5(8) N (5)-C(12)-C (14) 106.0(7) 105.4(7)
C(2)-N(3)-C 4) 119.5(7)  119.8(7) N (5)-C (12)-0(7) 123.7(8)  124.8(8)
N (3)-C (4)-C (5) 120.6(7)  120.5(8) C (14)-C (12)-0(7) 130.3(8)  129.8(8)
N (3)-C (4)-N (4) 118.2(8)  117.9(8) N (5)-C (13)-C (19) 106.1(7)  105.5(7)
C (5)-C (4)-N(4) 121.2(8)  121.7(8) N (5)-C (13)-O (8) 123.3(8)  124.8(8)
C (4)-C (5)-C (6) 118.4(8)  118.6(8) C (19)-C (13)-O(8) 130.4(8)  129.7(8)
C (4)-C (5)-Br(5) 120.4(6)  120.1(6) C(12)-C(14)-C(15)  130.3(8)  129.9(8)
C (6)-C (5)-Br(5) 121.2(6)  121.2(6) C(12)-C(14)-C(19)  108.1(7)  107.8(7)
C (5)-C (6)-N (1) 120.1(8)  119.3(8) C(15)-C (14)-C(19)  121.7(8)  122.3(8)
C(13)-C(19)-C (14)  108.4(7)  108.9(7)
0(3)-C (7)-0 (4) 124.6(8)  124.2(8) C(13)-C(19)-C(18)  130.2(8)  129.7(9)
0O(3)-C(7)-C(8) 123.9(8) 123.7(8) C (14)-C (19)-C (18) 121.4(8) 121.4(9)
O (4)-C (7)-C (8) 111.4(7)  111.9(7) C (14)-C(15)-C (16)  117.7(8)  115.6(9)
C(7)-C (8)-N (5) 108.8(7)  109.8(6) C(15)-C(16)-C (17)  121.2(9)  121.2(11)
C (7)-C (8)-C (9) 114.8(7)  113.8(7) C(16)-C(17)-C(18)  120.9(9)  123.2(11)
N (5)-C (8)-C (9) 112.1(7)  111.7(7) C(17)-C(18)-C(19)  117.2(8)  116.1(10)
C(8)-C (9)-C (10) 114.0(8)  112.3(7)
C(9)-C(10)-C (11) 112.8(8)  111.8(8)
C (10)~(11)-O (5) 111.8(8)  113.1(8)
C (10)-C (11)-O (6) 125.5(9)  124.7(9)
0(5)-C (11)-0 (6) 122.8(8)  122.2(9)
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Fig. 1.

The average bond lengths (//A) and angles (¢/°) of the two independent

5-bromocytosine and phthaloylglutamic acid molecules.

TABLE 5.

DISTANCES AND ANGLES OF HYDROGEN BONDS

(CH---O contacts are also listed in this table.)

Distance (//A)

N(IA)...O(2B)* 2.83 N(IB)---O(2A)® 2.84 N(4A)...N(3B)* 3.03
N(4B)..-N(3A)° 3.00 N(4A)..-O(5B)* 2.93 N(4B)...O(5A)° 2.80
O(5A)---O(2A)° 2.64 O(5B)..-O(2B)° 2.58 O(4B).--O(3A)¢ 2.67
0(9)---O(3B)° 2.78 O(4A)---O(9)° 2.53 0(9)---O(8A)¢ 2.75
C(6A)---O(6B)* 3.21 C(6B)---O(6A)® 3.14

Angle (/)
N(1A)---O(2B)*-C(2B)*  126.1 C(2A)-N(1A)...O(2B)* 117.2 C(6A)-N(1A)...O(2B)* 122.0
N(IB)---O(2A)>-C(2A)®  125.5 C(2B)-N(1B)..-O(2A)® 116.6 C(6B)-N(1B)---O(2A)® 121.8
N(4A)---N(3B)*-C(2B)°  123.7 N(4A)..-N(3B)—C(4B)°  116.3 C(4A)-N(4A).--N(3B)° 124.0
N(4B)---N(3A)-C(2A)°  123.4 N(4B)-.-N(3A)°-C(4A)*  117.0 C(4B)-N(4B)...N(3A)° 125.3
N(4A).--O(5B)°*-C(11B)*  141.8 N(4A)---O(5B)%--O(2B)°  92.0 C(4A)-N(4A)...O(5B)° 159.3
N(4B).--O(5A)-C(11A)°  149.6 N(4B)---O(5A)%.--O(2A)°  92.8 C(4B)-N(4B)...O(5A)° 158.0
O(5A)---O2A)-C(2A)°  122.1 O(5A).--N(4B)°...N(3A)*  76.7 O(5A).--O(2A)%---N(IB)*  109.1
C(11A)-O(5A)---O2A)  117.5 O(5B)..-O(2B)°-C(2B)*  126.2 O(5B)..-N(4A)*-..N(3B)*  75.2
O(5B)---O(2B)*---N(1A)®  106.1 C(11B)-O(5B)-.-O(2B)°  108.4 O(4B)..-O(BA)-C(7A)¢  158.0
C(7B)-O(4B).--O(3A)¢ 128.2 0(9)---O(3B)°~C(7B)* 127.4 C(7A)-O(4A)---O(9)° 113.4
0(9)---O(BA)*-C(I13A)  122.8 C(6A)---O(6B)*~C(11B)*  127.9 N(1A)-C(6A)... O(6B)® 88.2
C(5A)-C(6A)---O(6B)* 145.2 C(6B).--O(6A)*-C(11A)®  147.0 N(IB)-C(6B)---O(6A)® 99.7
C(5B)-C(6B)---O(6A)® 140.6

atat —1+4x,9, 2. bratldxyp 2z c:atxy, 2z

(3B), and O(4B)H:--O(3A). Distance of O(4A)--
O(9) is fairly shorter than those of the other OH---O
hydrogen bonds (Table 5). Similar short O---O
distances are also observed in oxalic acid dihydrate
(2.512 A)® and pyromellitic acid dihydrate (2.549 A).9
Furthermore, this ring is connected with those in the
neighboring unit-cells by the hydrogen bond between
water molecule and O(8) atom of phthaloyl group in the
A molecule, to complete a three-dimensional network.
The structure is further stabilized by the overlapping of
the phthaloyl groups; the dihedral angle between the
mean planes of the two independent phthaloyl groups is
5.1° and the spacing is about 3.4 A.

d:at l1+4x, 14y, 2.

erat —x, —y, l—z2. fratl4x 14y, —142

The hydrogen bonding arrangements in the layer is
illustrated in Fig. 5, relevant distances and angles being
listed in Table 5. The 5-bromocytosine molecules are
linked by the hydrogen bonds, N(1A)H---O(2B), N
(IB)H---O(2A), N(4A)H---N(3B), and N(4B)H:-N
(3A), to form a ribbon elongated along [100] direction.
To the ribbon, y-carboxyl group of a glutamic acid is
bound through hydrogen bonds in which O(5) atom is a
donor to O(2) of 5-bromocytosine and at the same time
an acceptor from N(4) of the neighboring base. In
addition, O(6) seems to make a CH---O type interaction
with C(6) of the base A’. The other crystallographical-
ly independent glutamic acid also interacts to the ribbon
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Fig. 2. A stereoscopic view of 5-bromocytosine: phthaloylglutamic acid.
Thermal ellipsoids are drawn at the 50%, probability level.

Fig. 3.

in the same way. It is interesting to note that amino
acids bound to one cytosine’s ribbon are the same optical
isomers.

As seen from the hydrogen bond scheme described
above, the N(3) atom of cytosine is not protonated ; the
C(2)-N(3)-C(4) bond angle of cytosine 119.6° is close
to unprotonated form,” and the distances and angles of
o- and p-carboxyl groups of glutamic acid correspond to
those of undissociated acid.

Each pyrimidine ring is planar within 0.02 A and

A stereoscopic view of the crystal structure.

each bromine atom also lies in the plane. The dihedral
angle between these mean planes is 11.5°.

The conformations of two glutamic acids A and B are
different to each other mainly in torsions around the
C(7)-C(8) and C(8)-C(9) bonds, as shown in Table 6.
In the molecule A, the C(8)-N(5) bond is nearly parallel
to a~-carboxyl plane and the torsion angle of C(7)-C(8)-
C(9)-C(10) is a nearly right angle, while in the molecule
B, the C(8)-C(9) bond is parallel to a-carboxyl plane
and C(7), C(8), C(9), and C(10) are nearly coplanar.
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Fig.4. Thehydrogen bonding network around the center
of symmetry at 1/2, 1/2, 1/2 viewed along the a axis.

The side chains of glutamic acids are folded by the rota-
tions around C(9)-C(10) bonds, in contrast to the ex-
tended form found in BCTG complex.!

As described above, the present crystal structure is
different from that of BCTG in a mode of interlayer
interaction, in hydrogen bonds of the a-carboxyl groups,
and in the conformations of glutamic acids. In spite of
these differences, binding scheme between 5-bromocyto-
sine and y-carboxyl group of glutamic acid is the same
as that of BCTG, suggesting that this binding is a
typical mode between 5-bromocytosine and the acidic
amino acid.

The other type of complex formation between cyto-
sine and glutamic acid has been reported for cytidine:
N-benzyloxycarbonyl-L-glutamic acid complex dihy-
drate,? in which cytosine moiety interacts with dissoci-
ated a-carboxyl group. Such a difference may be attri-

Teeo” ®

(a) (b)
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Fig. 5. A projection of one layer of 5-bromocytosine:

phthaloyl-prL-glutamic acid onto the (021) plane. This

illustrates the hydrogen bonding arrangement in the

complex. The crystallographically independent mole-

cules are labeled as A and B.

TABLE 6. TORSION ANGLES OF THE TWO
INDEPENDENT GLUTAMIC ACID
Molecule
—————
A B
O(3)-C(7)-C (8)-N (5) 8.8° —138.3°
O (4)-C (7)-C (8)-N(5) —171.1 46.4
C(7)-C (8)-N(5)-C (12) —113.0 —121.4
C (7)-C (8)-N (5)-C(13) 62.8 56.9
C(9)-C(8)-N(5)-C(12) 119.0 111.4
C (9)-C (8)-N (5)-C (13) —65.2 —70.3
O(3)-C(7)-C (8)~-C (9) 135.0 —12.3
O 4)-C(71)-C8)-C(9) —44.6 172.4
N(5)-C (8)-C (9)-C (10) —144.8 —61.3
C (7)-C (8)-C (9)-C(10) 90.4 173.7
C (8)-C(9)-C(10)-C (11) 69.0 —65.5
C (9)-C (10)-C (11)-O(5) —162.4 154.3
C (9)-C (10)-C (11)-O(b6) 16.9 —25.4
_—\_—<O
OH
H

)

Fig. 6. The hydrogen bond scheme of (a) present and BCTG complexes, (b) cytosine: resorcylic acid 2: 1
complex monohydrate, and (c) a model of interaction between acidic side group of amino acid and the

Watson-Crick G: C pair.
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buted to the bromine substitution at C(5) of cytosine.
Bromine at C(5) decreases the basicity of cytosine, so
that a protonation to N(3) is inhibited ; pK, of 5-bromo-
cytosine is 3.04 while those of cytosine and cytidine are
4.61 and 4.1,9 respectively. In cytidine:N-benzyl-
oxycarbonyl-L-glutamic acid, cytosine base is protonated
and then hydrogen-bonded with stronger acid, «-
carboxyl group of glutamic acid, while in the present
and BCTG complexes, the protonation of the base is
inhibited so that it becomes possible to interact with
milder y-carboxyl group. This argument is supported
by the recent structure analysis of cytosine:phthaloyl-
pL-glutamic acid complex,’™) in which cytosine binds
with a-carboxyl group of glutamic acid.

Schematic drawing of complex molecules found in the
present and BCTG complexes in Fig. 6(a) shows that the
mode of three parallel hydrogen bonds of cytosine re-
sembles the triple hydrogen bond in the Watson-Crick
guanine:cytosine pair. A similar feature is also found
in cytosine: resorcylic acid 2: 1 complex monohydrate!?
(Fig. 6(b)), in which the triple hydrogen bond is formed
between neutral and protonated cytosines; furthermore,
dissociated carboxyl group of resorcylic acid binds
through a hydrogen bond to cytosine in the same geo-
metry as those in the present and BCTG complexes.
Thus, if the base on the right side in Fig. 6 (a) and (b) is
replaced by guanine as in Fig. 6(c), it might provide a
model of interaction between paired cytosine and acidic
side group of amino acid. Recently, some model build-
ing13:1%) concerning mutual recognition between double
helical nucleic acid and protein have been reported, but
the present model is the first one based on the observed
interaction between nucleotide base and amino acid in
the crystal. It is known that elongation factors T, and
G, and initiation factor F, in protein synthesis are all
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acidic protein. Therefore, the present structure might
be effected if some acidic side groups of these factors
would interact with tRNA, mRNA, and rRNA.

Part of the cost of this research was met by a Scientific
Research Grant from the Ministry of Education to which
the authors’ thanks are due.
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On the basis of the second-order Jahn-Teller theorem, we propose a criterion for predicting the stable ground-

state geometrical structures of open-shell conjugated hydrocarbons.

It is found that in contrast with the cases of the

parent closed-shell hydrocarbons no molecular symmetry reduction occurs in the ion radicals of the C,H,,_, cata-

condensed nonalternant hydrocarbons, such as pentalene and heptalene.
ion radicals of fulvalene systems suffer the molecular symmetry reduction from Dy, to C,,.

On the other hand, it is revealed that the
In addition, the electron-

ic spectra were calculated using the stable geometrical structures obtained by use of the semiempirical open-shell

SCF MO method.

It is well known that the ground states of odd cyclic
polyene radicals, e.g. the cyclopentadienyl radical, and
ion radicals of even cyclic polyenes, e.g. the benzene
positive ion, are unstable in the fully symmetrical nu-
clear arrangements and undergo the first-order Jahn-
Teller distortions.! Further, the closed-shell C,,H,,_,
cata-condensed nonalternant hydrocarbons, considered
to be formed by the introduction of a cross-link between
the two carbon atoms of like parity in even cyclic poly-
enes with 4n s-electrons, such as pentalene and hep-
talene, are found to suffer the second-order (pseudo)
Jahn-Teller effects in the fully symmetrical nuclear
arrangements and to be unstable with respect to the nu-
clear deformation of bond alternation type.?) Our
present interest is to examine whether the second-order
Jahn-Teller distortions occur or not in the ground states
of the ion radicals of C,,H,,_, cata-condensed nonalter-
nant systems.

In order to predict the stable molecular shapes of
closed-shell conjugated hydrocarbons, we have proposed
a symmetry rule on the basis of the so-called pseudo
Jahn-Teller theorem,3-5 assuming that only the lowest-

i m*

JO@ 2

vir* vin*

O- > L

Fig. 1. Carbon skeletons and choice of axes for some
open-shell conjugated hydrocarbons. The + or — sign
of the superscript refers to the cation or the anion radical,
respectively. I: Pentalene, I1: heptalene, III: azulene,
IV: triafulvalene, V: pentafulvalene, VI: heptafulva-
lene, VII: nonafulvalene, VIII: naphthalene, IX:
pentadienyl radical, X: benzyl radical, XI: allyl radical.

X

lying excited state plays a dominant role for the problem
of a molecular symmetry reduction. In spite of the very
drastic approximation, this rule has been shown to hold
for a large number of conjugated hydrocarbons.2:3:6-8)
In this paper, we derive a criterion for a molecular
symmetry reduction in open-shell conjugated systems,
and examine the stable molecular shapes of some ion
radicals of (a) C,,H,,—, cata-condensed nonalternant
systems, (b) C,,,,H,, fulvalene systems, and (c) alter-
nant systems (Fig. 1). Moreover, we calculate the
electronic spectra using the stable geometrical structures
obtained by use of the open-shell SCF MO method.

Theoretical

The Second-order Jahn-Teller Effect. The method
for predicting the stable molecular shapes of conjugated
hydrocarbons is based on the second-order Jahn-Teller
theorem. First we assume a fully symmetrical nuclear
arrangement as the unperturbed nuclear configuration
for an open-shell conjugated hydrocarbon. We further
assume that in the unperturbed nuclear configuration all
the fully symmetrical bond distortions take place until
the first-order energy equilibrium is reached. The
unperturbed doublet electronic wavefunctions ¢,, ¢,
-y ¢, -~ and the corresponding eigenvalues E,, E),
-, E,, -- are assumed to be known. We now distort
the nuclei from the fully symmetrical (first-order) nu-
clear arrangement by means of the ith normal coordi-
nate of nuclear motion Q;. On the basis of the same
approximation as used previously,® the energy of the
ground state after the deformation may be written as

<l 39/0Q ol
Ea—Ey) }Q"z

EQ) = B+ {2 3]
n(#0)
where £ and v represent the force constant for an sp? hy-
bridized C-C o-bond and the operator of one electron
nuclear-electron potential energy, respectively.
According to the above equation, the curvature of
E(Q;) with respect to the nuclear deformation Q;
that is, {k—231|<0,|(99/0Q:)olo>I%/(E,—Ey)}, can be

identified as the force constant for the nuclear deforma-
tion Q,; If a given matrix element <{¢,|(0v/0Q;),l-
¢o> is nonvanishing and the associated energy gap
E,—FE, is sufficiently small, the force constant can be
negative and the initial nuclear configuration would be
unstable with respect to the nuclear deformation 0,
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Such a nuclear deformation is called the pseudo, or the
second-order Jahn-Teller effect.

Criterion for a Molecular Symmetry Reduction. In
order to estimate the value of the force constant, we
make the following approximation: the infinite sum over
the excited states is replaced by one term corresponding
to the lowest excited state, ¢;. It has been shown that
this approximation is amply justified at least in the
closed-shell conjugated hydrocarbons.2:3:6-8)

We now focus our attention on the matrix element,
<Pl (09)0Q ;)olpg>, called the relaxability of the
molecule along the nuclear displacement Q ;% It is
obvious from the symmetry argument that this integral
is nonvanishing, only if the symmetry of the direct
product I'(¢,) X I'(¢h,) is identical with that of the nu-
clear deformation Q; We can thus determine the
symmetry of nuclear deformation effective for the molec-
ular symmetry reduction. It should be noted that in
the closed-shell systems the ground state is, in principle,
totally symmetric, the symmetry of nuclear deformation
Q ;is identical with that of the lowest excited singlet state.

In order to calculate electronic states of open-shell
conjugated hydrocarbons, we employ Longuet-Higgins
and Pople’s method.!'® According to their method, a
doublet ground state wavefunction is written as

o = |0:1®1 *** P 1Pm-19m)
where ¢,, is the molecular orbital of an odd « electron.
As the main electron configuration of the lowest excited
doublet state, the following two types of electron excita-
tion are possible:
(i) The excitation of the f electron in ¢, to ¢,,, which
gives rise to the doublet wavefunction

G4 = |01y - ¥’m-1§7’m§0m|
(i) The excitation of the odd electron to ¢,,,;, which
gives rise to the doublet wavefunction
¢B = l¢l¢l ¢m—1¢m-1§0m+1]

Since (0v/0Q ;) is the one-electron operator, the ma-
trix element <{¢,|(00/6Q ;)yl¢9o> is reduced to Jpy-
(0v]0Q ;)odT, where py, is the so-called transition density.
The value of this integral may become very large if the
transition density is localized in the regions near nuclei
which are involved in the motion. The transition den-
sity between the ground and the lowest excited doublet
state is given by ¢,,-1¢,,, if the latter state is ¢4, or ¢,,-
O i1t is Ps.

It should be noted in this connection that for closed-
shell systems the transition density between the ground
and the lowest excited singlet state corresponding to the
orbital jump ¢,—~¢;, in which ¢; and ¢; are respectively
the highest occupied and the lowest vacant molecular
orbitals, is given by /2 ¢;¢;. Therefore, in so far as the
transition densities for both open and closed-shell sys-
tems are assumed not to vary significantly according to
the molecular orbitals concerned, the square of the
matrix element, |<¢|(09/0Q;)ol¢o>|2, for open-shell
systems should be about one half as that for closed-shell
systems. As for closed-shell systems, it should be kept
in mind that the following criterion® for the molecular
symmetry reduction holds for a variety of molecules: if
the lowest excitation energy of a molecule, calculated
assuming the full molecular symmetry, is smaller than
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ca. 1.2 eV, the force constant for a certain antisymmetri-
cal nuclear vibration should be negative, and the mole-
cule would be distorted into a less symmetrical nuclear
arrangement,

From the above arguments, we may now draw a cri-
terion for a molecular symmetry reduction in open-shell
conjugated hydrocarbons, which states: if the lowest
doublet excitation energy of a given molecule, calculated
assuming the full molecular symmetry, is smaller than a
critical value, ca. 0.6 €V, the initial nuclear arrangement
is unstable with respect to a certain antisymmetrical
C-C nuclear deformation, and the molecule would be
distorted into a less symmetrical nuclear arrangement.
As to the actual type of nuclear deformation Q;, it is
predicted by examining the distributions of the transi-
tion density 0.

