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ABSTRACT 

Interactions between polystyrene and aluminum copper(1) chloride 
(AICuC14) were investigated by various spectroscopic measurements 
in order to elucidate the structure of poly~tyrene-A1CuC1~ complex 
in solution and the mechanism of water resistance of the complex as 
a carbon monoxide absorbent. The chemical shift (101 ppm) and 
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1350 TOSHIMA ET AL. 

half line width (145 Hz) of AICuCI4 in benzene by 27Al-NMR suggest 
a dimer structure bridged by two chlorine atoms, which is almost iden- 
tical with that of aluminum chloride. The coordination of benzene or 
other aromatic compounds to AICuCl4 was confirmed by charge- 
transfer bands in UV and visible absorptions. The equilibrium con- 
stants ( K )  for complex formation of AlCuC14 with various aromatic 
compounds were determined by 13C-NMR spectroscopy. In the case 
of AlCuC14 and benzene in 1,2-dichIoroethane, for example, K is 2.2 
M-' at 303 K. For the polymer complex solution and 1,3-diphenyl- 
propane solution, strong charge-transfer bands have been observed in 
the wavelength region at about 380 to 500 nm, where no band is ob- 
served in benzene derivatives. This strong charge-transfer band is con- 
sidered to be due to the strong interaction of AlCuC14 with adjacent 
aromatic rings of polystyrene or 1,3-diphenylpropane of a chelate type, 
which, as a result, causes the water resistance of the present carbon 
monoxide absorbent system. 

INTRODUCTION 

Carbon monoxide, which is a valuable raw material in the chemical indus- 
try, is usually obtained in gaseous mixtures with hydrogen, nitrogen, oxygen, 
methane, carbon dioxide, water, and so on. Therefore, technical improve- 
ments in separation of carbon monoxide are necessary for their effective 
utilization [ I ] .  The cryogenic separation process, taking advantage of the 
differences in boiling points of the gases, is well known as a separation 
method for carbon monoxide [I] . This method, however, requires large 
amounts of energy for achievement of the needed extreme low temperatures, 
and requires complete removal of carbon dioxide and water which can cause 
blockade in the refrigeration unit. This holds not only for separation of car- 
bon monoxide but also for separation of other gaseous molecules like 
ethylene . 

Recently, a selective carbon monoxide separation method has been pro- 
posed which uses a toluene solution of aluminum copper(1) chloride (AICuC14) 
[ 2 , 3 ] .  This method takes advantage of the fact that A1CuC14, a double salt 
composed of copper(1) chloride and aluminum chloride, is made soluble by 
formation of a molecular complex with aromatic compounds [4]. The selec- 
tive complex formation with carbon monoxide occurs by means of ligand ex- 
change at the central Cu(1) ion. With this absorbent, carbon monoxide can be 
separated with high selectivity with less energy. However, as the gas mixtures 
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ALUMINUM COPPER(1) CHLORIDE AND POLYSTYRENE 1351 

are usually saturated with water vapor, the activity for absorption of carbon 
monoxide is decreased rapidly by the water vapor due to the irreversible de- 
composition of the double salt with water [5 ,6]  : 

2AlCuC14 + Hz 0 - AlCuC14Al(OH)Cl~ + CuCl+ HCl, (1) 

AlCuCl4Al(OH)C12 - AlC~C14Al0Cl+ HCl. (2) 

Thus, the water content of gas mixtures must be reduced to less than 1 ppm 
prior to carbon monoxide separation with this absorbent. 

The present authors recently reported that toluene solutions of A1CuCl4 
or AgAlC14 containing linear polystyrene reversibly absorb carbon monoxide 
and ethylene under mild conditions and, in addition, are stable toward water 
vapor [7, 81 . Furthermore, water-resistant solid adsorbents for carbon mon- 
oxide and ethylene have also been prepared in similar systems by using macro- 
reticularly crosslinked polystyrene instead of linear polystyrene as the liquid 
absorbent [9-1 I ] .  

of complex formation of AICuC14 with polystyrene and related compounds. 
The role of polystyrene in the water resistance of the absorbents will also be 
compared with various model compounds of low molecular weight. 