Since it is based on the second-order Jahn-Teller
theorem, the above criterion gives only the type of the
most favorable bond distortion. In order to obtain the
equilibrium C-C bond-length at which the nuclei of the
real molecule will settle, we use the semiempirical open-
shell SCF MO method in conjunction with the variable
bond-length technique.!1:!2)

Results and Discussion

In Table 1 are listed the lowest excitation energies,
calculated by using the semiempirical open-shell SCF

TaBLE 1. THE LOWEST EXCITATION ENERGIES AND
SYMMETRIES OF THE GROUND AND THE LOWEST
EXCITED DOUBLET STATES OF OPEN-SHELL
CONJUGATED HYDROCARBONS

Lowest Excited State

Molecule (Point group and
ground state symmetry)

AE (eV) Symmetry

Pentalenet (Dyy, By, )™ 1.50 A,
Pentalene- (Dy;,, A,) 1.77 B,,
Azulenet (Cy,,A;) 1.31 B,
Azulene- (C,,, By) 1.18 A,
Heptalenet (Dyy, By,) 1.19 B,,
Heptalene~ (Dyy, By,) 1.02 By,
Nonalene* (Dy,, Bs,) 0.78 A,
Nonalene~ (Dy,, A,) 0.99 B,
Triafulvalenet (Dyy, Bs,) 1.55 A,
Triafulvalene- (Dyy, By,) 0.44 A,
Pentafulvalenet (Dyy,, A,) 0.47 B,
Pentafulvalene— (Dgy, By,) 1.22 B,,
Heptafulvalenet (D, Bg,) 1.22 A,
Heptafulvalene- (D, Byp) 0.35 A,
Nonafulvalenet (D, A,) 0.31 By,
Nonafulvalene~ (Dgy, By,) 1.17 B,
Odd linear polyene radicals

C,H; (Cs,, A,) 3.05 B,
C;Hy (Cyy, By) 2.10 A,
C;H, (Gyyy Ay) 1.95 B,
CeH,y (Cyy By) 1.59 A,
CuHys (Covs Ag) 1.49 B,
CyHyp (Cays By) 1.37 A,

Benzyl radical(C,,, B,) 2.54 B,
Naphthalenet (Dyp,A,) 0.90 By,
Naphthalene— (Dyy, By,) 0.90 By,

a) The 4 or — sign refers to the cation or the anion
radical, respectively.
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MO CI method and the symmetries of the ground and
the lowest excited doublet states at the fully symmetrical
nuclear arrangements.

The Ion Radicals of CpHy,, Cata-condensed Nonalternant
Systems. It is found in a previous paper? that in the
C,,H,, closed-shell systems which has a cross-link be-
tween the two carbon atoms of like parity all the lowest
excitation energies calculated assuming the fully sym-
metrical structures are significantly smaller than the
critical value, which results in the molecular symmetry
reduction accompanied by a marked double-bond fixa-
tion in the peripheral carbon skeleton. On the other
hand, in C,,,.,H,, with a cross-link between the two car-
bon atoms of like parity the lowest excitation energies are
predicted to be considerably larger than the critical
value for small members and a molecular symmetry
reduction would not occur until the number of carbon
atoms increases to a certain value. Pentalene (l-meth-
ylpentalene) and heptalene, both having 4n carbon
atoms, have successfully been synthesized by Bloch et
al.®® and Dauben and Bertelli,'¥ respectively, and are
known to exhibit the polyolefinic characters. The
theoretical studies on both molecules revealed that at
the fully symmetric Dy, configuration the lowest excited
singlet state (Bgg) is nearly degenerate with the ground
state (A;) and therefore the stable geometrical structure
is predicted to be of Gy, symmetry, showing a marked
double-bond fixation in the periphery.

In the cation radicals of pentalene, heptalene, and
nonalene, the distributions of the transition densities are
of by, symmetry and they have a tendency to distort into
a skew structure corresponding to one of the Kekulé type
structures (Fig. 2). However, since the energy gaps of
these radicals are considerably larger than the critical
value, ca. 0.6 €V, we cannot expect such a molecular
symmetry reduction as observed in the parent closed-
shell hydrocarbons.

(by) (bz)

Fig. 2. Symmetries and distributions of the two-center
components of transition densities (0y,). The + or —
sign of the superscript written after the parentheses refers
to the cation or the anion radical, respectively.

Moreover, in the anion radicals of the above mole-
cules, the situation is the same as that seen in the cation
radicals, 7.e., no molecular symmetry reduction occurs.

In the cation and anion radicals of azulene belonging
to Cy,+oHy, system, there is no possibility of a molecular
symmetry reduction from C,y to Cs through the nuclear
deformation of b, symmetry, because of the relatively
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large energy gap.
Results of SCF MO calculations agree that all these

ion radicals, independent of the number of carbon atoms,
undergo no molecular symmetry reduction (Fig. 3).

Fig. 3.

Molecular symmetry groups and C-C bond
lengths (in A unit).

TaBLE 2. TRANSITION ENERGIES AND INTENSITIES
Transi-
Molecule tion AE f
(Point group)  Symme- (eV) (c.g.s) Obsd (V)
try
Azulenet (Cg,) B, 1.31 0.002 1.40%
A, 2.37 0.002
B, 2.42 0.003} 2.60
B, 3.23 0.036
A, 3.83 0.088} 3.37
A, 4.34 0.012
Azulene- (Cy,) A, 1.18 0.003 1.41%
A, 2.49 0.014
B, 2.82 0.003} 2.80
B, 2.99 0.091
B, 3.56 0.002
B, 3.93 0.000
A, 4.18 0.031 4.25
A, 4.53 0.023
Benzyl radical B, 2.54 0.000 b
(Cav) A, 2.63 0.000 } 2.74 (0.003)
B, 4.21 0.000
A, 4.32 0.127} 3-90 (0.025)
B, 5.33 0.675
Naphthalene* B,, 0.90 forb.
(Den) B, 1.74 0.097 1.74%
B,. 2.35 0.005 2.51
B,, 3.30 0.185
B, 3.50 forb. } 3.16
B,, 4.27 0.175 4.00
B,, 4.96 0.487
Naphthalene- B, 0.90 forb. 1.10®
(Dgn) B, 1.74 0.097 1.49
A, 2.35 0.005 2.64
A, 3.30 0.185
B,, 3.50 forb. } 3.32
3.79
B, 4.27 0.175 491
B, 4.96 0.487

a) Ref. 15. b) Refs. 21 and 22.
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It should be noted that using the fully symmetric Cay
geometrical structures obtained, we can well reproduce
the observed electronic spectra!® for both ion radicals of
azulene (Table 2).

The Ion Radicals of Fulvalene Systems. Of fulvalene
systems, C,,..H,,, pentafulvalene (n=2), heptafulva-
lene (r=3), and the ion radicals of heptafulvalene have
been prepared, and their UV and ESR spectra have
been reported.!6:1)  Sevilla et al. have found that in the
cation radical of heptafulvalene the unpaired spin densi-
ty is delocalized throughout the molecule, while in the
anion radical, the spin density is localized essentially on
a single seven-membered ring. In a previous paper!®)
we have explained the origin of the sharp contrast be-
tween the spin density distributions of the cation and
anion radicals of heptafulvalene, by examining the ener-
getically favorable molecular symmetry groups and C-C
nuclear arrangements, using the open-shell SCF MO
method (Fig. 3).

In the cation radicals of triafulvalene (n=1) and hep-
tafulvalene (n=3), the ground state is of By, symmetry
and the lowest excited doublet state is of A, one in the
fully symmetric D,, configuration. The associated
energy gaps of interest (1.55 and 1.22 eV, respectively)
are considerably larger than the critical value, so that we
cannot expect the molecular symmetry reduction to
occur from D,y to Gy, through the nuclear deformation
of bgg symmetry. On the other hand, in the anion radi-
cals for both molecules, the ground state is of B,; sym-
metry and the lowest excited state, nearly degenerate
with the ground state, is of A, one. It is therefore ex-
pected that in the anion radicals the molecular sym-
metry reduction occurs from Dy, to C,, through the nu-
clear deformation of b,, symmetry. Of the several
nuclear deformation with the b;, symmetry, the one
actually effective for the molecular symmetry reduction
is predicted by examining the distributions of the transi-
tion density shown in Fig. 2.

Further, in the cation radicals of pentafulvalene
(n=2) and nonafulvalene (n=4), the lowest excited state
(Byg) is very close to the ground state (A,). Both ion
radicals are predicted to undergo the second-order Jahn-
Teller distortions from D,, to C,, through the nuclear
deformation of by, symmetry, whereas in the anion radi-
cals, the situation is found to be the same as that seen in
the cation radicals of triafulvalene and heptafulvalene.

From the above results, we can deduce the following
rules concerning the molecular symmetry reduction in
the ion radicals of C,, +,H,, fulvalene systems: (i) When
n is odd, a molecular symmetry reduction occurs in the
anion radicals, while (i) when 7 is even, it occurs in the
cation radicals. These rules are interpreted in terms of
Hiickel MO energy level diagrams as follows: if n is odd,
the lowest vacant molecular orbitals of fulvalene systems,
whose symmetries are by, and a,, are accidentally de-
generate with each other. On the other hand, if n is
even, the highest occupied molecular orbitals of b,; and
a, symmetries are also accidentally degenerate. Hence
for anion radicals of case (i), there are two ways of as-
signing one electron to the doubly degenerate molecular
orbitals, which results in the degeneracy of the ground
state in the simple one-electron picture. If we take into
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account the electron repulsion, this degeneracy is re-
moved, but the energy gap between the two split states is
still small as can be seen in Table 1. In a similar man-
ner, for cation radicals of case (ii), there also occurs the
degeneracy of the ground state in the one-electron ap-
proximation.

The Odd Aliernant and Other Ion Radicals. As to
C,,+1Hs,+3 0dd linear polyene radicals, we deal with
those with n=1 to 8. In smaller systems, the energy
gaps are significantly larger than the critical value, and
there would be no possibility for the molecular symmetry
reduction to occur. However, since as n increases, the
energy gap tends to decrease and since in the hypotheti-
cal infinite odd cyclic polyene radical, which is mathe-
matically equivalent to the infinite odd linear polyene
radical,1%20) the nuclear distortion of bond alternation
type should certainly occur, it may be expected that in
molecules with n larger than a certain limiting value
there is a possibility of the second-order Jahn-Teller
distortions to take place through the nuclear deforma-
tion of bond alternation type (Fig. 2).

In benzyl radical, the symmetry of the lowest excited
state is the same as that of the ground state and the
second excited state is located at the appreciably higher
region, i.e., 2.63 eV, so that there is no possibility for the
molecular symmetry reduction to occur.

In the cation and anion radicals of naphthalene, they
undergo no molecular symmetry reduction, since the
calculated energy gaps are larger than the critical value.

Results of SCF MO calculations support the above
predictions, and the transition energies calculated at the
fully symmetric D, configurations for both ion radicals
of naphthalene and those at the fully symmetric C,, con-
figuration of benzyl radical reproduce well the respective
observed transition energies (Table 2).15,21,22)

Conclusion

The problem of a molecular symmetry reduction in
the open-shell conjugated systems are discussed on the
basis of the second-order Jahn-Teller theorem. In con-
trast with the cases of the parent closed-shell hydrocar-
bons, the ion radicals of C,,H,,_, cata-condensed nonal-
ternant hydrocarbons having 4n carbon atoms undergo
no pseudo Jahn-Teller distortions. In the ion radicals
of fulvalene systems, C,,.,H,,, a molecular symmetry
reduction from D, to C,, occurs in the cation radicals if
nis even, and in the anion radicals if n is odd. It is found
further that in odd linear polyene radicals, Cy,+1Hy,+3,
with n larger than a certain critical value the nuclear
configuration with the full molecular symmetry group
should be unstable with respect to the nuclear deforma-
tion of bond alternation type.

Finally, it should be noted that the success of the pre-
dictions based on the energy-gap law is due to the as-
sumption that the transition density does not vary signifi-
cantly according to the molecular orbitals concerned,
i.e., the value of the matrix element, <¢,|(00/6Q;),l-
¢>, called the relaxability of the molecule along the
nuclear displacement is almost constant from molecule
to molecule. In view of the good agreement between
theory and experiment obtained in this paper, we believe
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that this assumption does hold at least for a variety of
conjugated hydrocarbons considered in this paper.

The numerical calculation was carried out at Tohoku
University with an NEAC 2200-700 electronic com-
puter.
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Vibration Spectrd and Rotational Isomerism of Chain Molecules. II.D
Butane, Pentane, Hexane, Pentane-d;2, and Hexane-d14

Issei HARADA, Hideo TAkEUCHIL* Masaaki SAKAKIBARA, Hiroatsu MATSUURA,
and Takehiko SHIMANOUCHI
Department of Chemistry, Facully of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113
(Received July 26, 1976)

The Raman spectra of butane, pentane, hexane, pentane-d;y, and hexane-d,, and infrared spectra of pentane-d,,
and hexane-d,, were measured for the liquid and solid states. The rotational isomerism of normal paraffins was studied

on the basis of the spectral observations and the normal coordinate calculations.

The spectra of the deuterated com-

pounds were useful in the confirmation of the less stable isomers and the establishment of the local symmetry force
field of normal paraffins. The enthalpy differences among the rotational isomers were studied on pentane and
hexane, which yielded some important data for the study of the conformations and properties of longer

hydrocarbons.

The study of the vibrational spectra and rotational
isomerism of normal paraffins was started by Mizushima
and coworkers? and Sheppard and coworkers® about
thirty years ago.

More recently, Snyder e al.9 treated this problem by
the use of the newly observed infrared data and normal
coordinate analysis and obtained the refined valence
force field that could correlate the calculated frequencies
with the observed frequencies satisfactorily for various iso-
mers of normal paraffins. As the result, it has become
clear that some bands that had been used for the deter-
mination of the enthalpy differences are possibly assigned
to more than one vibrations of one form or different
forms. The enthalpy difference between the érans-gauche
(TG) and the trans-trans (T'T) forms and that between
the gauche-gauche (GG) and the TG forms of pentane
have been estimated to be 6004100 cal/mol and 670+
100 cal/mol, respectively.©)

Verma et al.? studied the temperature dependence of

(a)
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Fig. 1.
(a) Liquid (—70 °C),

Raman spectra of butane.
b) solid.

*  Present address: Department of Chemical Engineering
and Chemical Technology, Imperial College, London SW7
2BY, England.

the Raman spectra of gaseous butane, 2-methylbutane
and 2,3-dimethylbutane. They could resolve the Raman
bands which had been observed as single bands and
obtained the enthalpy difference of 966--54 cal/mol
between the G and T forms of butane.

In pursuit of the studies on the vibration spectra and
rotational isomerism of chain molecules,1:6:) we investi-
gated the vibration spectra of normal paraffins and per-
deuterated normal paraffins and obtained the refined
local symmetry force field that explained the frequencies

Y —T T T~ T T T T T T T
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Fig. 2. Raman spectra of pentane.
(a) Liquid (25 °C), (b) liquid (—106 °C), (c) solid
(—176 °C).
The temperature dependence of the intensities of the

bands a through e was examined (see text and Tables
6 and 7).
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Fig. 3. Raman spectra of pentane-d,,.
(a) Liquid (23 °C), (b) liquid (— 100 °C}, (c) solid.
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Fig.5. Raman spectra of hexane-d,,,
(a) Liquid (23 °C), (b) liquid (—95 °C), (c) solid.
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Fig. 4. Raman spectra of hexane.
(a) Liquid (23 °C), (b) liquid (—88 °C), (c) solid (— 153
°C).
The temperature dependence of the intensities of the
bands f through m was examined (see text and Tables 6
and 7).

of both species. In the course of the research, several
new findings including the identification of the less stable
rotational isomers and the determination of the enthalpy
differences among the isomers of pentane and hexane in
the liquid state have been obtained. The present paper
describes the rotational isomerism and vibrational as-
signments of butane, pentane, hexane, pentane-d;,, and
hexane-d;,.

Experimental

Butane (stated purity of 989%) was supplied by Tokyo
Kasei Kogyo Co., Ltd. and was used without further purifica-
tion. Highly pure samples (stated purity of 99.9%) of pentane
and hexane were purchased from Tokyo Kagaku Seiki Co.,
Ltd. and were distilled prior to the measurements. Pentane-
dyy and hexane-dy, (stated purity of 98%) were obtained
from Merck, Sharp, and Dohme of Canada and were trans-
ferred to ampoule Raman cells by the use of a vacuum system.
The spectrometers used are the same as those in the previous
study.V

The Raman spectra were recorded in the region below
1600 cm~!. The measurements of the spectra at low tem-
peratures were performed in the same way as that in a previous
study.® Liquid nitrogen and liquid-nitrogen cooled ethanol
were used as the cooling agent. For the determination of the
enthalpy difference, the Raman spectra were recorded twice
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Fig. 6. Infrared spectra of pentane-d,,.
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Fig. 8. Comparison of the observed spectra and calcu-

lated frequencies of pentane-dy,.

(a) Liquid, (b) solid.

at each of ten different temperatures between — 111 and 23 °C
for pentane and at each of eight different temperatures between
—89 and 23 °C for hexane.

Infrared spectra of pentane-d;; and hexane-d;, in the solid
and liquid states were measured in the region 1600—400 cm—1,

Normal Coordinate Treatment

The normal coordinate treatment of normal paraffin
molecules was carried out in a way similar to the case
of the ethers.)»? The molecules treated are: butane,
pentane, hexane, pentane-d,,, hexane-dy,, poly(ethylene),
and poly(ethylene-dy). Detailed results including struc-
tural parameters, symmetry coordinates, and force
constants are reported in a separate paper.?)

A total of 45 force constants of normal paraffins were
determined from 254 Raman and infrared frequencies of
14 forms of the seven molecular species.**

**  Some of the observed frequencies were assigned to more

than one vibrations of the same isomer or different isomers.
However each of these frequencies was counted as one.
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TaBLE 2. OBSERVED RAMAN FREQUENCIES OF
PENTANE IN cIn~! AND ASSIGNMENTS®

Liquid (—70 °C) Solid Assignment
bye) b)
A TV o, corn
1455 W 1454 VW CH, op-d-deform (T, G)
1441 W s v CHascis (T),
CH, ip-d-deform (G)
1377 VW CH, s-deform (T)
1360 VW 1360 VW CH, wag (T)
1343 VW CH, wag (G)
1303 VW 1304 W CH, twist (T)
1281 VW CH, twist (G)
1181 VW 1182 W CH, rock (T)
1168 VW CH, rock (G)
1150 W 1153 VW CH, ip-rock (T)
1076 VW CC stretch (G)
1058 M 1059 S CC stretch (T)
979 VW CH,; ip-rock (G)
956 VW CC stretch (G)
837 VS 838 VS CC stretch (T)
829 M CC stretch (G)
805 VW CH,; op-rock (T)
789 VW CH; op-rock (G)
430 M 428 W CCC deform (T)
323 Vw CCC deform (G)

a) There is a possibility that the bands observed only
in the solid state are components of crystal field split-
tings. For the notation and definition of the local
symmetry coordinates, see Ref. 10. VS: very strong,
S: strong, M: medium, W: weak, VW: very weak,
sh: shoulder. b) The two Raman bands are due to
the Fermi resonance between the CH, ip-d-deform
vibration (a;) and the overtone of the CH, rocking
vibration (a,). c) Observed at — 140 °C.

Results and Discussion

Figures 1—7 show the Raman and infrared spectra in
the liquid and solid states of the molecules. In Figs. 2
and 4, the comparatively isolated bands for which the
dependence of the relative intensities on temperature has
been examined are identified by letters a through e for
pentane and f through m for hexane. The observed
frequencies and the assignments based on the calculated
potential-energy distributions are listed in Tables 1—5.
In the column of assignment in each table, the conforma-
tion symbol given by boldface indicates that the corre-
sponding frequency is definitely assigned to the rota-
tional isomer based solely on the experimental result or
almost definitely assigned based on the combined results
of the experiments and normal vibration calculations.
The apparent enthalpy differences calculated by assum-
ing that the intensity of each of the bands is due to one
rotational isomer are tabulated in Table 6 and possible
assignments of the bands a through m are listed in Table
7. Part of the observed spectra and calculated frequen-
cies of pentane-d,, are compared in Fig. 8.

Butane (See Fig. 1 and Table 1). Verma et al.%
studied the Raman spectra of this molecule in the gase-

Liquid Solid .
(=106 °C) (—176°C) Assignment
1526 VW 1527 VW 2 x CH, rock (a,) (TT)
1473 M CH, scis (TT)
1465 W, sh 1467 M CH; op-d-deform (TT)
1458 M 1454 M CH;, ip-d-deform (TT)
1450 W, sh™ CH, ip-d-deform (TG)
1438 M 1442 W CH, scis (TT)
1379 VW 1378 VW CH, s-deform (TT, TG)
1365 VW 1365 VW CH, wag (TT, TG)
1343 VW CH, wag (TG)
CH, twist (TT
1303 W 1303 M G e (ng))’
1265 VW CH, twist (TG)
1238 VW 1239 VW CH, twist (TT, TG)
1179 VW 1182 VW CH, rock (TT)
1167 VW CH, rock (TG)
1146 M 1146 M CH, ip-rock (TT)
1140 VW, sh CH, ip-rock (TG)
1075 W CC stretch (TG)
1068 W 1066 M CC stretch (TT)
1038 W 1039 W CC stretch (TT)
1027 W 1027 VW CC stretch (TT, TG)
1015 VW CH, op-rock (TG)
992 VW CC stretch (TG)
986 VW 982 VW CH, op-rock (TT)
920 VW 921 VW CC stretch (TT)
909 VW CH, ip-rock (TG)
900 VW CH, ip-rock (GG)
CH, ip-rock (TT
868 S 870 8 CH: OII))-I‘OCk ((TG)S
857 VW CH; op-rock (TT)
841 M CC stretch (TG)
766 W 760 VW CH, rock (TT, TG)
733 VW CH, rock (TG)
471 W CCC deform (TG)
403 VS 409 VS CCC deform (TT)
337TW CCC deform (TG)
276 VW CCC deform (TG)
190 VW ggg m }CCC deform, torsions
gg w, Sh} Lattice vibrations

a) The observed bands are assigned to the individual
vibrations of the TT and TG forms. The vibration
of the GG form is identified in the table when the
band is assigned only to this form. There is a possibi-
lity that the bands observed only in the solid state are
components of crystal field splittings. For the nota-
tion and definition of the local symmetry coordinates,
see Ref. 10. VS: very strong, S: strong, M: me-
dium, W: weak, VW: very weak, sh: shoulder.
b) Observed at room temperature.

ous and solid states for the purpose of determining the
enthalpy difference between the rotational isomers, but
reported only the spectra in the regions 900—750 cm—!
and 450—300 cm™!. Figure 1 and Table 1 give the
Raman frequency data below 1600 cm~! obtained in the
present measurements and the assignments. The band
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at 421 cm™! observed and assigned to the G form by
Verma et al.®) is missing in the spectrum in the liquid
state at —70 °C. By comparison of the relative inten-
sities of the band and other gauche bands, this band is
assigned to a hot band or combination band of the T
form. The two bands at 842 and 833 cn—! observed in
the gaseous state? are also resolved at 837 and 829 cm™!
in the liquid state at —70 °C. The bands at 1475 and
1464 c—! observed in the solid state may be due to
the Fermi resonance between the CHj, ip-d-deformation
vibration (a,) and the overtone of the CH, rocking

[Vol. 50, No. 1

vibration (a,).

Pentane and Pentane-d,, (See Figs. 2, 3, 6 and 8, and
Tables 2 and 3). The possible conformations are
TT, TG, GG, and GG’ of which GG’ may be the least
stable because of the steric hindrance. The spectra in
the solid state are consistent with the calculated frequen-
cies for the TT form. The spectra in the liquid state are
mostly explained by the coexistence of the TT and TG
forms. The intensities of the bands at 659 and 592 cm—1!
of pentane-d;, observed at room temperature decrease
significantly on cooling compared with those of the TG

TaBLE 3. OBSERVED FREQUENCIES OF PENTANE-d,, IN Cm~} AND ASSIGNMENTS®)
Liquid Solid
O - Assignment
(Bf‘(;ga;ré) Infrared Raman Infrared ¢
1307 VW® 1310 VW, sh? 1307 VW® 1312 VW™
1292 VW 1294 VW®» 1290 VW™ 1295 VW™
1247 VW, sh® 1254 W» 1247 VW™ 1252 VW®
1238 VW 1238 VW 1242 VW CC stretch (TT)
1230 VW 1233 VW CC stretch (TG)
1184 W 1185 W 1184 VW 1184 VW CC stretch (TT, TG)
1156 VW CC stretch (GG)
1142 VW, sh 1143 VW CC stretch (TG)
1135 M 1135 M CC stretch (TT)
1125 M 1124 W CD, scis (TG)
1119 VW 1119 VW CD, scis (TT)
1088 VW, sh 1090 VS 1092 V§ CD, scis (TT)
1074 VW, sh 1079 VW, sh CD, scis (TG)
1057 M 1057 VS 1062 M 1059 VS CD, s-deform (TT, TG)
1055 W, sh CD; s-deform (TT)
1050 W 1049 VS CD, d-deform (TT)
1036 VW, sh CD, wag (TG)
1020 VW™
1008 VW, sh 1013 VW CD, wag (TT)
1002 VW®
984 VW, sh 982 VW, sh CD, rock (TT, TG)
968 M 970 VW 976 VS 975 VW CD; scis (TT), CD; op-rock (TT, TG)
967 VW CD, twist (TT)
953 M 957 VW CD, twist (TG)
942 VW, sh CD, scis (TG)
934 W 937 VS CD, twist (TT, TG)
896 VW, sh»
881 VW 882 VW 879 Vw CC stretch (TT)
873 VW 867 VW CC stretch (TG)
863 VW 862 VW 857 VW CD, wag (TT)
853 VW CD, wag (TG)
842 W 838 W CD, wag (TT)
820 VW, sh»
810 vw"» 808 W, b™
802 VW 794 VW, sh CD, twist (GG)
764 W 767 VW CD, wag (TG)
753 VW, sh CD, twist (TG)
730 VW 732 VW 728 VW CD; ip-rock (TT)
723 VW 726 VW CD, ip-rock (TG)
629 VS 695 W 693 S 695 VW CD, ip-rock (TT, TG)
659 VW, sh CD, rock (GG)
641 VW 643 VW, sh CD,; op-rock (TG)
638 VW 635 VW 635 W CD,; op-rock (TT)
592 VW 589 Vvw CD, op-rock (GG)
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Table 3. (Continued)
Liquid Solid
Raman Assignment
(=100 °C) Infrared Raman Infrared
575 VW 576 VW " CD, rock (TG)
550 VW CD, rock (TT)
542 VW 542 M CD, rock (TG)
530 VW 528 M 529 VW 522 VS CD, rock (TT)
397 VW CCC deform (TG)
358 VS 362 VS CCC deform (TT)
287 VW CCC deform (TG)
233 VW CCC deform (TG) .
195 VW
172 VW CCC deform, torsions
157 VW

69 W

Lattice vibration

a) The observed bands are assigned to the individual vibrations of the TT and TG forms.

The vibration of the

GG form is identified in the table when the band is assigned only to this form. There is a possibility that the

bands observed only in the solid state are components of crystal field splittings.

For the notation and definition

of the local symmetry coordinates, see Ref. 10. VS: very strong, S: strong, M: medium, W: weak, VW: very
weak, sh: shoulder, b: broad. b) Assigned to the partially deuterated compounds or origin unknown.

TaBLE 4. OBSERVED RAMAN FREQUENCIES OF HEXANE IN ¢~} AND ASSIGNMENTS®

Liquid Solid . Liquid Solid .
(—88°C) (—153°C) Assignment (—88°C)  (—153°C) Assignment
1489 VW 1489 W CH, scis (TTT, TTG, TGT) 975 VW CC stretch (TTG)
1480 VW 2x CH, rock (bg) (TTT) 952 VW CC stretch (GTG, GTG)
1466 S CHj; op-d-deform (TTT) 900 VW, sh CH, ip-rock (TTT)
CH, ip-d-deform (TTT, TTG) CH, op-rock (TTT, TTG,
1457 S 1456 S CH_ stis (TGT) ’ ’ 899 VS 898 M TG )
1450 VW, sh 1450 VW, sh 2 x CH, rock (a,) (TTT) 891 M CH, ip-rock (TTG)
CH, scis (TTT, TTG), 870 M CC stretch (TTG)
1438 5 0w CH, ip-d-deform (TGT) 824 M CC stretch (TGT)
1380 VW 1383 VW fi}ggrs-dcform (TTT, TTG, 811 VW CH, rock (TGT)
) 794 VW CH, rock (TTG)
1365VW  1370VW  CH, wag (TTT, TTG, TGT) 758 VW CH, rock (TTG)
1343 VW - CH, wag (TTG) 746 VW CH, rock (TGT)
1302 S 1301vs i st ((TTT,%FC’;TTG)L 727 VW CH, rock (TTG, TGT)
2 e > 520 VW CCC deform (TGT)
1280 VW ggg mb) CH, twist (TTT, TTG) 488 VW, b CCC deform (TGG, GTG)
1250 VW CH, wag (TTG) 456 VW CCC deform (TTG)
402 W CCC deform (TTG)
1222 VW GH, op-rock (TTG, TGT) 372VS ~ 376VS  CCC deform (TTT)
1178VW  1179VW  CH, rock (TTT) 332 W CCC deform (TGT)
1167 VW CH, rock (TTG, TGT) 320 VW CCC deform (TTG)
CH, ip-rock (TTT)
1143 M 1143 S CC'stretch (TGT) 305 VW 313W CCC deform (TTT)
1080 W CC stretch (TTG, TGT) 20VW, b 251 VW } Torsions
1065M  1064M  CCstretch (TTT) 175 VW, b _
1057 VW, sh CC stretch (TTG) 81 M ggiﬁgﬁgne rotatory lattice
CC stretch (TTG) .
1039 W t 2 .
CH, ip-rock (TGT) 728 i?b?::ir:)i:? tatory lattice
1007 W 1008 W CC stretch (TTT, TGT),

CH, twist (TTG)

a) The observed bands are assigned to the individual vibrations of the TTT, TTG, and TGT forms.

The vibrations

of the TGG, GTG, and GTG’ forms are identified in the table when the bands are assigned to these forms but not
to the TTT, TTG, or TGT form. The crystal structure of hexane is P1 (C!), Z=1 [N. Norman and H. Mathisen,

Acta Chem. Scand., 15, 1755 (1961)].

state.

M. Tasumi, G. Vergoten, and G. Fleury, Chem. Phys. Leit., 28, 449 (1974).

Accordingly, no crystal field splitting is expected in the spectrum of the solid
For the notation and definition of the local symmetry coordinates, see Ref. 10. VS: very strong, S: strong, M:

medium, W: weak, VW: very weak, sh: shoulder, b: broad. b) Origin unknown. c) H. Takeuchi, T. Shimanouchi,
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TABLE 5. OBSERVED FREQUENCIES OF HEXANE-dj; IN cm~! AND ASSIGNMENTs®
Liquid
—— e ———— .
Raman Infrared Raman Infrared Assignment
(—95°C)
1309 vw» 1306 VW» 1307 VW™ 1309 VW™
1293 VWP 1293 W» 1290 VW™ 1294 VW™
1252 VW
1246 W 1245 VW CC stretch (TTT)
1241 VW 1242 VW CC stretch (TTG)
1232 VW CC stretch (TGT)
1214 W 1214 VW CC stretch (TTT, TGT)
1201 VW 1201 M CC stretch (TTG)
1190 W» 1186 VW»
1179 VW CC stretch (TGG, GTG, GTG’)
1166 VW 1162 W CC stretch (TTG)
1152 S 1151 M CC stretch (TTT), CD, scis (TGT)
1144 VW®
1138 VW 1139 W CD, scis (TTG)
1135 VW, sh?
1130 S 1127 W CD, scis (TTT, TGT), CC stretch (TTG, TGT)
1118 VW, sh?
1115W 1115 W CC stretch (TTT)
1090 VS 1092 VS CD, scis (TTT)
1080 VW CD, scis (TTG, TGT)
1070 VW® 1070 W, sh™ 1070 S®
CD, scis (TTT, TTG, TGT), CD, s-deform (TTT,
1057 S 1057 VS 1058 M 1059 VS e, TGQD ) ) €D, (
1054 VS CD, d-deform (TTT)
1053 W CD; s-deform (TTT)
1045 W CD, d-deform (TTT)
1042 VW CD, d-deform (TTG, TGT)
1017 VWD
1004 VW® 1005 VWP
991 VW 992 VW CD, rock (TTT)
987 W 988 W CD, wag (TTT), CD, rock (TTG)
981 W 980 VW, sh  CD, rock (TTT, TGT)
975 S 982 VS gggr s;cis (TTT), CD, twist (TTT), CD, rock (TTG,
964 M CD, twist (TTG, TGT)
960 W CD, twist (TTT)
957 M 959 M CD, twist (TGT)
951 M CD, twist (TTG, TGT), CD, scis (TTG)
936 M 933 VW 935 M CD, twist (TTT, TTG, TGT)
925 VWP
889 VW 892 Vw 893 VW CD, wag (TTT), CC stretch (TGT)
881 VWP
880 VW CC stretch (TTG)
873 VW 872 VW 871 VW CC stretch (TTT), CD, wag (TTG)
854 VW 856 VW 853 W CD, wag (TTT, TGT)
846 W CD, wag (TGT)
839 W 833 W CD, wag (TTT, TTG)
803 VW™
795 VWP
771 VW TI3W CD, wag (TGT)
760 W 760 W CD, wag (TTG)
752 VW, sh CD, twist (TTG, TGT)
727 VW, sh CD, wag (GTG")
726 W CD, twist (TTT)
719 M 717 S CD, ip-rock (TTT, TTG)
709 S 704 M CD, ip-rock (TTT, TTG, TGT)

695 W

CD, ip-rock (TGT)

[Vol. 50, No. 1
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Table 5. (Continued)

Liguid Solid
— - Assignment
Raman Infrared Raman Infrared
(—95°C)
665 VW 666 VW CD; op-rock (TTT, TTG)
655 VW CD, op-rock (TGT)
638 VW ' CD, op-rock (TGT)
605 VW™
594 VW 595 W 592 M CD, op-rock (TTT, TTG)
570 VW 569 M CD, rock (TTG)
553 VW®
540 W, sh CD, rock (TGT)
538 VW CD, rock (TTT)
536 VWP
532 8 CD; rock (TTG)
524 S 520 VS CD, rock (TTT)
438 VW CCC deform (TGT)
425 W CCC deform (TGG)
408 VW 405 W 401 VW CCC deform (TTT, GTG, GTG")
385 VW CCC deform (TTG)
350 VW CCC deform (TTG)
335 VS 338 VS CCC deform (TTT)
294 VW CCC deform (TGT)
270 VW, sh CCC deform (TTG)
263 VW 266 VW CCC deform (TTT)
179 VW, b 176 VW Torsion
3W Out-of-plane rotatory lattice vibration®
63 M In-plane rotatory lattice vibration®

a) The observed bands are assigned to the individual vibrations of the TTT, TTG, and TGT forms. The
vibrations of the TGG, GTG, and GTG’ forms are identified in the table when the bands are assigned to
these forms but not to the TTT, TTG, or TGT form. The crystal structure of hexane is P1 (C}), Z=1 [N.
Norman and H. Mathisen, Acia Chem. Scand., 15, 1755 (1961)]. Accordingly, no crystal field splitting is ex-
pected in the spectra of the solid state. For the notation and definition of the local symmetry coordinates, see
Ref. 10. VS: very strong, S: strong, M: medium, W: weak, VW : very weak, sh: shoulder, b: broad. b) As-
signed to the partially deuterated compounds or origin unknown. c¢) H. Takeuchi, T. Shimanouchi, M.
Tasumi, G. Vergoten, and G. Fleury, Chem. Phys. Leti., 28, 449 (1974).

TABLE 6. APPARENT ENTHALPY DIFFERENCES IN cal/mol TABLE 7. POSSIBLE ASSIGNMENTS OF THE BANDS USED IN
Band pair THE CALCULATION OF ENTHALPY DIFFERENCES
Molecule —_—— AH,_.» ;
° s y Moeeule Nt Tretucper Poule
Pentane b a 581(28) Pentane a 337 TG
b c 574(31) b 403 TT, GG
a c 17(34) c 471 TG, GG
€ d 619(20) d 841 TG, GG
Hexane f g 600(11) e 868 TT, TG, GG
f h 370(50) Hexane £ 372 TTT, GTGY
h i 3(56) g 402 TTG, TGG®
i k 52(18) h 456 TTG
m 1 661 (51 ) i 520 TGT
a) AH, ,=H,—H, The valuein parentheses is the J 824 TGT, TGG
standard deviation. k 870 TTG, GTG, GTG’
1 952 GTG, GTG’
bands. These bands are explained only by the calculated -m 975 TTG, TGG
frequencies of the GG form. Hence, it is certain that a) The value of the enthalpy difference between the
the GG form exists at room temperature to some extent. TTT and TTG forms depends on the relative
Hexane and Hexane-d,, (See Figs. 4, 5, and 7 and Tables 4 amounts of the contributions from these forms to the

and5). The spectra in the solid state are explained intensities of the bands f and g (see text).
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by the calculated frequencies for the TTT form. Among
the liquid-state bands that are due to forms other than
the TTT form, the bands at 456 and 520 cm~! of hexane
and the bands at 350 and 294 cm~! of hexane-d;, are
assigned only to the TTG and TGT forms, respectively.
The temperature dependence of the intensity of the
Raman band at 952 cm™! of hexane is much more signifi-
cant than those of the above bands. Since this
frequency matches the calculated frequencies for the
GTG and GTG’ forms, the existence of one or both of
these forms is evident.

Enthalpy Differences (See Figs. 2 and 4 and Tables 6 and
7). Pentane: As the intensity of the band b in the
solid state is very strong, the contribution, if any, from
the vibration of the GG form to this band in the liquid
state may be small. Hence, the apparent enthalpy
difference obtained for the band pair of b and a, 581 cal/
mol, may be a good approximate value of the enthalpy
difference between the TG and TT forms.

Hexane: It is evident from the value of AH;_, that
the TGT form is as stable as the TTG form. The great
difference between the values of AH,_¢ and AH,_¢ indi-
cates the fair amount of the contribution from the TGG
form to the band g. From these values, it is apparent
that the enthalpy difference between the TTG and TTT
forms lies in the range between 400 and 600 cal/mol.
However, since the relative amount of the contribution
from the GTG form to the band fis considered to be far
less than that from the TGG form to the band g, it may
be safely concluded that the enthalpy difference between
the TTG and TTT forms is on the side of 400 cal/mol.
Moreover, by assuming that the TGG, GTG, and GTG’
forms are approximately of the same stability, it may be
concluded from the value of AH|_,, that the GTG form
is less stable than the TTG form by 650 cal/mol.

In conclusion, the present study shows that the TGT
form is as stable as the TTG form in the liquid state of

[Vol. 50, No. 1

hexane and that AHqpg g (400 cal/mol) of hexane is
less than AHpg_rr (600 cal/mol) of pentane. These
results add to the data for the understanding of the stable
structure and properties of longer hydrocarbon mole-
cules. It is to be noted that these enthalpy-difference
values are appreciably smaller than AHg p (966 cal/
mol) reported for gaseous butane.5
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Vibration Spectra and Rotational Isomerism of Chain Molecules. III.D
Ethyl Methyl Sulfide and Deuterium Compounds
Masaaki SAKAKIBARA, Hiroatsu MATsUURA, Issei HarADA, and Takehiko SHIMANOUCHI

Department of Chemistry, Facully of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113
(Received July 26, 1976)

The Raman spectra of ethyl methyl sulfide and its three deuterated compounds CD,SC,H;, CH,SCH, CDS, and

CH,4SC,D; were measured for the liquid and crystalline states.
the gaseous state were measured at different temperatures.
using a consistent set of force constants for aliphatic sulfides.

The Raman spectra of the undeuterated species in
The normal vibration frequencies were calculated by
The combination of the spectral observations of the

deuterated compounds and the normal vibration calculations showed that only the gauche form exists in the crystal-

line state and the trans and gauche forms coexist in the liquid and gaseous states.
the gauche and trans forms in the gaseous state, AH_r, was obtained as —

Ethyl methyl sulfide is the simplest sulfide with one
internal rotation axis associated with the rotational iso-
merism. It has long been accepted that this molecule
takes the trans form in the crystalline state and the rans
and gauche forms in the liquid and gaseous states, al-
though some ambiguities have been left out.2

Recently, Nogami et al.®) compared the spectra of
ethyl methyl sulfide with those of related molecules and
reached the conclusion that the crystalline ethyl methyl
sulfide takes the gauche form but not the trans form as
had been thought.