In the present paper we show the results of a spectroscopic investigation 

EXPERIMENTAL 

Materials 

Aluminum chloride (Kishida Chemical Co.) was purified by vacuum sub- 
limation. Copper(1) chloride (Koso Chemical Co.) was reprecipitated from 
an aqueous hydrochloric acid solution by addition of distilled water, washed 
successively with ethanol and diethyl ether, and then dried in VQCUO at 100°C 
for 24 h. 

Benzene, toluene, and p-xylene were washed with concentrated sulfuric 
acid, followed by distillation over metallic sodium. Mesitylene was distilled 
after being dried over metallic sodium. 1,2-Dichloroethane was dried over 
diphosphorus pentoxide and distilled. 1,2-Diphenylethane was recrystallized 
from hexane. 1,3-Diphenylpropane was prepared by reduction of 1,3-di- 
phenylpropan-2-one with hydrazine [ 121 and purified by distillation over 
metallic sodium. 1,4-Diphenylbutane was prepared by hydrogenation of 
1,4-diphenyl-1,3-butadiene (Tokyo Chemical Industry Co.) over an active 
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1352 TOSHIMA ET AL. 

carbon-supported palladium catalyst (1 O%, Kojima Chemical Co.) [ 131 in 
methylcyclohexane and recrystallized from ethanol. 

Carbon monoxide (99.95% purity, Takachiho Kagakukogyo K.K.) was 
passed through a column of Molecular Sieve 3A before use. 

Linear polystyrene, purchased from Wako Pure Chemical Co. (Mw 1.5 X 
lo'), was mainly used in the present experiments. The molecular weight 
dependence experiments were performed by using polystyrenes with M ,  
4000, 9000, 6.0 X lo5 ,  and 2.0 X lo7, which were purchased from Toyo 
Soda Manufacturing Co., as standard polystyrenes for molecular weight 
measurement. These polystyrenes were reprecipitated several times by 
using chloroform and methanol and dried in vacuo at 60°C for 24 h. 

Preparation of Polymer Complex Solutions 

Polymer complex solutions were prepared by heating mixtures of 
polystyrene, copper(1) chloride, aluminum chloride, and an aromatic 
compound at 50°C for 4 h under dry nitrogen. The charged molar 
ratio of copper(1) chloride to aluminum chloride was kept at 1.1. Aro- 
matic solutions of AlCuC14 without polystyrene were prepared as refer- 
ence solutions in a similar manner as above, except for the absence of 
polystyrene. The complex solutions for ' C-NMR spectral measurement 
were prepared by using 1,2-dichloroethane as a solvent. 

NMR Spectral Measurement 

23.29 and 22.49 MHz, respectively. 13C-NMR spectra were measured at 
273, 303, 3 13, and 323 K.  27Al chemical shifts were referred to aqueous 
aluminum nitrate. Dichloromethane-d2 in a capillary tube was used as an 
internal lock in both 27Al- and I3C-NMR measurements. 

7Al- and C-NMR spectra were recorded using a JNM FX-90Q at 

Ultraviolet and Visible Absorption Spectrum Measurement 

Model 340 spectrometer at 25"C, with the complex solutions in a 1-mm 
quartz cell with a shielding cap under dry nitrogen. 

Ultraviolet and visible absorption spectra were measured with a Hitachi 
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ALUMINUM COPPER(1) CHLORIDE AND POLYSTYRENE 1353 

RESULTS 

Preparation of AICuC14 Complex Solutions 

The mixtures of polystyrene, copper(1) chloride, and aluminum chloride 
(charged molar ratios of copper(1) chloride and phenyl residue of polystyrene 
relative to aluminum chloride were 1.1 and 1 .O, respectively) became homo- 
geneous on being stirred in toluene at 50°C for about 10-30 min, with a small 
remaining excess copper(1) chloride. Without polystyrene, most liquid 
aromatic compounds also gave homogeneous solutions by similar stirring 
with copper(1) chloride and aluminum chloride. In the case of 1,3-diphenyl- 
propane as the aromatic compound, it took more time to dissolve the inor- 
ganic salts completely. These results indicate that the double salt composed 
of copper(1) chloride and aluminum chloride forms molecular complexes 
with various aromatic compounds. 

ful purification of the starting materials led to yellow solutions in almost all 
cases. For example, the color of the solution of the polystyrene-AlCuC14 
complex was mostly light yellow. As the molecular weight of polystyrene 
increased, however, the yellow color became deeper. The color of the solu- 
tion of the AlCuC1,-aromatic compound complex without polystyrene was 
light brown for benzene, light yellow-green for toluene, faint reddish yellow 
for p-xylene, and deep yellow for 1,3-diphenylpropane. 