In the series of studies to establish the intramolecular
force field as well as to clarify the existing rotational
isomers of chain molecules,*~®) we have investigated
the Raman spectra of ethyl methyl sulfide and its deuter-
ium compounds of CD,;SC,H;, CH,SCH,CD,, and
CH,SC,D; and determined the rotational isomerism and
vibrational assignments for these molecules. The tem-
perature dependence of the Raman spectra of the un-
deuterated species in the gaseous state has also been
examined. The results are reported in the present paper.

Experimental and Calculation

The deuterium compounds were prepared from sodium

T T T T T T T

N fn J@ [

I
i * Y
JJW_A I 1 ,Jibuj
1500 1000 500 0
Wave number (cm-—1)

Fig. 1. Raman spectra of CH,SC,H;.
a: Liquid, b: crystal.

Intensity

The enthalpy difference between
30450 cal/mol.

salts of appropriate thiols and deuterium compounds of methyl
iodide or ethyl bromide and the undeuterated compound was
purchased from Tokyo Kasei Kogyo Co., Ltd. All of the
samples were purified by fractional distillations. The Raman
spectra were recorded on a JEOL JRS-400D spectrometer.
The Raman spectra in the gaseous state were measured at
five different temperatures between 21 and 112°C. Tem-
perature measurements of the vapor in the laser beam were
made by using nitrogen gas as a thermometer.?

The Raman spectra in the liquid and crystalline states in the
region below 1500 cm~! are shown in Figs. 1—4. The Raman
spectra and the calculated frequencies in the 400—150 cm—1
region are compared in Fig. 5.* The gaseous-state Raman
spectrum of the undeuterated species is shown in Fig. 6. The

Intensity
5

L L L ! L Il

500 0

) L L L L L

Wave number (cm~?)

Fig. 2. Raman spectra of CD,SC,H;,.
a: Liquid, b: crystal.

* The relative intensities of the low-frequency bands
(below 400 cm~1!) in the crystalline-state spectra are often
found to vary depending on the condition of solidification
(compare Figs. I—4 and 5). It is certain that only one isomer
exists in the crystalline state as is evident from the complete
disapperance of some of the bands in the CS stretching vibra-
tion region. One possible explanation of the above observa-
tions is that the sample is composed of partially oriented
crystallites and gives different intensity patterns due to the
different orientation with respect to the polarization direction
of the incident light.
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Fig. 6. Raman spectrum of CH,SC,H; in the gaseous
state (120 Torr).

TasLE 1. OBSERVED RAMAN FREQUENCIES AND
VIBRATIONAL ASSIGNMENTS OF CH,SC,H;

Observed Raman frequency
(cm-1)®

1

LLJJJMJL . 1 o

Wave number (cm—1)

Fig. 3. Raman spectra of CH,SCH,CD,.
a: Liquid, b: crystal.
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Fig. 4. Raman spectra of CH,SC,D;.
a: Liquid, b: crystal.
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Fig. 5. Raman spectra and calculated frequencies in the

400—150 cm™! region.
a: CH,SC,H;, b: CD,SC,H;, c: CH,SCH,CD,, d:
CH,SC,D;.

Assignment®
Liquid Crystal
1461 VW, sh  CH, ip-d-deform
1455 VW, sh 1457 VW CH,; op-d-deform
1444 VW 1444 VW CH, ip-d-deform
1427 VW 1431 VW CH, op-d-deform, CH, scis
1377 VW 1376 VW CH, s-deform
1320 VW 1326 VW CH, s-deform
1267 VW 1272 VW CH, wag
1251 VW 1257 VW CH, twist
1065 VW CH; ip-rock (T)
1060 VW, sh 1060 VW CH, ip-rock (G)
1044 VW 1049 VW CH, op-rock (G, T)
982 VW CC stretch (T)
973 VW 968 VW CC stretch (G)
960 VW, sh 962 VW CH, ip-rock (G, T)
955 VW, sh CH, op-rock (T)
948 VW, sh 948 VW CH, op-rock (G)
785 VW CH, rock (T)
758 VW 764 VW CH, rock (G)
725 M { W CH,-S stretch (G, T)
678 M S-CH, stretch (T)
653 VS { 530 W S-CH, stretch (G)
SCC deform, CSC bend
353 W 355 VW (G, T) i
e a0 00 e
232 VW, sh 232 VW CC torsion, CSC bend (G)
211 VW CSC bend, SCC deform (T)
18¢ VW
133 VW
95 W )
BVW e kone
71W
59M
47 VW

a) VS: very strong, S: strong, M: medium, W: weak,
VW: very weak, sh: shoulder. b) For the notation
and definition of the local symmetry coordinates, see
Ref. 8.
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TaBLE 2. OBSERVED RAMAN FREQUENCIES AND
VIBRATIONAL ASSIGNMENTS OF CD,SC,H,
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TaBLE 3. OBSERVED RAMAN FREQUENCIES AND VIBRA-
TIONAL AssiNMENTs oF CH,SCH,CD,

Observed Raman frequency

Observed Raman frequency

(cm=)® Assignment® (em=)® Assignment®
Liquid Crystal Liquid Crystal
1462 VW CH, ip-d-deform 1444 VW 1446 VW CH, ip-d-deform

1454 VW 1457 VW CHj; op-d-deform 1432 VW 1431 VW CH, op-d-deform

1426 VW 1431 VW CH, scis 1425 VW 1425 VW CH, scis

1378 VW 1376 VW CH; s-deform 1321 VW 1326 VW CH, s-deform

1278 VW 1282 VW CH, wag 1263 VW 1269 VW CH, wag (G)

1266 VW 1268 VW CH, twist 1244 VW CH, wag (T)

1063 VW, sh CH; ip-rock (T) 1210 VW 1219 VW CH, twist (G, T)

1056 VW 1056 VW, sh  CHj ip-rock (G) 1127 VW CD, s-deform (T)

1049 VW, sh 1052 W CD; ip-d-deform (G, T) 1115 VW 1115 VW CD, s-deform (G)

1042 VW CD; op-d-deform (G, T) 1060 VW CD, ip-d-deform (G)

1040 VW CD; s-deform (G CD, op-d-deform (G, T

{ 1038 VW CH, op-rock (*(r))’ 1052 vw 1054 VW CD. ip-d-deform ((T)’ »
CH; op-rock (G), 985 VW 988 VW CH, ip-rock (G)

1013 VW 1014 VW CD, s-deform (T) 955 VW 963 VW CH, op-rock (G, T), CH,
983 VW CC stretch (T) ip-rock (T), CH, rock (T)
971 VW 968 VW CC stretch (G) 932 VW, sh CC stretch (T)

789 VW 793 VW CH, rock (G, T) 924 VW 928 W CH, rock (G)
761 VW CD; ip-rock (T) 917 VW, sh 915 VW CC stretch (G)
728 VW, sh 731 VW CD; ip-rock (G) 863 VW, sh CD, ip-rock (T)
720 VW 726 VW CD; op-rock (G, T) 851 VW 848 VW CD;, ip-rock (G)
698 W 698 M CD;-S stretch (G, T) 724 M, sh CH,-S stretch (T)
648 M S-CH, stretch (T) 719 8§
639 VS 641 VS S-CH, stretch (G) 798 { 712 VW CH,=5 stretch (G)
SCC deform, CSC bend 692 VW Origin unknown
VW 39VW G, T) 651 VW 657 VW CD, op-rock (G, T)
CC torsion, CSC bend (G)> 628 M S—-CH, stretch (T)
263 VW 28VW CC torsion (T) 617 VS 618 VS S—-CH, stretch (G)
215 VW, sh 221 VW CSC bend, CC torsion (G) CSC bend, SCC deform
200 VW CSC bend, SCC deform (T) 29w 27w G, T)
142 VW CSC bend, SCC deform
116 VW 258 VW 272 VW (G)
88 VW . . 200 VW GSC bend, SCC deform
77 VW T%mlops (G) and lattice (T), Cq torsion (T)
68 VW vibrations 176 VW CC torsion (G)
57 VW 125 VW
46 VW 95 VW
85 VW . .
a), b) See a and b, respectively, of Table 1. 80 VW Torsions (G) and lattice
vibrations
67 VW
observed frequencies and assignments on the basis of the 56 M
calculated potential-energy distributions are listed in Tables 48 VW

1—4.

The normal vibration frequencies were calculated by using
a consistent set of force constants for aliphatic sulfides.”
Detailed results of the calculations and the force constants are
reported in a separate paper.®

Results and Discussion

Spectra below 400 cm~' and Rotational Isomerism. In
the frequency region below 400 cm 1, five normal vibra-
tions are expected for each isotopic species, two skeletal
deformation (bending) and three torsional vibrations.
As seen from Fig. 5, the frequencies calculated for the
trans and gauche forms of CH,SC,H; or CD,SC,H; are
not much different from each other. On the other hand,
CH,SCH,CD; and CHSC,D; give the frequencies
which are distinctly different between the two forms.

a), b) See a and b, respectively, of Table 1.

The comparison between the observed and calculated
frequencies of these isotopic species shows clearly that the
crystalline-state spectra are explained only by the
gauche form and the liquid-state spectra by the trans
and gauche forms. Thus, the Raman spectra of the
deuterium compounds are found to be important in
studying the rotational isomerism of ethyl methyl sulfide.

As shown in Tables 1—4, the SCC deformation and
CSC bending modes are highly coupled in all of the
isotopic species. Such vibrational couplings are known
to yield conformation-sensitive frequencies. However,
the frequencies of the trans and gauche forms of CH,-
SC,H; or CD,SC,H; resemble each other (Fig. 5). This
is explained by a further coupling of the CSC bending
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TaBLE 4. OBSERVED RAMAN FREQUENCIES AND
VIBRATIONAL ASSIGNMENTs OF CH,SC;D;

Observed Raman frequency

(cm=5)® Assignment®
Liquid Crystal
1442 VW, sh 1442 VW CH, ip-d-deform
1430 VW 1431 VW CH, op-d-deform
1320 VW 1325 VW CH, s-deform
1140 VW, sh CC stretch (T)
1138 VW 1135 VW CC stretch (G)
1067 VW, sh 1067 VW, sh  CD, scis (G, T)
1055
1050 VW { et CD, op-d-deform (G, T)
1044 VW 1046 VW CD, ip-d-deform (G, T)
1025 VW 1025 VW CD, s-deform (G, T)
978 VW 982 VW CH, ip-rock (G)
975 VW CH, op-rock (G), CH
%68 VW { 970 VW iprock (T)
CD, op-rock (G, T)
960 VW, sh 962 VW CH:; op-rock (T) ’
887 W 894 VW CD; ip-rock (G, T)
786 VW, sh 786 VW CD, twist (G, T)
770 VW 767 VW CD, wag (G, T)
723 W CH,-S stretch (T)
714 S
716 M { oW CH,-S stretch (G)
622 M S-CD, stretch (T)
613 VS
612 VS { A S-CD, stretch (G)
564 VW 569 VW CD; rock (G)
399 W 319 W CSC bend, SCC deform
G, T)
244 VW 254 VW CSC bend, SCC deform(G)
CSC bend, SCC deform
200 VW (T), CC torsion (T)
178 VW CC torsion (G)
117VW
85 VW, sh
8W Torsions (G) and lattice
66 VW vibrations
55 M
45 VW

a), b) See a and b, respectively, of Table 1.

mode with the CH,~CH,; torsional mode in the gauche
form of these isotopic species. This coupling is removed,
however, in CH,;SCH,CD; or CH;SC,D; owing to the
downward frequency shift of the CH,-CD, or CD,~-CD,
torsional vibration.

The calculated frequencies of the CHz;-S torsion
(160—150 cm-1), the CD,-S torsion (120—110 cm~1)
and the S-CH, or S-CD, torsion (lower than 100 cm—!)
do not differ between the trans and gauche forms.

It is noted for all of the isotopic species that the
Raman band at 270—250 cm~! shifts appreciably to
higher frequency in going from the liquid to the crystal-
line state. 'The magnitude of the shift is larger for the
vibration with a larger contribution from the C-C
torsional mode. This large difference between the
frequencies of the two states have led previously to mis-
interpretation of the spectra.2?) The shifting of this band
is confirmed in the present study by observing the

[Vol. 50, No. 1

Raman spectra of the liquid state at several low tempera-
tures; namely the observed frequency is higher at lower
temperature and approaches the crystalline-state value.
It is also noted that the gauche bands of CH SC,H; at
232 cm™! and of CD3;SC,H; at 215 cm™! are clearly
resolved in the low-temperature spectra (Fig. 5).

Sectra in Higher-Frequency Regions. In the 800—
600 cm~! region, the bands due to the C-S stretching,
CH, rocking and CD, rocking vibrations are expected.
The C-S stretching vibration is known to give rise to
much stronger Raman bands than the rocking vibrations.

In the crystalline state, all of the isotopic species ex-
hibit two strong Raman bands separated by 70—100
cm~! (Figs. 1—4). The results of the normal coordinate
treatment indicate that the higher-frequency band is
assigned to the CH3-S (CD4-S) stretching vibration and
the lower-frequency band to the S-CH, (S-CD,)
stretching vibration, respectively, of the gauche isomer.

The 678 cm~' Raman band of liquid CH,SC,H,
which disappears on crystallization is assigned to the
S-CH, stretching vibration of the ¢ransisomer. On the
other hand, the CH,-S stretching vibration of the trans
form has been considered to overlap with the gauche
band at 725 cm~1.3) This assignment is confirmed by
the present experimental observation that the corre-
sponding bands for CH;SCH,CD,; and CH,SC,D; are
split into two components in the liquid state. It is seen
from the observed spectra of the various isotopic species
that the C-S stretching frequencies of the #rans form are
slightly higher than those of the gauche form.

The vibrational assignments in other frequency re-
gions have also been established in this study on the basis
of the systematic treatment of normal coordinates (see
Tables 1—4). The observed Raman frequencies of the
deuterated species were found to be important in deter-
mining the force field of aliphatic sulfides.?

Enthalpy Difference in the Gaseous State. The en-
thalpy difference between the gauche and trans forms in
the gaseous state, AHg ¢, has been determined to be
—304-50 cal/mol through the analysis of the tempera-
ture dependence of the intensities of the band pairs at
682 (trans) and 657 cm~! (gauche) of the undeuterated
species. It is of interest to compare the AHg_; values
of butane, ethyl methyl ether, and ethyl methyl sulfide.
They are 966+ 54,7 15004200, and — 30450 cal/mol,
respectively. The differences in the bond nature of
CC-XC (X=C, O, 8) groups, as is evident from the
above values of enthalpy difference together with those
of XC-CY (Y=C, O, S) groups, yield a variety of the
structures and properties of longer chain molecules.
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The Effect of Axial Ligands on the Reductions of Co(III) Complexes
with a Macrocyclic Schiff-base Ligand by Fe(edta)2-
Yoshimi KurimMura, Hiroshi SAito, Ikuko NAkaimMa, and Yuki Fuin

Department of Chemistry, Ibaraki University, Bunkyo, Mito, Ibaraki 310
(Received March 11, 1976)

The second-order rate constants for the reduction of cobalt(III) complexes with a macrocylic Schiff-base ligand,
Co(dop)L,**+ (dop= N,N’-bis(2-hydroxyimino-1-methylpropylidene)-1,3-propanediamine and L=primary amine),
by Fe (edta)?- are very sensitive to the nature of the axialligands. Therate increases with a decreases in the basicity
of the axial ligands: the order is methylamine, ethylamine, 2-aminoethanol, toluidine, aniline, and bromoaniline

derivatives.

It is shown that there is a linear relationship between the logarithmic second-order rate constant and

the pK, of the axial primary amine ligand. Among the series of primary amine derivatives, the differences in the free
energy of the activation for the reduction can be considered to be mainly dependent upon those in the enthalpy of the
activation for the bond stretching of the Co-N (axial ligand) prior to the electron-transfer.

Various kinetic and thermodynamic properties of
cobalt(III) complexes with macrocyclic Schiff-base
ligands have been well studied in view of the similarities
of numerous chemical properties of these with those of
the derivatives of coenzyme By,.171® In the ligand-
substitution process of such complexes it is demonstrated
that the reactive sites are essentially those in the axial
ligand resulting from a very high stability of the coordi-
nation bonds between the cobalt(III) ion and the equa-
torial ligands.'®

H4yC N /
/ \Co/
H3C/C:N/ \N ==
/ / \
L
Co(dop) L2+,

CHj

e

CHZ

Fig. 1.

In the redox process of the cobalt(IIT)-macrocyclic-
ligand complexes, a linear relationship has been found
between the polarographic halfwave potential of the
first reduction wave and the pK value of the axial
Lewis base ligands of the Co(salen)L,*(salen=N,N’-
disalicylidene-ethylenediamine) and Co(dop)L,?t (dop
= N, N’-bis(2-hydroxyimino -1 - methylpropylidene)-1, 3-
propanediamine).¥ The rate constants for the outer-
sphere oxidation of Co"(N,)X,(N,=a tetradentate
macrocyclic ligand) have been shown to be experi-
mentally correlated to the standard free energy of the
reactions.'”? There have been few investigations con-
cerning the effect of the nature of the axial and equa-
torial ligands on the rate of the reductions of the cobalt-
(III) complexes with a macrocyclic Schiff-base ligand.

We wish now to report and discuss the influence of
axial ligands on the reduction rate of the cobalt(III)
complex ions of the Co(dop)L,** type by Fe(edta)2-.
The Fe(edta)?~ has been shown to be a good reducing
agent for several cobalt(III) complexes in the neutral
pH region, and the mechanisms of these reductions have
been investigated.1®)

Experimental

Materials. [Co(dop)Cly,] was prepared after the
literature procedure.’® Complexes of the [Co(dop)L,]-
(ClO,)y type were synthesized by a manner similar to that
used in the preparation of [Co(dop) (NH,),](ClO,), described
elesewhere.’® The analytical data of the cobalt(III) chelates
prepared are presented in Table 1. The NMR spectra were
recorded in DMSO-d;, with tetramethylsilane as the internal
standard. The trans-structure of all the chelates were con-
firmed by their NMR spectra (Table 2). The buffer com-
ponents, inorganic salts, and disodium salt of ethylenediamine-
N,N,N’,N’-tetraacetic acid were of a guaranteed grade and
were used without further purification. The iron(II) chelate
solution was prepared by a manner similar to that described
previously.’® The solutions of the iron(II) chelate and the
cobalt(III) complexes were adjusted to the described pH and
ionic strength by the use of acetate-buffer and potassium-
chloride solutions respectively.

Kinetic Measurements. The reduction of the cobalt(IIT)

TasLE 1. ANALYTICAL DATA OF [Co(dop)L,](ClO,),
Found (Calcd) %,
L
C H N
Cl-» 35.78(35.73) 5.20(4.98) 15.18(15.07)
CH,NH, 27.55(27.92) 5.16(5.23) 14.79(15.03)
C,H;NH, 30.33(30.68) 5.79(5.66) 14.01(13.63)
HOC,H,NH, 29.18(29.09) 5.39(5.38) 13.58(13.57)
C¢H;NH, 40.08(40.42) 5.27(4.87) 12.24(12.30)
CH,C;H,NH, 42.03(42.21) 5.41(5.24) 11.79(11.81)
BrC,H,NH, 39.94(32-84) 3.36(3.72) 9.89 (9.99)

a) [Co(dop)ClL,].

TaBLE 2. NMR specTRAL DATA OF [Co(dop)L,]-
(ClO,); 1N DMSO-d,
6 [ppm
L
(CHo O O CHang G-
_ / s

CH,NH, ~3.85 2.58 2.48
C,H,NH, ~3.9 9.58 2.48
HO(CH,),NH, =~3.9 2.60 2.48
C,H,NH, ~4.0 9.55 2.24
CH,C,H,NH, ~4.0 2.54 9.24
BrC,H,NH, ~4.1 2.64 2.32

a) Broad signal.
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complexes by the iron(JI) chelate were carried out under an
atmosphere of nitrogen which had been purified by passing
it through acidic chromium(II) ion solutions. Kinetic runs
were made under pseudo-first-order conditions in which the
concentration of the iron(II) calculate was at least twenty
times that of cobalt(IIT). For relatively slow reactions, the
rate was monitored by the measurement of the absorption
change (=500 nm) of the reaction mixture in a thermostated
cell compartment of a Union Giken SM-101 spectrophoto-
meter. The cobalt(III) and the iron(II) chelate solutions
were mixed by means of a Union Giken MX-7 mixing
apparatus. Reaction which were too rapid to be followed by
the conventional technique were studied with a Yanagimoto
SPS-1 stopped-flow spectrophotometer. The spectral change
of the reaction mixture, shown in Fig. 2, was observed by
means of a Union Giken RA-1300 rapid-scan spectrophoto-
meter.

Results and Discussion

It was estimated from the known values of the forma-
tion constants of the iron(II) chelate species?? that the
predominant species of the iron(II) chelate in the reac-
tion mixture was the normal form of Fe(edta)?~ under
the conditions employed. The iron(III) chelate species
produced in the reaction mixture by the oxidation of
Fe(edta)?- could also be estimated to be the normal form
of Fe(edta)~.2) A gradual increase in the absorbance
at about 510 nm due to the cobalt(II) chelate was ob-
served upon the addition of a solution of the iron(II)
chelate to that of the cobalt(III) chelate under a nitro-
gen atmosphere. In the wave-length region between

0.5

0.4

0.3}
o \
<
&
2
E
2
8
2 0.2
0.1
0
400 500 600
Wavelength/nm
Fig. 2. Spectral change of the reaction mixture.

Initial concentrations: [Co(dop)Ly2t],=1.0x 10-* M,
L=2-aminoethanol, [Fe(edta)?~],=1.0x 10-3 M,
pH=5.0, £=0.2, room temp, Scan time: 20 nm/s,
a: initial stage, b: 110s, c: 240s, d: 4205, e: 720, f:
1200 s, g: final stage.
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500 and 600 nm, the molar extinction coefficients of the
cobalt(III), iron(II), and iron(III) in the reaction mix-
ture were very small compared with that of the cobalt-
(IT) chelate under the present conditions. An example
of the spectral change for Co(dop)(HOC,H,NH,),2* is
presented in Fig. 2. It is considered that the reductions
of cobalt(III) chelates by Fe(edta)?- all give a product
of the cobalt(II) which has a square planar configura-
tion. It has been reported that the cobalt(II)-macro-
cyclic Schiff-base complexes with a square planar con-
figuration have one or two absorption peaks (log e=
103—10%) in the visible region.?%23)

TaBLE 3. RATE CONSTANTs FOR THE Fe(edta)?-
REDUCTIONS OF Co(dop)L,2+
At §#1=0.2 AND 25°C*

L k/M -1 s-1
CH,NH, (6.840.5)x 10-2
7.1x10-2®
C,H,NH, (1.440.06) x 10-1
HOC,H,NH, 1.940.04
1.99
2.09
C,H,NH, (3.4-0.05) x 10°
3.1x108®
3.2x108 O
CH,C,H,NH, (1.340.04) x 103
BrC,H,NH, (5.340.5) x 10°

a) Unless otherwise stated, the experimental condi-
tions were [Co(dop)L,?*],=1.0 X% 10-*M, [Fe(II)],=
2.0x 10-2M, [X],=0M ([X]; is the concentration of
free amine), and pH=5.0. b) [X];/[Co(III)],=
100. c¢) pH=4.5. d) pH=5.4. e) [Fe(II)]y/[Co-
(II1)],=48. f) [Fe(II)],/[Co(III)],=98.

Plots of log(4.—4;) vs. time were linear for at least
three half-lives for the saturated amine derivatives and
two half-lives for the aromatic amine derivatives, where
A. is the absorbance when the reaction is completed and
4,, that at time . The second-order rate constants can
be calculated by means of this equation: £=2.303 X m/
[Fe(II)], where m is the value of the slope of the straight
line. The second-order rate constants for the primary
amine derivatives are summarized in Table 3. The
second-order rate constants were kept essentially constant
by varying the initial concentration of the iron(II)
chelate from 2.0 x 10-3 to 1.0 x 10-2 M; they were in-
dependent of the hydrogen-ion concentration in the pH
region between 4.5 and 5.4. A rate law consistent with
the experimental results is given by:

d[Co(I1)]/dt = k[Co(IIT)][Fe(edta)®"] (1
where £ is the second-order rate constant.

It may safely be assumed that the rate constants ob-
tained correspond to those of Reaction 2, because the
reaction is first-order with respect to the concentration
of the iron(II) chelate and the rate is not affected by the
initial addition of the corresponding free amine to the
reaction mixture:

Co(dop)Ly?* + Fe(edta)?~ ——
Co(dop)Ly* + Fe(edta)~ 2)
Co(dop)L,* == Co(dop)* + 2L (3)
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That is, the rate-determining step of the reaction is
Reaction 2, not the ligand-substitution process repre-
sented by 3.

The rate data summarized in Table 3 show that the
rate is very sensitive to the nature of the axial ligands:
the value of the rate constants vary from 6.8 x 102 M-!
s7! for methylamine to 5.3 x103M-1s-1 for bromo-
aniline. The reduction rate is enhanced by a decrease
in the donor ability of the axial Lewis-base ligand. For
a series of runs while varying the axial ligands, a linear
relationship between the logarithmic rate constant and
the pK, of the amines was found to hold for the reactions
investigated (Fig. 3).

ar NH2 ey,
©

L ©
e
fQD HOCoH, NH,

or CoHgNH,

CH3NH;~© ™\
—2[ 1 1 1 !
4 6 8 10 12
rk,

Fig. 3. Relationship between pK, of axial amine ligand

and logarithmic rate constant of the reduction of Co-
(dop)Ly2+ by Fe(edta)?-.

Based on the Franck-Condon principle, for the reduc-
tions of the cobalt(III) complexes, the reorganization of
the cobalt(III) complex would occur prior to the elec-
tron-transfer to lower the energy level of the acceptor
orbital, which may be d,: one.2¢-26)  In the present case,
the amounts of free energy for the reorganization may be
considered to be dependent upon that for stretching the
axial ligands, since the free energy for the reorganization
of these ligands would be small as compared with that of
the equatorial tetradentate ligand, which is tightly coor-
dinated to the cobalt(IIT) ion. Such bond stretching
energy may increase with an increase in the bond
strength between the cobalt(III) ion and the donor atom
of the primary amine. It is considered that the Co-N
(axial ligand) bond is strengthened when the value of
pK, of the amine increases, since it has substantially the
o bonding nature. It might be concluded that the linear
relationship shown in Fig. 3 holds in the electron-transfer
reactions, since the predominant factor controlling the
activation free energy is the free energy for the reorgani-

TABLE 4. ACTIVATION PARAMETERS FOR THE
REDUCTION OF Co(dop)L,2+

L AH*[kcal mol-! AS*/e.u.
CH,NH, 22.9 8.6
C,H;NH, 23.9 18.0
HOG,H,NH, 18.4 13.2
C,H,NH, 16.2 12.0
CH,CH,NH, 17.5 13.7
BrC,H,NH, 15.0 10.0

Yoshimi KurmMura, Hiroshi Sarro, Tkuko Nakajima, and Yuki Fujn
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zation of the axial ligands.

The activation parameters for the reactions obtained
from the temperature dependence of the rate constant
are presented in Table 4. The relatively small variation
in the activation entropy as compared with that in the
activation enthalpy seems to indicate that the large
change in the rate constant upon the variation in the
axial ligands is mostly attributable to the relatively large
variation in the activation enthalpy.
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New iron(III) complexes containing quadridentate Schiff bases, [Fe(L)AB]**, were prepared, where H,L
represents a quadridentate Schiff base, and A and B, unidentate ligands, such as imidazole, pyridine derivatives, and

cyanide ions.

The magnetic moments of the complexes are in the range of 1.9—6.0 B.M. at room temperature.

Based on the magnetic susceptibilities at various temperatures (90—295 K), these compleses were classified into four
types: (1) high-spin (§=5/2), (2) low-spin (§=1/2), (3) intermediate spin (S=3/2), and (4) cross-over complexes, the

last of which have a ligand-field strength near the cross-over point of high-spin and low-spin types.

From the ESR

spectra obtained, the existence of a spin-equilibrium was established for the cross-over complexes.

Iron(III) complexes have a (3d)® electronic configura-
tion and the energy levels in the octahedral ligand field
have been calculated by Tanabe and Sugano.? Ac-
cording to their diagram, three types of iron(III) com-
plexes can be expected in the octahedral field, depending
upon the strength of the ligand field, that is, high-spin
(§=5/2), low-spin (§=1/2), and cross-over complexes,
the last of which have a ligand-field strength near the
cross-over point of high-spin and low-spin types. In
fact, complexes of these types are known for six-coordi-
nated iron(III) complexes.?

For the iron(IIT) complexes of porphyrin derivatives
(abbreviated as H,por), [Fe(por)AB]*+, the magnetic
moments depend greatly upon the axial ligands, A and
B, and fall in the range of 2.2—5.9 B.M. at room tem-
perature. In seeking to explain the variation in magnet-
ic moments, some authors have claimed the existence of
a spin-equilibrium of two spin states in these porphyrin
derivatives.?) However, Harris has carried out numerous
calculations on the magnetic properties of iron(III)
complexes with tetragonal symmetry and concluded
that the anomalous magnetic behavior of heme deriva-
tives should be elucidated in terms of “spin-mixed
states.”’®)  For the interpretation of the magnetic pro-
perties of the cross-over complexes in more detail, sys-
tematic data on many other complexes are necessary.
Accordingly, we have attempted to- prepare iron(III)
complexes with a tetragonal symmetry, by the use of
quadridentate Schiff bases (abbreviated as H,L) as the
planar ligands. The prepared complexes have the
general formula of [Fe(L)AB]**, where A and B are
unidentate ligands, such as imidazole, pyridine deriva-
tives, and cyanide ions.

The Schiff bases and other ligands used in this study
are listed in Tables 1 and 2 with their abbreviations,
while the structural formulas of their representative

TABLE 1. ABBREVIATIONS OF THE SCHIFF BASES
(Skeletal structures are depicted in Fig. 1.)

Type X R Y "’;;‘:l“‘i{‘f'
(a) H -CH,CH,- salen
H 1,2-C,H, salphen
3-CH,O0 -CH,CH,- vanen
(b) ~-CH,CH,- CH, acen
-CH,CH,- CeHj bzacen

TABLE 2. ABBREVIATIONS OF THE UNIDENTATE LIGANDS

Ligands Abbreviation
Imidazole im
Pyridine py
4-Aminopyridine apy
B-Picoline B-pic
y-Picoline y-pic

Type (a) Q N
B
Y A
Type(b) ‘
1 SN=
Hs \.';/ CHs
B
Fig. 1. Iron(III) Schiff base complexes (¢f. Table 1).

Schiff bases are shown in Fig. 1.

Experimental

Preparations. The quadridentate Schiff bases used in
this study were prepared according to the methods described
in the literatures.”

[Fe(salen)Cl]: This complex was prepared according to
the method of Pfeiffer et al.®
[Fe(acen)Cl]: The Hyacen ligand (1.1g) dissolved in

absolute methanol (20 ml), was added to anhydrous iron(III)
chloride (0.8 g) dissolved in absolute methanol (20 ml), To
this mixture, triethylamine (1.0 g) was then added. The
resulting solution was warmed at 60 °C for ten minutes and
subsequently allowed to stand for five hours at room tempera-
ture. The purple crystals yielded were filtered and washed
with cold absolute methanol.

[Fe(salen)(im),]1B(ph),: The [Fe(salen)Cl] complex was
suspended in absolute methanol (40 ml), and then imidazole
(0.6 g) was added to this solution. The solution was warmed
at 60 °C for ten minutes and then filtered. Sodium tetra-
phenylborate (0.7 g) dissolved in absolute methanol (10 ml)
was added to the filtrate, and the solution was allowed to
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stand overnight at room temperature. The reddish-brown
crystals separated were filtered and washed with cold ethanol.

[Fe(vanen) (im),)B(ph)s and [Fe(salphen)(im),]1B(ph),:
These complexes were prepared according to a procedure
similar to that described for [Fe(salen)(im)s]B(ph),.

[Fe(acen)(im)s]B(ph)s, [Fe(acen)(py)s]B(ph)s, [Fe(acen)(p-
pic)s)B(bh)s, [Fe(acen)(apy),]ClO,, and [Fe(acen)(y-ipic),]-
ClO,: These complexes were prepared according to a method
similar to that described above, except that [Fe(acen)Cl] was
used, instead of [Fe(salen)Cl], and NaClO, instead of NaB-
(ph),.

[Fe(salen)CN]-CH,OH: Sodium cyanide (0.05 g) dissolved
in absolute methanol (15 ml) was added to an absolute
methanol solution (15 ml) of [Fe(salen)(im),]B(ph),(0.8 g).
This solution was allowed to stand five hours at room tem-
perature. The black precipitate thus yielded was filtered and
washed with absolute methanol.

Na[Fe(salen)(CN),)-CH,OH: Sodium cyanide (0.1g)
dissolved in absolute methanol (15 ml) was added to an
absolute methanol solution containing 0.55 gram of [Fe-
(salen)Cl], and then the solution was warmed at 60 °C for
ten minutes. The solution was evaporated under reduced
pressure, and the dicyano complex thus separated was
recrystallized from hot absolute methanol. The green
crystals thus obtained were filtered and washed with absolute
ethanol.

Na[Fe(acen)(CN)y) and [Fe(bzacen)(im)CN]: These com-
plexes were prepared by methods similar to those described for
Na[Fe(salen)(CN),] and [Fe(salen)CN] .CH,OH respectively.

[Fe(bzacen)(im),)B(ph)s: To a hot absolute methanol
solution (40 ml) of anhydrous ferric chloride (0.85g), H,
bzacen (1.73 g) and imidazole (2.00g) were added, the
solution was then warmed at 60 °C for ten minutes and filtered.
To this filtrate, NaB(ph), (1.0 g) was added, and the solution
was allowed to stand for five hours. The dark green crystals
thus precipitated were filtered and washed with cold absolute
methanol.

Measurements. Magnetic susceptibilities were measured
over the range from the temperature of liquid nitrogen to
room temperature by the Faraday method, Pascal’s constants
being used for diamagnetic correction. Mercury(II) tetra-
thiocyanatocobaltate(II), HgCo(NCS), was employed
as the standard for magnetic susceptibility. The effective
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magnetic moments at room temperature were calculated
from the expression:

fogs = 2.8287/ T4

‘where g, is the susceptibility per gram atom of iron.

The ESR spectra of polycrystalline samples and DMSO-
frozen solutions were measured with a JEOL ESR spectrometer
model, JES-ME-3X using an X-band. DPPH was used as
the standard marker.

The absorption spectra were measured with a recording
spectrophotometer model, Hitachi EPS-2, at room tempera-
ture.

Results and Discussion

Characterization of New Complexes. Table 3 gives
the analytical data, color, and magnetic moments of the
complexes. The structures of the new complexes are
assumed to be frans (A, B)-[Fe(L)AB]"t, because the
quadridentate Schiff bases used in this study prefer the
planar coordination, furthermore, Na[Fe(salen)(CN),]
shows only one sharp band, at 2105 cm~1, in the infrared
spectrum.

The magnetic moments of the complexes depend
greatly on the Schiff bases and axial ligands; they fall in
the range of 1.9—6.0 B.M. at room temperature. On
the basis of magnetic susceptibilities at various tempera-
tures (90—295 K), the 1—3 and 4—8 complexes are
high-spin and low-spin types, respectively. The 9—13
complexes show intermediate magnetic moments (2.5—
5.0 B.M.) between high-spin and low-spin values; ac-
cordingly, they may be assumed to be cross-over com-
plexes. The interpretation of the magnetic data on the
assumption of a dimeric structure such as [Fe(salen)-
CI],” is impossible, because all the complexes can
assume six-coordination without any bridged structure.

Judging from the magnetic data of the series [Fe(L)-
(im),]**+ complexes shown in Table 3, the spin-pairing
abilities of planar Schiff bases appear to be of the follow-
ing order: Hjacen>H,bzacen>>H,salen~H,salphen.
Thus, it was revealed that a small change in the planar

TABLE 3. ANALYTICAL DATA AND MAGNETIC MOMENTS

Magnetic moments

C H N BM
No. Complexes —_— —_—— —_— Color (B-M.)
Calcd (Found) Calcd (Found) Caled (Found) 295 K 80 K
1 Fe(salen) (im);]B(ph 71.06(71.57)  5.44(5.50)  10.81(10.84) brown 5.89 5.37
(1) [Fe(salen)(im);]B(ph), ( ) ( ( )
2 Fe (salphen) (im),]B(ph), 2.74(72.42)  5.13(5. .18(10. brown 5.97 5.58
(2)  [Fe(salphen)(im),]B(ph) 72.74(72.4 13(5.04)  10.18(10.06)
(3)  [Fe(acen)Cl] 45.96(45.84) 5.79(5.79)  8.93( 8.89) purple 5.85 5.56
(4) Na[Fe(salen)(CN),] -CH,OH 53.17(53.24)  4.23(4.21)  13.05(13.22) green 1.87 1.74
(5) Na[Fe(acen)(CN),] 47.61(46.65)  5.14(5.26)  15.86(15.40) green 2.11 2.00
(6)  [Fe(acen)(im)y]B(ph), 68.77(68.35) 6.32(6.36) 11.46(11.46) green 2.17 1.91
7 Fe(acen)(a ClO, . . . . . . green 2.29 .
(7)  [Fe(acen)(apy)y]CIO 46.70(46.22)  5.34(5.29)  14.85(14.68 2.14
(8)  [Fe(bzacen)(im)CN] 62.91(62.56)  5.28(5.31)  14.11(13.84) green 1.99 1.80
(9)  [Fe(vanen)(im)y]B(ph), 68.83(68.65)  5.54(5.61)  10.03(10.03) dark purple 5.03 3.57
(10)  [Fe(bzacen)(im),]B(ph), 72.82(72.31)  5.88(5.88) 9.80( 9.87) g:gevfl““h 4.79 2.23
(11)  [Fe(acen)(py)s]B(ph), 73.12(72.36)  6.40(6.35)  7.42( 7.38) green 3.31 2.30
(12)  [Fe(acen)(f-pic),]C1O, 51.13(50.52)  5.72(5.66) 9.94( 9.87) ;’:ggln“h 2.51 1.93
(13)  [Fe(acen)(y-pic)s]B(ph), 73.56(73.09)  6.69(6.62)  7.16( 7.11) Prownish 5 g4 2.04

green
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Fig. 2. Powder ESR spectra of [Fe(vanen)(im),]B(ph),
(X-band).
1: 244K, 2: 184K, 3: 77K.

ligands exerts a large effect on the electronic configura-
tion of the ground state of the iron(III) ion. From the
magnetic data of the series of acen complexes shown in
Table 3, the order of spin-pairing ability is: CN>
imidazole >apy >f-pic_>py_>y-pic. The order of the
pyridine derivatives agrees with neither the order of
basicity of pyridine nitrogen nor the spectrochemical
series. These facts suggest that the choice of the spin
state of [Fe(L)AB]#+ depends not only on the ligand
field strength, but also on the crystal lattice energy and
the steric effect of the ligands.

Cross-over Complexes. In Fig. 2, the ESR spectra
of [Fe(vanen)(im),]B(ph), at various temperatures are
shown. In Fig. 3, the ESR spectra of [Fe(salen) (im),]-
B(ph),(high-spin type) and Na[Fe(salen)(CN),](low~
spin type) are shown. In the ESR spectrum of [Fe-
(salen) (im),]B(ph),, some absorptions are observed over
the wide range of 1000—3000 G. This is characteristic
of high-spin complexes.1%:11)  On the other hand, in the

I 2 3 4
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Fig. 3. Powder ESR spectra (X-band, at 244 K).
1. [Fe(salen)(im),]B(ph), (high-spin complex),
2: Na[Fe(salen)(CN);] (low-spin complex).
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case of Na[Fe(salen)(CN),], some peaks are observed at
about 3000 gauss. The small anisotropy of g-values
suggests that the electronic configuration of the ground
state is (dy,)%(dy,)2(dyy)t.1?

In the ESR spectra of [Fe(vanen)(im),]B(ph), and
[Fe(bzacen)(im),]B(ph),,) some peaks are observed at
about 3000 gauss and in the range of 1000—2700 G. As
the temperature is lowered, the relative intensities of the
absorptions change dramatically, as may be seen in Fig.
2, although the positions of the absorptions do not
change. This fact indicates two or more spin states
exists in these complexes in the temperature range in-
vestigated ; undoubtedly one of them is S=1/2.

Harris®® investigated the magnetic properties of
heme derivatives and concluded that the magnetic be-
havior of complexes with intermediate magnetic
moments at room temperature should be explained in
terms of “spin-mixed states.”” However, the presently
obtained ESR spectra are not compatible with his pre-
diction. Rather, the magnetic behavior of the 9—13
complexes should be interpreted in terms of a spin-
equilibrium between two or more spin states. We
further attempted to confirm the spin-equilibrium by
the use of the Méssbauer spectra. However, clear peaks
were not observed for high-spin complexes; therefore,
the existence of spin-equilibrium could not be verified by
the Méssbauer spectra.

Absorption Spectra. As shown in Table 3, the
colors of the low-spin complexes differ from those of the
high-spin complexes. In general, the Lambert-Beer
law can not be applied to solutions of these complexes,
probably because of the partial dissociation of axial
ligands. Therefore, a small excess of axial ligands was
added to the methanol solutions of the complexes. In
Fig. 4, the absorption spectra of [Fe(salen)(im),]B(ph),,
Na[Fe(acen)(CN),], and [Fe(bzacen)(im),]B(ph), are
shown. The low-spin Schiff base complexes are gener-
ally green or blue, perhaps because of the absorptions at

log &

15 20 25
Wave number (10° cm~?)

Fig. 4. Absorption spectra of iron(III) Schiff base com-
plexes (at 295 K, in methanol solution).
1: Na[Fe(acen)(CN),] (low-spin type, 1.9 10-* M),
2: [Fe(salen)(im),]B(ph), (high-spin type, 2.7x 104
M),
3: [Fe(bzacen)(im),]B(ph), (cross-over complex, 4.4 X
10-¢ M).
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14—16 x 103 cm~! (log &~3). Such absorptions are
not observed for high-spin complexes. These bands
may be attributed to the charge-transfer transitions
between metal and Schiff bases, because this absorption
is independent of axial ligands. On the other hand, the
absorption spectrum of [Fe(bzacen)(im),]B(ph), seems
to be a superposition of high-spin and low-spin types;
this is consistent with the results of the ESR spectra.
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Gas Chromatographic Studies of the Thermal Decompositions of Hexa-
ammine-, Chloropentaammine-, and Zrans-Dichlorotetraammine-
cobalt(II) Chloride in the Solid State

Sukeo ONODERA*
Department of Chemistry, Faculty of Science, Tokyo University of Science, Kagurasaka, Shinjuku-ku, Tokyo 162
(Received June 2, 1976)

This paper will describe gas chromatographic studies of the thermal decomposition of cobalt(III) ammine com-

plexes in the solid state.

The sample is pyrolyzed in a chamber in a helium atmosphere at a heating rate of 1 °C/min.

The evolved products are directly led into a chromatographic separation column at periodic intervals of 10 °C.  The

preliminary gaseous product for these compound is ammonia.
could be made as function of the temperature on the basis of the various gas chromatograms.

The gas evolution(GE) curves for each compound
These GE curves show

two maximum peaks; the first is a sharp peak at about 250 °C, while the second is a broad peak in the 280—340 °C

temperature range.

The combination of these GE curves with the results of TG and DTA studies allows more com-

plete interpretations of the thermal-decomposition reactions of the cobalt(III) ammine complexes.

Thermogravimetric analysis(TG) and differential
thermal analysis (DTA) have been widely used by ear-
lier investigators for studying the thermal-decomposition
reactions of some transition metal complexes. These
techniques gives information concerning the weight loss
or the thermal changes in the compounds during the
thermal reactions, but they do not give information on
the species and the composition of the produced gases.

When the metal complexes are heated under various
experimental conditions, volatile ligands or their gaseous
decomposition product are usually liberated from the
compounds. Thus, gas evolution analysis (GEA) is
required for the above reactions in order to obtain exact
information on the decomposition processes of the com-
pounds. The combination of GEA with a TG or DTA
apparatus allows more complete interpretations of their
curves.

The simultaneous measurements of TG and DTA
have been reported by Logers, Yamada and Zinn," and,
those of DTA and GEA, by Ayres and Bens,? Langer
and Gohlke,» and Wendlandt et al.9

In earlier studies by Wendlandt et al.,% GEA curves
were obtained by the use of a thermister thermal con-
ductivity cell, and the composition of the pyrolyzed gases
was determined by such conventional techniques as
mass spectrometry, gas chromatography, and infrared
absorption spectroscopy. Further works by Wendlandt
et al.3 have reported the method of leading the evolved
product gases directly into a mass spectrometer for
studying the thermal decomposition reactions of [Cu-
(NH,)41SO,-H,0, some metal-cupferron chelates, and
halogenopentaamminecobalt(III) complexes.

This paper will describe a method of leading the
evolved product gases directly into a gas chromatograph,
the so-called pyrolysis-gas chromatograph, for studying
the thermal decomposition reactions of some chloro-
ammine cobalt(III) complexes in the temperature range
of 25—400 °C; on the basis of the GEA curves, the
stoichiometries of the thermal-decomposition reactions
of these compounds will be presented.

* Present adress: Faculty of Pharmaceutical Science,
Tokyo University of Science, Ichigaya-funagawara, Shinjuku-
ku, Tokyo 162.

Experimental

Materials. The hexaammine-,® chloropentaammine-,”
and #rans-dichlorotetraamminecobalt(III) chloride® were
prepared according to the methods given in the literature.
They were identified by the measurements of the infrared
absorption spectra. Sample ranging in perticle size between
100—200 mesh were used in these studies. These chloro-
ammine cobalt(III) chlorides were selected because they are
the ammine complexes most extensively studied by earlier
workers.
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Fig. 1. Schematic diagram of pyrolysis-gas chromato-
graphic apparatus.
A: Helium cylinder.

B: Pressure regulator. C: Stop

valve. D: Gas sampler. E: Pyrolysis chamber. F:
Furnace. G: Slide transformer. H: Temperature
recorder. I: AC voltage stabilizer. J: Gas chromato-

graph. K:Reference column. L: Separation column.
M: Thermistor thermal conductivity cell. N: Gas
chromatogram recorder.

GEA Apparatus. A schematic diagram of the GEA
apparatus is given in Fig. 1, while the pyrolysis part of the
apparatus is illustrated in Fig. 2.

The GEA apparatus consisted of a pyrolysis chamber(E},
a furnace(F), a furnace temperature controller(G), a sample
temperature recorder (H), and a Shimadzu model GC-2C gas
chromatograph (J) with a thermal conductivity detector (M).
Helium from a cylinder (A) and a pressure regulator (B) was
passed through into reference column (K), into the pyrolysis
chamber (E), and then into a separation column(L) packed
with a 209 Silicon oil SF-96 on Fluoro Pack-80 (60—80
mesh) in a Teflon tube 5 m long by 0.3 cm in diameter.

The pyrolysis chamber consisted of a U-type Pyrex glass
tube 15 cm long by 0.4 cm in diameter, which was terminated
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Pyrolysis part of the apparatus.

Fig. 2.

on both ends by a 0.4-cm-inner-diameter *‘O’’-ring joint
(silicon gem). Two “O” -ring joints were attached to the
joint of the gas sampler of the gas chromatograph by means of
a metal clamp. The Pyrex tube was electrically heated by
Nichrom wire enclosed in the furnace. The furnace was
made by an asbestos tube, 15 cm long by 4.0 cm in diameter,
which was wound by Nichrom heater wire and then insulated
by additional asbestos paper so as to make a layer about
1.0 ¢cm thick. The temperature of the wall of the Pyrex tube
was measured by means of a chromel-alumel thermocouple.
The pyrolysis temperature rise was controlled by means of the
transformer(G).

The glass tubing from the pyrolysis chamber to the gas
sampler of the gas chromatograph was maintained at about
60 °C by means of external heating jackets.

Procedure for Pyrolysis of Sample. Twenty mg of a
sample was placed in the Pyrex tube and fixed with glass wool.
The air in the system was swept out with a helium gas at a
flow rate of 40 ml/min for about 30 min. During this time,
gas-chromatographic conditions were allowed to be stabilized.

After the flow of helium had been directly passed through
into the gas sampler by the changing of the stop cock, the
heating of the furnace was begun. Usually, a furnace heating
rate of 1 °C/min was employed, but this could be varied at

will. The temperature-rising curve was recorded on the
1
2
L]
w
=
2
3
=5
3
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_JLJ J
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Retention time (min)
Fig. 3. Gas chromatogram of nitrogen (1), ammonia

(2) and water (3) using 20% silicon SF-96 on fluoro
Pack-80.
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strip-chart recorder (H).

Procedure for the Analysis of the Gaseous Products. The
gaseous products evolved during the above pyrolysis procedure
were quickly swept into the chromatographic separation
column at periodic intervals of 10 °C by changing the stop cock.
Thus, the various gas-chromatographic patterns for the evolved
gases could be obtained as a function of the temperature.

The peaks appearing on the gas chromatograms were
identified by the use of the retention times of various pure
substances which may be expected to be formed during the
decomposition of the sample. From the peak areas of the
various peaks, the amount of the decomposition product could
be ascertained as a function of the temperature. The chro-
matographic patterns for various pure substances are shown in
Fig. 3.

Results and Discussion

The GEA curves of the cobalt(III) ammine complexes
in the temperature range of 25—400 °C in a helium
atmosphere are given in Fig. 4, while the data on gase-
ous decomposition products are summarized in Table 1.
These results were reproducible under the experimental
conditions employed in the present work.
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Fig. 4. Gas evolution curves for [Co(NH,)]Cl, (A),
[CoCI(NH,),]Cly(B) and ¢rans-[CoCly(NHj,),]CI(C) in
helium atmosphere.

Ny oeeeee s NH3-, —0—0—0—,

TABLE 1. DATA ON GASEOUS DECOMPOSITION PRODUCTS
Moles of Moles of
Compound NH,/mol Ny/mol
of compound of compound
[Co(NH,)]Cl4 4.75 0.18
[CoCI(NH,);]Cl, 3.80 0.15
[CoCl,(NH,),]CI 2.70 0.15
[Co( NH,) ¢]Cl,. Clark, Quick, and Harkins?

have reported that the evolution of ammonia from this
compound in vacuo began at about 173 °C, while a sub-
limate of ammonium chloride was observed at 181 °C.
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They also confirmed, on the basis of an analysis of a solid
mixture and the gaseous products (for ammonia only),
that the stoichiometry of the thermal dissociation of this
compound given as;
6[Co(NHy)g]Cly — _
6CoCl, + 6NH,CI + N, + 28NH, (1)

The TG curves of this compound in a nitrogen atmos-
phere reported by Watt!® and by Tanaka and Nanjo'V
indicated that the first mass-loss (evolution of ammonia)
began at about 250 °C. On the other hand, the DTA
curves of this compound in a helium or nitrogen atmos-
phere reported by Wendlandt!? and Watt!® show that
the endothermic peak began at about 200 °C, resulting
in a peak with a AT ;, of 280 °C, and that this was fol-
lowed by a second broad endothermic peak in the 300—
375 °C temperature range.

The GEA curve given in Fig. 4A shows that the
evolution of ammonia from this compound began at
about 200 °C, the maximum intensity for gas evolution
being obtained at 250 °C, and that this was followed by
a second broad peak in the 280—340 °C temperature
range. These temperature ranges and the number of
peaks observed in this curve are in agreement with those
appearing on the DTA curves reported by Watt!® and
Wendlandt,!? but the first and second peak maxima
were somewhat lower than those appearing on the DTA
curves.!0:12)

The stoichiometry of the thermal decomposition of
this compound, based on the data given in Table 1,
agrees with that previously proposed by Clark et al.,®
Watt,'9 and Wendlandt,!2) as given in Eq. 1.

[CoCI( NH, ) ;1Cl,. The TG curves of this com-
pound have been reported by a number of investigators.
Wendlandt!® found that the compound began to loss
mass at 180 °C. However, the TG curves reported by
Kawakubo!¥ and Watt!® indicated that the mass-loss
of this compound began at 200 °C.

The DTA curves for this compound have been report-
ed by Lavanov et al.,'® Kawakubo,!¥ Watt!®) and
Wendlandt and Smith.1® The DTA curves in a nitro-
gen atmosphere reported by the above investigators
contained two endothermic peaks; the first began at
about 200 °C, with a AT ;, value of about 280 °C, while
second began with a AT ;. value of about 320 °C.

Wattl® confirmed, from his TG and DTA curves and
an analysis of the gaseous decomposition products, that
the over-all reaction leading to the formation of CoCl,
is:

6[CoCI(NH,);]Cl, —
6CoCl, + 6NH,CI + N, + 22NH,  (2)

The GEA curve given in Fig. 4B shows that the evolu-
tion of ammonia from this compound began at about
200 °C, the corresponding maximum intensity for gas
evolution being found at about 250 °C, and that this was
followed by a second broad peak in the 280—320 °C
temperature range. These temperature ranges and the
number of peaks observed in this curve are in agreement
with those appearing on the DTA curves reported by
Wattl® and Wendlandt and Smith.1%

The stoichiometry of the thermal decompositions of
this compound, based on the data given in Table 1,

Thermal Decomposition of Ammines of Cobalt(III) Chloride 125

agrees with that previously proposed by Watt!® and
Wendlandt and Smith!®) as given in Eq. 2.

trans-[CoCl,( NH,) ,]CI. Ocone et al.l' have
reported the TG curves for cis- and trans-types of this
compound in a nitrogen atmosphere. The curve for the
trans-type indicated that the mass-loss began at 181 °C,
corresponding to the loss of three molés of ammonia in
the over all reaction. Also, the curve for the trans-type
of this compound was essentially in agreement with that
obtained by Watt.10

The DTA curve for the trans-type of this compound in
nitrogen reported by Wattl® was very similar to that for
[CoCl(NH,),]Cl,, exhibiting well-defined endothermal
minima at 283 and 347 °C. Wattl®) also confirmed,
from his TG and DTA curves, and based on an analysis
of the gaseous decomposition products, that the stoichio-
metry of the thermal dissociation reaction of this com-
pound given as:

6[CoCl,(NH,),]Cl —
6CoCl, + 6NH,CI + N, + 16NH,  (3)

The GEA curve given in Fig. 4C shows that the ther-
mal decomposition of this compound begins with the
evolution of ammonia at about 180 °C, the maximum
intensity of the gas evolution appearing at 250 °C, and
that this followed by a second broad peak in the 280—
340 °C temperature range. These temperature ranges
and the number of the peaks observed in this curve are
in agreement with those appearing on the DTA curves
reported by earlier researchers.10:11)

The stoichiometry of the thermal dissociation of this
compound, based on the data given in Table 1, agrees
with that previously proposed by Watt!? given in Eq. 3.

From the GEA curves in Fig. 4 and the results obtain-
ed by earlier investigators,10:11:18-20) jt may be seen that
the starting of the thermal decomposition reactions of
chloroammine cobalt(III) chlorides in a helium atmos-
phere at a slow heating rate takes place by means of the
following competition reactions:

[Co™CI(NH,),]Cl, + NH,

[Co' NI Cly —<
low ammine cobalt(II) complexes

1 [CollICL, (NH,),]CI + NH,
[CoMCI(NH,),]Cl, —
e ™S low ammine cobalt(II) complexes

[Co™Cl,;(NHj;),] + NH;
[Co™Cl(NH,), €l —<
low ammine cobalt(II) complexes
Although the peak maximum temperature is depend-
ent upon the furnace heating rate, the sample size, the
carrier gas flow rate, the furnace atmosphere, and so on,
the use of simultaneous GEA-gas chromatographic anal-
ysis gives exact data concerning the thermal decomposi-
tion reactions of metal complexes.

The author wishes to thank Professor Masaakira
Iguchi, Tokyo University of Science, for his valuable
advice.
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Hetero Metal Binuclear Complexes

with N,N'-Bis(3-carboxysalicylidene)ethylenediamine?
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Hetero metal binuclear complexes, MM’ (fsaen) - nH,O (M= Cu(II) and Ni(IT); M’= Cu(II), Ni(II), Co(II),
Fe(IT), and Mn(II); n=1—3), with N, N’-bis(3-carboxysalicylidene)ethylenediamine (H,fsaen) have been synthesiz-
ed and characterized, where M and M’ denote the metal ion coordinated by the N,O,-coordinating atoms and the

O,-coordinating atoms, respectively.
in terms of the Heisenberg model.

The magnetism of CuNi(fsean)-3H,O and CuCo(fsaen) - 3H,O is explained
The magnetism of NiCu(fsaen) - H,O, NiCo(fsaen)-2H,0, and NiMn(fsaen)-

2H,0 obeys the Curie-Weiss law, demonstrating the binuclear structure to be composed of one diamagnetic nickel-

(II) and one paramagnetic M’(II) ions.
shows unusual magnetic property.

Binuclear metal complexes containing two different
metal ions are of interest in connection with spin-ex-
change and charge-transfer between metal ions and in
the domain of metalloenzymes and homogeneous cataly-
sis.  One method for the synthesis of hetero metal bi-
nuclear and polynuclear complexes is to use the reaction
of a simple metal salt with a metal chelate ligand such as
a quadridentate Schiff base complex3-% or a sulfur-
ligand complex.®” Binuclear and polynuclear com-
plexes such as V(IV)O-Cu(II)3% and Cu(II)-M(II)-
Cu(II}® have been obtained by this method. The suc-
cess in synthesizing hetero metal binuclear complexes
depends on the stability of the starting metal chelate and
the solubility of the hetero metal complex. Thus, appli-
cation of this method to other hetero metal polynuclear
complexes is limited.

Another method for obtaining hetero metal binuclear
complexes is to use a step-wise reaction of two different
metal ions with a coordinatively selective binucleating
ligand, in which two coordinating sites differ from each
other in the ligand field strength or in the stereochemi-
stry of coordination. A few such ligands have recently
been reported.!:8:9)

In previous papers of this series,1»®) it was shown that
the Schiff bases derived from 3-formylsalicylic acid and
diamines are binucleating ligands with coordinative
selectivity. They formed a hetero metal complex of
Cu(IT)-Ni(II)® and binuclear nickel(II) complexes
with one diamagnetic and one paramagnetic nickel(II)
ions.) This report deals with the synthesis and char-
acterization of hetero metal binuclear complexes with
N,N’-bis(3-carboxysalicylidene)ethylenediamine  (ab-
breviated to H, fsaen). The complexes are represented
by MM’ (fsaen) -nH,O (M(II)= Cu(II) and Ni(II); M’'=
Cu(II), Ni(II), Co(II), Fe(II), and Mn(II); n=1—3),

0
0o

[N\ /0\ K
/M\O/M\ nHZO

==

Fig. 1.

CuFe(fsaen) -2H,0, NiFe(fsaen).2H,0, and CuMn(fsaen)-H,O each

where M is an ‘“‘inside” metal ion coordinated by the
N,O,-coordinating atoms and M’ is an “‘outside’ metal
ion coordinated by the O,-coordinating atoms (Fig. 1).
A part of this work has been reported,® which is the first
report on hetero metal binuclear complexes with H,
fsaen. Recently some hetero metal binuclear complexes
such as Cu(II)-U(VI)O, and Ni(II)-Th(IV) were ob-
tained using H, fsaen.® However, no hetero metal
binuclear complexes with first transition metal ions have
been obtained.

Experimental

Syntheses. The syntheses of mononuclear complexes,
Cu(Hyfsaen)-0.5H,O and Ni(H,fsaen)-0.5H,O, have been
described in the previous paper.b

CuNi(fsaen) - 3H,0. Cu(H,fsaen)-0.5H,0 (107 mg)
was dissolved in an aqueous solution (50 ml) of lithium hydro-
xide monohydrate (21 mg) by warming. A small amount of
insoluble particles was separated by filtration. To this
solution was added an aqueous solution (10 ml) of nickel(II)
chloride hexahydrate (60 mg) and the resulting red-purple
solution was left to stand overnight at room temperature to
give reddish purple prisms, which were collected, washed with
water, and dried over PyOj in a vacuum desiccator.

Found: C, 40.65; H, 3.45; N, 5.27; Cu, 12.27; Ni, 10.74%,.
Calcd for CyyH,N,O,CuNi-3H,O: C, 40.90; H, 3.43; N,
5.30; Cu, 12.02; Ni, 11.109%,.

CuCo( fsaen) - 3H,0. To an aqueous solution prepared
from Cu(H,fsaen)-0.5H,O (107 mg) and lithium hydroxide
monohydrate (21 mg), was added an aqueous solution (10 ml)
of cobalt(II) chloride hexahydrate (80 mg) to give a red-
purple solution. After the reaction mixture was left to
stand overnight at room temperature, purple prisms separated
were collected, washed with water, and dried over P,Oj in
vacuo.

Found: C, 40.94; H, 3.58; N, 5.32; Co, 11.41; Cu, 12.289%,.
Calcd for C,H;,N,04CoCu-3H,0: C, 40.88; H, 3.43; N,
5.30; Co., 11.14; Cu, 12.02%.

CuFe(fsaen) - 2H,0. This complex was obtained as
yellowish brown prisms by reacting Cu(Hfsaen)-0.5H,O
(107 mg) with iron(II) sulfate heptahydrate (70 mg) in the
presence of lithium hydroxide monohydrate (21 mg).

Found: C, 42.25; H, 3.18; N, 5.50; Cu, 12.60; Fe, 10.65%.
Calcd for CyH,N,O4CuFe-2H,0O: C, 42.58; H, 3.18; N,
5.52; Cu, 12.52; Fe, 11.009,.

CuMn(fsaen) - H,0. This complex was obtained as
pink-purple prisms by reacting Cu(H,fsaen).0.5H,O (107 mg)
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with manganese(II) sulfate hexahydrate (65mg) in the
presence of lithium hydroxide monohydrate (21 mg).

Found: C, 44.06; H, 2.63; N, 5.72; Cu, 12.52; Mn, 11.519%,.
Calcd for C;gH,;;N;O,CuMn-H,O: C, 44.23; H, 2.89; N,
5.73; Cu, 13.00; Mn, 11.249%,.

NiCu(fsaen) - HyO. Ni(Hyfsaen)-0.5H,0 (106 mg) was
dissolved in an aqueous solution (60 ml) of lithium hydroxide
monohydrate (21 mg) by warming. To the resulting red
solution was added an aqueous solution (10 ml) of copper(II)
chloride dihydrate (34 mg). Immediately pinkish orange
prisms separated. After the reaction mixture had been
warmed at 50 °C for 10 min, the product was isolated, washed
with water, and dried over P,O; in vacuo.

Found: C, 43.53; H, 2.52; N, 5.62; Cu, 12.72; Ni, 12.30%,.
Caled for CgH;,N,OsCuNi-H,O: C, 43.89; H, 2.86; N,
5.69; Cu, 12.90; Ni, 11.92%,.

NiCo( fsaen) - 2H,0. This complex was obtained as
yellowish brown micro-crystals from Ni(H,fsaen)-0.5H,O
(106 mg), cobalt(II) chloride hexahydrate (65 mg) and
lithium hydroxide monohydrate (21 mg).

Found: G, 43.13; H, 2.92; N, 5.67; Co, 11.98; Ni, 12.16%,.
Caled for CygHyNy,O4CoNi-2H,O: C, 42.73; H, 3.19; N,
5.54; Co, 11.65; Ni, 11.609%,.

NiFe(fsaen) - 2H,0. This complex was obtained as
reddish orange micro-crystals from Ni(H,fsaen)-0.5H,0
(106 mg) and iron(II) sulfate heptahydrate (70 mg) in the
presence of lithium hydroxide monohydrate (21 mg).

Found: C, 43.24; H, 2.75; N, 5.49; Fe, 11.46; Ni, 12.029,.
Caled for C;sH ,NyOgFeNi-2H,O: C, 42.99; H, 3.21; N,
5.57; Fe, 11.11; Ni, 11.67%,.

NiMn(fsaen) - 2H,0. This complex was obtained as
yellow needles from Ni(Hfsaen)-0.5H,O (106 mg), manga-
nese(II) sulfate hexahydrate (65 mg) and lithium hydroxide
monohydrate (21 mg).

Found: C, 42.74; H, 2.82; N, 5.45; Mn, 10.91; Ni, 11.319,.
Calced - for C;gH;;N,OgMnNi-2H,0: C, 43.07; H, 3.22;
N, 5.58; Mn, 10.95; Ni, 11.70%,.

Measurements. C, H, and N elemental analyses were
carried out at the Service Center of Elemental Analysis,
Kyushu University. Metal analyses were carried out with a
Shimadzu Atomic Absorption-Flame Spectrophotometer Model
AA-610S, The aqueous solution for the measurement was
prepared by thermally decomposing a complex in the presence
of sulfuric acid and dissolving the resulting metal sulfate in
dilute hydrochloric acid or sulfuric acid. Infrared spectra
were measured with a Hitachi Infrared Spectrophotometer
Model 215 on a KBr disk. Electronic spectra were measured
with a Shimadzu Multipurpose Spectrophotometer Model
MSP-5000 by the reflection on a powder sample. Magnetic
susceptivility was measured by the Faraday method, where
diamagnetic correction was carried out by means of Pascal’s
constants.

Results and Discussion

Infrared spectra of the complexes resemble each other
and are similar to those of Cu,(fsaen)«3H,O and Ni,-
(fsaen) -3H,O, whose binuclear structures have been
characterized.)) No band was found in the region
1750—1650 cm—!. Instead a broad and strong band
was found around 1550 cm~1, which is attributable to
the coordinated carboxylate group.

Because of the low solubility of the complexes in most
solvents, the electronic spectra were measured by reflec-
tion on a solid sample. The electronic spectra are given
in Figs. 2 and 3. The room temperature magnetic
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Absorbance (arbitrary scale)

10 20 30
103 cm—1

Fig. 2. Electronic spectra of (——)CuNi(fsaen) -3H,0,
(— —)CuCo(faen) - 3H,0, (—-—)CuFe(fsaen)-2H,0,
and (------ )CuMn(fsaen) - H,O.

Absorbance (arbitrary scale)

10 20 30
102 cm—?
Fig. 3. Electronic spectra of (——)NiCu(fsaen)-H,O,
(——)NiCo(fsaen) .2H,O, (—-—)NiFe(fsaen)-2H,0,
and (------ YNiMn(fsaen) -2H,0.

MAGNETIC MOMENTS OF COMPLEXES
AT ROOM TEMPERATURE

Hotr (T(K))
(Bohr magneton)

TaBLE 1.

CuNi(fsaen) - 3H,O 3.05%(292.6) Na=200x 10-¢ e.m.u.
CuCo(fsaen) -3H,O 4.76%(295.4) Na=450x10-% e.m.u.
CuFe(fsaen) - 2H,O 2.76™(297.8)
CuMn(fsaen) -H,O 5.17%(293.2)
NiCu(fsaen) -H,O 1.87%(294.7) Na= 60x 10-% e.m.u.
NiCo(fsaen)-2H,0O 5.15(293.1) Nx=400x10-% e.m.u.
NiFe(fsaen)-2H,0O 2.29»(297.8)
NiMn(fsaen) -2H,0O 5.71%(293.0)

a) Magnetic moment was calculated by the equation

Hotr=2.828,/(xu—No) T using the estimated N given
in the Table. b) Calculated by the equation .=

2.828,/1u T

moments of the complexes are given in Table 1.

The electronic spectrum of CuNi(fsaen)-3H,O pos-
sesses ligand field bands (9500, 16000, and 19000 cm™1)
in the visible region. The band at 19000 cmm~! seems
substantially the same as the band found for Cu(H,-
fsaen)-0.5H,O and tentatively assigned to the “inside”
copper(II). The bands at 9500 and 16000 cm™1, on the
other hand, may be assigned to the nickel(II) in an
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octahedral environment. The molar magnetic moment
of this complex is subnormal (3.05 Bohr magnetons
(#s)). It has been shown!) that this magnetic behavior
can be explained on the basis of the Heisenberg model
by the equation,

_ Neg?p* 10+exp(—3J/kT) a
™= T S Fexp (<3 JkT) T (1)

where [ is the exchange integral, & the Boltzmann con-

stant, N the Avogadro number, § the Bohr magneton .

and g the Lande g-factor. The magnetic parameters,
J &ave; and  Na(temperature-independent paramagnet-
ism), determined from the best fit of the experimental
xu values to the Eq. I are —75 cm~1, 2.19 and 200 x
10-% e.m.u./mol, respectively.)

The electronic spectrum of CuCo(fsaen)-3H,O shows
the ligand field bands at 8300, 11000, 17000, and 19200
cm™.  The band at 19200 cm—! is attributed to the
copper(II) in the “inside” coordination site. The re-
maining bands may be assigned to the cobalt(II) ion.
The spectrum resembles that of hexaaquacobalt(II).
Therefore, coordination of water molecule to the cobalt-
(IT) from an apical direction is presumed. On assuming
an octahedral configuration around the cobalt(II), the
band at 8300, 11000, and 17000 cm™! are assigned to the
#Tyg4T g, 2Eg—*T},, and %A,,«*T,, transitions, re-
spectively. The transition 4T,, (P)«*T,, (F) can be
superposed by the band of the copper(II) ion.

The magnetic moment for a cobalt(II) ion under
octahedral symmetry is, in general, larger than the spin-
only value because of the contribution from an orbital
angular momentum, and is in the range 4.3—5.2 ys.
The magnetic moment of CuCo(fsaen)-3H,0 is 4.76 ug
which seems common to a magnetically noninteracting
Cu(IT)-Co(II) system if we take into account the 1.85
us of Cu(H,fsaen)-0.5H,O. However, the magnetic
moment of this complex markedly depends on tempera-
ture, indicating the spin-spin exchange interaction be-
tween the metal ions (Fig. 4). Based on the Heisenberg
model, spin-spin coupling between copper(II) (s,=1/2)

X 22000

g
-

(xu—450x 10-¢)~1 (mol/e.m.u.)
¥ X 108 (e.m.u./mol)

50 114000
O\O\)
\O\Qlooop
% 100 200 300

T (K)

Fig. 4. Variations of molar susceptibility and inverse
molar susceptibility for CuCo(fsaen) - 3H,O as a function
of temperature.
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and cobalt(II) (s,=3/2) would result in two spin states,
s=1 and s=2. The spin-quintet state is separated by
—4 J from the supposed spin-triplet ground state, where
J is the exchange integral. The molar magnetic sus-
ceptibility for this system is expressed by the equation,

_ Ngp* 1042exp (—4J/kT)

I = T S Bexp (—aJjkT) T @)

As is seen in Fig. 4, the magnetic susceptibility (and the
inverse magnetic susceptibility) is in accordance with the
theoretical value when average g-value, J and Nu are
estimated at 2.45, —35 cm~! and 450 X 108 e.m.u./mol,
respectively. It is likely that the orbital contribution
from the cobalt(II) to the total magnetic susceptibility is
small. This implies that the geometry around the cobalt-
(II) is not exactly octahedral. The T, ground state of
cobalt(II) in an octahedral environment should split
into two or three states under a low symmetry. If the
first excited state were thermally accessible, the tempera-
ture dependence of magnetic susceptibility would be-
come much complicated, and could not be interpreted in
terms of Eq. 2. Thus, the ground state for the cobalt(II)
in CuCo(fsaen)-3H,0O is orbitally singlet and the first
excited state is above the ground state more than 1000
cm~1,  According to Sinn!!) the orbital contribution to
magnetic susceptibility of a poly-nuclear cluster, in
general, can be ignored. Thus the geometry around the
cobalt in CuCo(fsaen):3H,O is pseudo-octahedral; it is
supposed that the water molecules in the apical positions
are elongated.

Electronic spectrum of CuFe(fsaen)-2H,0O shows a
band at 22000 cm~! in addition to the band (19000
cm™) attributable to the “inside” copper(II). In
general, high-spin iron(II) in an octahedral crystal field
should show the spin-allowed transition SE 5Ty,
around 11000 cm~1. However, such a band could not
be found for CuFe(fsaen)-2H,0. The molar magnetic
moment decreases with lowering of temperature from
2.76 ps at 297.8 K to 1.90 up at 79.9 K (Table 2). This
behavior can not be explained in terms of the spin-ex-
change interaction between a copper(II) and a high-spin
iron(II). It might be possible to explain the magnetism
in terms of a spin-equilibrium between high-spin (or
intermediate-spin) and low-spin states of iron(II). Based
on this assumption, the band at 22000 cm™! is attributa-
ble to a low-spin iron(II). However, most iron(II)
cross-over complexes are restricted to those containing
imine-nitrogen ligands!?-18) and no iron(II) cross-over
complex with only oxygen-ligands has yet been obtain-
ed.

In the spectrum of CuMn(fsaen)-H,O no character-
istic band was found except the band at 19400 cm™?,
which is attributable to the “inside” copper(II). This
seems natural since a high-spin manganese(II) shows no
spin-allowed d-d transition. . The molar magnetic mo-
ment is 5.17 ug which is much lower than the value ex-

-pected for only high-spin manganese(II). This indicates

an antiferromagnetic spin-exchange interaction between
copper(II) and manganese(II).

In composition, color, infrared spectrum, electronic
spectrum and magnetic property NiCu(fsaen)-H,O

-differs from CuNi(fsaen)-3H,0O. The reflectance spec-
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TaBLE 2. TEMPERATURE DEPENDENCE OF MOLAR SUSCEPTIBILITY(€.m.U./mol) AND EFFECTIVE

MAGNETIC MOMENT {ug) FOR CuFe(fsaen)-2H,O anp NiFe(fsaen)-2H,O

CuFe(fsaen) - 2H,O

T(K) 79.7 102.2 122.3 146.4 167.2 188.1 207.6 226.0 246.1 265.2 284.1 297.8
Zn - 108 5678 5202 4780 4455 4221 4018 3821 3660 3510 3401 3304 3203
Yot 1.90 2.06 2.16 2.28 2.38 2.46 2.52 2.57 2.63 2.69 2.74 2.76
NiFe(fsaen) - 2H,0
T(K) 80.6 100.1 119.2 128.9 147.2 167.9 188.3 208.1 227.7 247.8 268.0 297.8
Y- 108 3384 3048 2810 2684 2606 2547 2483 2401 2349 2295 2256 2198
Hest 1.48 1.56 1.64 1.66 1.75 1.85 1.93 2.00 2.07 2.13 2.20 2.29
700 ture obeys the Curie-Weiss law as is shown in Fig. 5.
NiFe(fsaen)-2H,O resembles CuFe(fsaen)-2H,O in
600 100 spectral and magnetic properties. The magnetic sus-
ceptibility and magnetic moments at various tempera-
3 5 ture are given in Table 2. Since the electronic spectrum
g 0r {80 & indicates that the nickel(II) has a planar configuration,
9 L unusual magnetic property of this complex is attributed
':55 400 g to the iron(II).
= leo = From the electronic spectrum it is apparent that the
=~ = configuration around the nickel(II) in NiMn(fsaen)-
& 300 'g 2H,0 is also planar. The fact that the room tempera-
v Lo X ture magnetic moment is 5.71 gs which is common to
8 0 § high-spin manganese(II) supports the binuclear struc-
lz [ ture composed of planar nickel(II) and high-spin man-
= 150 B ganese(II).
100f Consequently the nickel(II) in NiM’(fsaen) -nH,O is
always planar. This finding is compatible with the fact
0 ) 0 that the “inside” nickel(II) is always diamagnetic in
0 100 200 Ni,(fsaen)-3H,O and its homologues. The ligand field
T (K) band due to the “inside’ metal ion in the present com-
Fig. 5. The inverse magnetic susceptibilities for (Q) plexes shifts to higher energy as compared with the band

NiCu(fsaen) -H,O and (@) NiCo(fsaen)-2H,O.

trum of NiCu(fsaen) -H,O possesses two ligand field
bands at 12000 and 19000 cm~%. The first band seems
to be essentially the same as the band (13400 cm™1!)
found for Cuy(fsaen)-2H,O. The bands at 12000 and
19100 cm™! are tentatively assigned to the “outside”
copper(II) and the “inside” nickel(II), respectively.
The molar magnetic moment at room temperature is
1.87 us and the inverse magnetic susceptibility obeys the
Curie-Weiss law in the temperature range 78—300 K.
Spectral and magnetic properties indicate that NiCu-
(fsaen)- H,O is composed of one diamagnetic nickel(II)
and one copper(II) ions.

The electronic spectrum of NiCo(fsaen)-2H,O re-
sembles that of CuCo(fsaen)-3H,O. Therefore, the
assignment of the ligand field bands was tentatively done
by an assumption of a pseudo-octahedral configuration
around the cobalt(II); 8100 (#T,,«*Ty,), 12000 (2Eg«
1Tyg), 16200 (*A,«*T),), and 19500 cm—! (T, (P)«
T, (F)). The band at 19500 cm~! may be overlapped
by the band due to the “inside’ nickel(II). The sup-
posed structure of planar nickel(II}-octahedral cobalt-
(II) is supported by magnetic measurements. The
magnetic moment at room temperature is 5.15 #g, which
is common to high-spin cobalt(II) complexes. The plot
of the inverse magnetic susceptibility against tempera-

of the corresponding monomeric complex. This implies
that the binuclear complex formation enhances the
coplanarity of the “inside” metal plane.!®)
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A New Spectrophotometric Method for the Determination of Some
Reducible Compounds by the Reduction with Chromium(II) Ion
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A number of reducible compounds, such as nitrates, nitrites, nitro, nitroso, azoxy compounds, aldehydes, carbon
tetrachloride, oximes, and chloramine T, can be determined by reducing them with chromium(II) ion prepared in an
aqueous solution in a special vessel and measuring the absorbance of the resulting chromium(III) in the solution. In
this reducing process, nitrate and nitrite are reduced to hydroxylamine quantitatively in hydrochloric acid at room
temperature; carbon tetrachloride, nitrobenzene, and chloramine T each consume definite amounts of chromium(II)
in an acidic medium at room temperature; propionaldehyde and azoxybenzene react with the reagent only in a basic
solution; dimethylglyoxime and l-nitroso-2-naphthol react only under heating at 80 °C in an basic medium. The
absorbance of the resulting chromium(III) ion in the presence of the excess chromium(II) is found to obey Beer’s law

at the wavelengths of 410—425 nm over the range of 4 x 10-*—8x 10~2 mol/I of chromium(III).
tion range corresponds to about 10->—10-4 mol of the reducible compounds mentioned above.

This concentra-
A rapid and

precise method has been established with few disadvantages.

Although the spectrophorometric method for nitrite
with Griess-Romijin reagent! is strikingly simple and
accurate, for nitrate we have few methods of accurate
determination. Most of the spectrophotometric methods
for nitrate are based on the nitration of some organic
reagents; these are often difficult to perform, since some
methods are only applicable to a solid nitrate sample
(e.g., the phenoldisulfonic acid method?-%) and others
give hardly linear calibration curves at the wavelengths
of maximal absorption of the colored compound (e.g.,
the brucine method”™®). This may be caused by the
fact that nitration is apt to be affected by the presence of
chloride, bromide, or nitrite, and also by other experi-
mental conditions.

On the other hand, both nitrate and nitrite were also
found to be readily reduced to hydroxylamine by low
valence ions such as Cr(II).?? It has also been known
that some organic compounds containing nitro,10-12
nitroso,') and diazo groups'!) react with some low
valence ions such as Cr(II), Ti(III), and V(II); further-
more, chloroform, carbon tetrachloride,'® and oximes!®
are also reducible with these ions. In the titrimetric
process a sample is put into a solution containing an
excess of these ions and allowed to react perfectly under
an optimum condition of acidity or temperature; then
the unconsumed reducing agent is back-titrated with
iron(III) standard solution using thiocyanate as an indi-
cator. In this case, however, the color change at the
end point was not precisely detectable. Chromium(II)
ions are preferred as a reducing agent because the blue
color changes to green by the oxidation, so if we can
measure the absorbance of the green color of chromium-
(III) resulting after the reduction of the sample, even
minute amounts of the above inorganic and organic
compounds could be determined spectrophotometrical-
ly.
This paper describes a rapid and simple method based
on the above principle with some devices to prevent the
oxidation of the remaining chromium(II) by air: we
use a new air-shielded vessel that resembles the ordinary

*  Present address: Department of Chemistry, Faculty of
Science, Tokyo Metropolitan University, Setagaya-ku, Tokyo
158.

reductor vessel with liquid amalgam. The vessel is also
useful for pipetting an aliquot of the solution for measur-
ing the absorbance of chromium(III). The absorbance
at the wavelength of 420 nm gives the concentration of
chromium(III) and is not affected by the excess chro-
mium(II). Beer’s law is obeyed over the range of 4 X
10-3—8 x 10-2 mol/l of chromium(III).

Experimental

Reagents. Potassium dichromate standard solution (0.1 M):
Potassium dichromate of the guaranteed reagent grade (29.422
g) was dissolved in 1000 ml of 1.5 M hydrochloric acid. This
solution was diluted again with 1.5 M hydrochloric acid to
prepare 0.01 M solution.

Standard Nitrate Stock Solution (0.03 M):  Potassium
nitrate of the guaranteed reagent grade was dried, weighed
(3.033 g), and dissolved in 1000 ml of distilled water. A
standard nitrate solution in desired concentration was prepared
by diluting the stock solution appropriately.

Standard Nitrite Stock Solution (0.18M): In distilled water
12.42 g of sodium nitrite of the guaranteed reagent grade was
dissolved and the solution was diluted to 1000 ml. A 100 ml
portion of the solution was diluted again to 1000 ml with
distilled water and standardized as follows:!3 50 ml of the 0.05
M potassium permanganate solution, 1 ml of concentrated
sulfuric acid, and 50.00 ml of the sodium nitrite solution were
taken in a glass-stoppered bottle. The reaction was made to
proceed completely under occasional shaking for 15 min, then
2 g of potassium iodide were put into the solution. The
liberated iodine was titrated with 0.025 M sodium thiosulfate
standard solution using starch as an indicator. From the
amount of potassium permanganate consumed by the sodium
nitrite the concentration of the standard solution of nitrite was
determined. A standard solution of a suitable concentration
was prepared by diluting the stock standard solution.

Zinc Amalgam: 3—4 g of mossy zinc metal were washed
with 1 M sulfuric acid and the metal pieces were put into 100
g of mercury plated in a porcelain casserole; then they were
covered with 20 ml of 1 M sulfuric acid. The casserole was
placed on a boiling water-bath to amalgamate the zinc with the
mercury under occasional stirring; the liquid zinc amalgam
thus prepared was separated from the solid by means of a
separating funnel. The liquid zinc amalgam was stored in a
glass stoppered bottle which contained 1M sulfuric acid,
enough to cover the amalgam.
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Organic  Compounds: Carbon tetrachloride, chloroform,
nitrobenzene, and propionaldehyde, all of the guaranteed
reagent grade, were submitted to analysis without any purifica-
tion.

Chloramine T: 0.845 g of chloramine T (guaranteed
reagent grade) was dissolved in 10 ml of distilled water.

Dimethylglyosime: 0.363 g of dimethylglyoxime was dis-
solved in 20 ml of 3 M sodium hydroxide.

1-Nitroso-2-naphthol: 0.733 g of 1-nitroso-2-naphthol (guar-
anteed reagent grade) was dissolved in 20 ml of benzene.

Other Chemicals: Sulfuric acid, sodium hydrogensulfide,
and amidosulfuric acid were of the guaranteed reagent grade.

Apparatus. A Hitachi 239 type digital spectrophoto-
meter and Hitachi 323 type recording spectrophotometer with
1 cm glass cells were used.

The devised reductor is shown in Fig. 1, where (A) is a
300-ml glass vessel similar to a separating funnel, with the
glass stopcock (E), fitted with a 10-ml glass reservior (C)
through a rubber tube (B). (F) is the sample inlet.

Fig. 1. Amalgam reductor.
A: Amalgam reductor, B: rubber tube, C: glass re-
servior, D: N,-gas inlet, E: stopcock, F: sample inlet
and outlet.

Procedure. The liquid zinc amalgam was introduced
into the vessel (A) through the inlet (D) and dropped into the
reservoir to fill out (C) up to the upper level of the stopcock
(E). After the stopcock (E) was closed, and excess of the
amalgam was rejected through (D) by turning the vessel
upside down. The vessel was then returned to the normal
position. For the determination of nitrate and nitrite, 10 ml
of 0.02 M potassium dichromate solution (in 1.5 M hydro-
chloric acid) was pipetted into the reductor. Nitrogen gas
was introduced through an alkaline pyrogallol washing solution
into the reductor for 2—3 min to displace the air in the vessel
completely; the gas flowed through the vessel from (D) to
(F); (F) and (D) were then closed respectively with small
silicon rubber stoppers. The zinc amalgam in the reservoir
(C) was transferred back to the reductor by ‘turning the vessel
upside down, the stopcock (E) was closed, and the reductor
was shaken for about 5 min till the orange color of the solution
completely changed to sky blue. After the vessel was returned
to normal, the zinc amalgam was completely restored
to the reservoir through the cock (E) by pushing on the side of
the rubber tube (B) with one’s fingers; then the stopcock (E)
was sclosed. Ten milliliters of a sample solution were intro-
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Fig. 2. New designed air-shielded vessel.
A: Air-shielded vessel made of 500 ml polyethylene
bottle, B: N,-gas inlet, C: N,-gas outlet, D: 10 ml glass
injector, E: absorption cell, F: base, made of wood.

duced through the inlet (F), under the passage of nitrogen gas
from (D) through the vessel. The reductor was shaken for
about 5 min. About 5 ml of the solution were carefully sucked
up into a 10-ml injector through the silicone rubber stopper and
transferred into a 1-cm glass cell placed in a newly designed
enclosed vessel, in Fig. 2, which was filled with nitrogen gas
from the continuous passage of the gas. The cell was closed
with a glass cover plate to protect it from the air. The
absorbance of chromium(III) in the solution was measured at
420 nm with distilled water as the reference.

Carbon tetrachloride, nitrobenzene, and chloramine T were
found to react with chromium(II) ion in 1.5 M hydrochloric
acid solution at room temperature. A suitable amount of the
sample was introduced to the chromium(II) solution by
means of a microsyringe through the inlet rubber stopper (F).
After the reductor was shaken for 30 min, the absorbance of the
resulting chromium(III) was measured.

Propionaldehyde and azoxybenzene were reduced very
slowly in acidic solution at room temperature, whereas they
react smoothly in a weak alkaline solution. Five milliliters of
3 M sodium hydroxide solution were slowly introduced with a
pipette through (F) into the reductor containing 10 ml of
0.02 M chromium(II) under nitrogen gas flow, and at that
time a greyish blue precipitate appeared in the solution. A
suitable amount of the sample solution was injected into the
reductor with a microsyringe through the rubber stopper (F).
After the reductor was shaken for about 30 min, the solution
was made acidic by adding 5 ml of 6 M hydrochloric acid with
a pipette through (F) under nitrogen gas flow. The absor-
bance of the resulting chromium(IIT) was measured in the same
way as described above.

Dimethylglyoxime and I-nitroso-2-naphthol react with
chromium(II) ions in a weak alkaline solution at 80 °C.
After 5 ml of 3 M sodium hydroxide was introduced into the
reductor which contained chromium(II) solution, a suitable
amount of the sample was injected with a microsyringe in
the same way as above. Then, the reductor was warmed at
80 °C in a thermostat for about 30 min. After the reductor
was cooled to room temperature, the solution was made
acidic with 5 ml of 6 M hydrochloric acid, and the absorbance
of the resulting chromium(III) was measured.

Results and Discussion

Absorption Curves of Chromium(II) and Chromium(III).
Twenty milliliters of 0.01 M potassium dichromate solu-
tion were reduced to chromium(II) with zinc amalgam
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Fig. 3. Absorption spectra of chromium(II) and chro-
mium(IITI) (0.02 M of metals in 1.5 M hydrochloric
acid).

(a): Chromium(III), (b): chromium(II).

in the reductor according to the above procedure, and
the absorption spectrum of a portion of the resulting
chromium(II) solution was measured using a recording
spectrophotometer. The solution which remained in
the reductor was allowed to come in contact with air in
order to change chromium(II) to chromium(III) com-
pletely; then the absorption spectrum of this solution
was measured. As shown in Fig. 3, the absorption
spectra exhibit the absorption maxima at 420 nm and
590 nm for chromium(III) and at 690 nm for chromium
(II). From this figure it can be seen that the ab-
sorption maxima of the chromium (III} are isolated from
that of chromium(II) and the spectrophotometric deter-
mination of the former is unaffected by the latter. These
absorption curves almost coincide with those determined
by Kranz and Duczmal'® in 0.5 M sulfuric acid. Al-
though it has been pointed out that chromium(III)
forms a wide variety of complex ions, depending on the
concentration of chromium, pH, and other ionic species
present, the complication due to polynuclear compounds
of chromium(III) is minimized in an acidic solution such
as 1.0—1.5 M and the chromium(III) ion species seem
rather invariable.

Calibration Curve for Chromium(III). The chro-
mium(III) solutions in various concentrations were pre-
pared in a similar way to that described above: chro-
mium(VI) of varying concentrations was reduced to
chromium(II) with zinc amalgam and oxidized to
chromium(III) by exposing the solution to air. The
absorbances of the resulting solutions were measured at
420 nm with a spectrophotometer. Beer’s law was obey-
ed over the range of 4 X 10-3—8 X 10~2 mol/l of chromi-
um(III), with notably higher precision in the range of
4x1073—2x10-2 mol/1.

TaABLE 1. RELATIONSHIP BETWEEN ABSORBANCE
oF Cr(III) at 420 nm AND CONCENTRATION
OF NITRATE AND NITRITE

Nitrate Ab- Cr(III) Nitrite Ab- Cr(III)

taken® sorbance produced taken® sorbance produced

10-5 mol 10-% mol 10-5 mol 10-% mol
2.4 0.159 14.1 3.6 0.158 14.0
3.6 0.238 21.2 5.4 0.243 21.7
4.8 0.318 28.2 7.2 0.318 28.4
6.0 0.399 35.7 9.0 0.403 36.0
6.5 0.435 38.9

a) Both nitrate and nitrite ions are present in 30 ml
of the solution, respectively.
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Nitrate and Nitrite. In Table 1 are shown the
relations between the concentration of nitrate and nitrite
ions and the absorbances measured. From this data it
is found that 1 mol of nitrate oxidized exactly 6 mol of
chromium(II) to chromium(III), and nitrite exactly
4 mol. Therefore, the reactions can be written as fol-

lows:
NO;~ + 6Cr** + 7TH* — NH,OH + 6Cr** + 2H,0
NO,~ + 4Cr** + 5H* — NH,OH + 4Cr3* + H,O

Hydroxylamine may be the final product, because no
further reduction was found when an aqueous solution
of hydroxylamine was put in the chromium(II) solution.

Determination of nitrate and nitrite in their mixture:
From the above equations, under the present conditions
6.67x104—3.3x 103 mol/l of nitrate and 1.00x
10-3—5.00 x 10—2 mol/l of nitrite will be determined by
measuring the absorbance of the resulting chromium-
(III). Therefore, if both nitrate and nitrite are present
in a sample solution, their sum can be determined by the
method. Then, if the nitrite can be removed from the
sample by an appropriate reagent, the nitrate alone may
be determined by this method. Thus the nitrite could
be calculated as the difference between the total and the
nitrate. Brasted!? reported that nitrite was decomposed
by amidosulfuric acid in the following process:

NaNO, + HSO,NH, —> N, + NaHSO, + H,0

In the present study this reaction was employed. A
definite volume of a sample solution containing both
nitrate and nitrite was put into an Erlenmeyer flask and
a suitable amount of amidosulfuric acid(solid) was add-
ed to decompose the nitrite. When the violent evolu-
tion of gas bubbles ceased, an aliquot of the solution was
submitted to the reduction with chromium(II) ions,
followed by the spectrophotometric measurement of the
resulting chromium(III) ions. When the reaction
between nitrite and amidosulfuric acid was performed in
the air, the value of the resulting nitrate was often higher
than the theoretical one, and was subject to wide fluctua-
tions in every case. This fact is assumed to be caused by
the following side reactions:

9NO,~ + 2H* — N,O, + H,0
2N,0; + O, — 4NO,
2NO, + H,0O — NHOj; + HNO,

Thus, an appreciable amount of nitrate may be pro-
duced and consumes chromium(II) ions, yielding a
higher value in the determination of the nitrate. The
decomposable percentage of sodium nitrite varies with
the concentration of the salt taken initially: about 2%, of
nitrite for 0.1—0.3 mol/l and about 109, for above 0.5
mol/l are decomposed in the way described above. In
order to overcome this difficulty, the nitrite was decom-
posed under a nitrogen atmosphere in a glass-stoppered
Erlenmeyer flask. The results indicated that satisfactory
analyses were possible with solutions containing as much
as 0.4 g sodium nitrite, but the concentration should not
exceed 0.25 mol/l NO,~. Moreover, it was found that
the amidosulfuric acid treatment did not affect nitrate
ions in the range of concentration between 6.67 x 10—4
and 3.33 x 102 mol/l, and the chromium(II) reduction
process could also be carried out without any trouble.
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TABLE 2. DETERMINATION OF NITRATE AND NITRITE IN THEIR MIXTURE
N NO,- taken NO,- taken Absorbance for Absorbance for NO;- found NO, - found
0. 10-% mol 10-% mol (NO;~+NO;-) (NO;~) 10-% mol 10-% mol
1 1.80 1.80 0.203 0.122 1.82 1.78
2 1.80 2.70 0.242 0.125 1.85 2.61
3 2.40 3.60 0.320 0.165 2.44 3.49
4 1.80 2.01 0.105 0.126 1.85 2.05
5 1.80 1.96 0.102 0.123 1.83 2.22

Therefore, one part of nitrate can be determined in the
presence of about 350 parts of nitrite. The results for
samples containing various amounts of nitrate and
nitrite are shown in Table 2. Samples 4 and 5 in the
table were diluted 10 and 100 times, respectively, prior
to the determination of nitrite. A small amount of
nitrite ions can be removed by the amidosulfuric acid
method even in the air.

Determination of Nitrate Ions Present as Impurities in a
Commercial Sodium Nitrite Reagent: It is well known that
bulk nitrite reagents being used in the laboratory are not
so stable and always contain some nitrate after the ex-
posure to the air. By the method proposed so far, it is
impossible to determine a small amount of nitrate con-
tained in such a large amount of nitrite, since nitrite
interferes with the determination of nitrate in many
cases. Hence there have not been any reports on this
subject. As described above, it seems possible to deter-
mine the nitrate impurity in a commercial sodium nitrite
by the present method.

0.345 g of dried, ground sodium nitrite was weighed
accuralately and dissolved in 20 ml of distilled water in
a 200-ml glass-stoppered Erlenmeyer flask. After nitro-
gen gas was introduced into the flask sufficiently to
replace the air, about 2 g of amidosulfuric acid were put
in the flask. After 2—3 min the flask was warmed on a
water bath (about 60 °C) for 5—10 min to make the
reaction complete. The solution was diluted to 25 ml
with distilled water in a measuring flask. Ten milliliters
of an aliquot was taken in the reductor containing 10
ml of 0.04 M chromium(II) solution and the procedure
was carried out as described in the Procedure section.

TABLE 3. DETERMINATION OF NITRATE IONS IN A
COMMERCIAL SODIUM NITRITE REAGENT

NaNO, taken g NO;-found g NO,- content %,
0.34503 0.00333 0.97
0.34493 0.00341 0.99
0.34514 0.00336 0.97
0.34544 0.00324 0.94

The results obtained are shown in Table 3. It was
found that the nitrite reagent contained about 0.97%, of
nitrate. These results agree with that obtained by the
gravimetric method with nitron carried out as follows:
1.380 g of sodium nitrite was dissolved in 100 ml of di-
stilled water. 1.80 X 10—% mol of nitrate was also added
in order to obtain the precipitate of nitron which was
filterable in the conventional manner. The solution was
divided into four nearly equal portions (ca. 25 ml),
which were put in four separate Erlenmeyer flasks. Two
grams of amidosulfuric acid were added in each flask.

After the nitrite was removed, each solution was collect-
ed together in a beaker, 10%, nitron solution (in 59,
acetic acid) was added in the solution, and the beaker
was cooled in an ice bath to precipitate the nitron nitrate
completely. The precipitate was filtered off onto a
previously weighed glass-fiber filter paper (Toyo Roshi,
GB-100), washed, dried at 110 °C for about 3 h, and
weighed. This value coincided with that obtained by
the recommended reduction method; the latter method
is accurate and more simple and rapid than the former
gravimetric one.

Interferences: Some oxidizing salts, such as chlorate,
bromate, periodate, iodate, selenate, and selenite, oxi-
dize chromium(II) to chromium(III) and thus interfere
with this method; perchlorate, chloride, bromide, io-
dide, sulfate, and arsenate ions do not (Table 4). Some
metal ions, such as copper(II) and iron(III), also inter-
fere. Chlorate, bromate, and periodate and iodate ions
are reduced to chloride, bromide, and iodide with chro-
mium(II) ion, while selenate and selenite and copper-
(IT) ions are reduced to their metals and iron(III) ion to
iron(II) ion. However, periodate and iodate can be
reduced by the addition of a small amount of hydrogen-
sulfite to their 0.01 M hydrochloric acid solution; excess
hydrogensulfite can be removed by gently boiling the
solution. In this case, however, if the sample solution is

TaBLE 4. EFFECT OF DIVERSE SUBSTANCES

Substance Concentration, ppm Effect
Cu 2+ 100 positive
Fe 3+ 40 positive
K+, Nat large amount none
AsOg3- 2000 none
Cl-, Br-, I- large amount none
Cl, small amount positive
ClO,-, BrO; -, 10,4~ 400 positive
ClO,4- large amount none
CO42- large amount none
10~ 70 positive
Se0,2-, SeO2- 10 positive
SO,%- small amount positive
SO,2~ large amount none
PO~ large amount none
Carbon tetrachloride small amount positive
Nitrobenzene small amount positive
Chloramine T small amount positive
Alcohol large amount none
Ester large amount none
Ketone large amount none
Aldehyde large amount none
Sufamic acid large amount none
Urea large amount none
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more acidic than 0.1 M, a loss of nitrite occurs along
with the evolution of gaseous nitric oxide. Nitrite and
nitrate are not affected at all by the hydrogensulfite
treatment under the present conditions. Some inter-
fering metal ions, such as copper(II) and iron(III), can
be removed by passing the sample solution through a
column of cation exchange resin, Dowex 50 W x 8 in
hydrogen form, 100—200 mesh. Chlorate, selenate,
and selenite-ions can not be removed by any-treatment,
but as these ions seem to exist in commerical nitrites in
only trace concentrations, and therefore except for some
special cases, they may not give a serious error to the
determination on a semi-micro scale.

Determination of Organic Compounds. The recom-
mended procedures were carried out as described in the
Procedure section. In the case of azoxybenzene, it is
reduced with chromium(II) ions and gives azobenzene
as a precipitate. Then, after acidifying the solution, the

TaBLE 5. DETERMINATION OF ORGANIC COMPOUNDS
M ti
Sample aken  CrLD el o~ Wavelengh
10-4 mol
- 10-4 mol Sample abs. meas., nm
(1) Carbon tetrachloride
0.21 0.85 4.05 410
0.31 1.25 4.03
0.52 + 2.05 3.94
0.63 2.57 4.08
0.94 3.74 3.98
(2) Nitrobenzene
0.20 0.90 4.50 420
0.29 1.33 4.51
0.39 1.75 4.49
0.49 2.23 4.55
0.64 2.88 4.50
(3) Chloramine T
0.30 0.62 2.07 425
0.61 1.24 2.03
0.91 1.83 2.01
1.21 2.38 1.97
1.51 2.90 1.92
(4) Propionaldehyde
0.55 1.01 1.84 420
0.96 1.93 2.01
1.37 2.71 1.98
1.78 3.58 2.00
(5) Azoxybenzene
0.39 0.77 1.97 410
0.79 1.65 2.09
0.98 2.11 2.35
1.38 3.82 2.04
(6) Dimethylglyoxime
0.16 1.33 8.31 410
0.31 2.48 8.00
0.39 3.06 7.85
0.47 3.55 7.77
(7) -1-Nitroso-2-naphthol ‘
0.21 0.97 4.63 420
0.42 2.05 4.88
0.63 3.13 4.97
0.74 3.38 4.57
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Fig. 4. Absorption spectra of chromium(III) complexes

resulted by reaction between chromium(II) and some
organic compounds.
(a): Carbon tetrachloride, nitrobenzene, and chloramine
T, (b): propionaldehyde, azoxybenzene, and dimethyl-
glyoxime, (c): l-nitroso-2-naphthol, (d): p-benzoqui-
none and propiophenone oxime.

solution must be filtered through a dried absorbent cot-
ton on the funnel to remove the precipitate, the filtrate
is then received in a photometric cell. The results ob-
tained are shown in Table 5 (1)—(7) together with the
wavelength at which the measurement of the absorbance
should be made.

The absorption spectra of the resulting chromium-
(ITT) complex solutions are shown in Fig. 4. The spectra
for carbon tetrachloride, nitrobenzene, and chloramine
T (a) are very close to the standard one (Fig. 3), while
those for propionaldehyde, azoxybenzene, and dimethyl-
glyoxime (b) somewhat deviate from the standard one.
On the other hand, the absorption spectra for 1-nitroso-
2-naphthol (c) and p-benzoquinone and propiophenone
oxime (d) exhibit another strong absorption peak at a
wavelength shorter than 400 nm, which contributes to
the absorption of chromium(III) at 420 nm. This ab-
sorption may be attributed to the reaction product in the
solution. Consequently, the determined values are
higher than the theoretical one, but in the case of 1-
nitroso-2-naphthol an approximately linear relationship
exists between the concentration of the sample and the
absorbance of the resulting solution. Therefore, the
determination of 1-nitroso-2-naphthol can be performed
satisfactorily (Table 5(7)). However, in the case of
p-benzoquinone and propiophenone oxime, the absor-
bance at about 420 nm is difficult to measure because
the absorption peak is hindered by a strong absorption
at a wavelength shorter than 400 nm. The absorption

.at 420 nm very quickly decreases, so the determination

is impossible.

According to Kiba and Terada,® carbon tetrachlo-
ride and chloroform were assumed to be reduced to
methane by chromium(II) ions. However, in the
present study, as the results of the gaschromatographic
measurement of the resulting aqueous solution and of the
gas phase remained after the reaction in the reductor, it
was found that tetrachloroethylene could be detected in
the solution and carbon 