In general, the color of the complex solutions was reddish brown, but care- 

NMR Spectral Measurement 

Table 1 shows the 27Al-chemical shifts and half line width of various aro- 
matic compound-AlCuC1, complexes. In all cases a single peak appeared at 
about 100 ppm from the aluminum nitrate as standard. Line widths of the 
peaks of AlCuC1, in benzene, toluene, and mesitylene increased in this order, 
and became extremely wide in 1,3-diphenylpropane. On the other hand, no 
remarkable change in the line width was observed in the 27Al-NMR spectra 
of aluminum acetylacetonate in various aromatic solvents (Table 1). Appreci- 
able line wdith broadening was also observed for the polystyrene-AlCuC1, 
complex solution compared with aluminum acetylacetonate solution. 

The results of l 3  C-NMR spectroscopy for various aromatic compounds 
with AlCuCl, are listed in Table 2. The chemical shift of carbon atoms of 
benzene shifted toward higher magnetic field by complexation with AlCuC14. 
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1354 TOSHIMA ET AL. 

TABLE 1. 27Al-NMR Data of AlCuC14 and Tris(2,4-Pentanediono)aluminum 
(Al(acac)3) with Various Aromatic Compounds and of the Polystyrene- 
AlCuC14 Complex in Toluene 

Half line width, Hz Chemical 
shift,a ppm, 

Aromatic compound A1CuCl4 AlCuC14b Al(acac)3c 

Benzene 101.0 145.1 156.3 

Toluene 101.1 224.6 122.1 

Toluene-polystyrened 103.0 416.8 178.2 

Mesitylene 100.7 357.4 105.0 

1,3-Diphenylpropane 103.0 1807 57 1.3 

aChemical shift with respect to aqueous aluminum nitrate. 
b[A1CuC14] = 0.5 mol/L. 
%aturated. 

[ Polystyrene] = 1 .O mol phenyl residue/L. 

In the case of toluene, the chemical shifts of carbon atoms of the methyl 
group and the aromatic ring carbon substituted by the methyl group shifted 
toward lower magnetic field by the complexation, while those of the aromatic 
ring carbon at the meta and para positions shifted to higher magnetic field. 
Similar results were observed for other aromatic compounds. On contact with 
carbon monoxide, the chemical shifts of aromatic compounds in the presence 
of A1CuC14 came close to those of the free aromatic compounds. 

Ultraviolet and Visible Absorption Spectra 

Figure 1 shows the ultraviolet and visible absorption spectra of toluene 
solutions of AlCuC14 with polystyrene of various molecular weights. The 
polymer complex solutions show a charge-transfer band in the region from 
380 to 500 nm. This charge-transfer band is composed of several overlapping 
bands, having major peaks at 380 and 460 nm. As the molecular weight of 
polystyrene increases, the absorbance of the charge-transfer band increases 
and the band shape changes with relative increase of the absorbance at 460 
nm (Fig. 1). In contrast, the solutions of AlCuC14 in monoaromatic ring 
compounds, such as benzene, toluene, and p-xylene, without polystyrene 
exhibit no bands in the region from 380 to 500 nm, as shown in Fig. 2. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
B

LE
 2

. 
C

ha
ng

es
 o

f 
3C

-N
M

R
 C

he
m

ic
al

 S
hi

ft
 (i

n 
pp

m
) o

f V
ar

io
us

 A
ro

m
at

ic
 C

om
po

un
ds

 o
n 

C
om

pl
ex

 F
or

m
at

io
n 

w
ith

 
A

lc
uc

14
a 

N
o.

 
B

en
ze

ne
 

To
lu

en
eb

 
M

es
ity

le
ne

C
 

1,
3-

D
ip

he
ny

lp
r~

pa
ne

~ 

C
(1

) 
-0

.1
08

 
- 1

.6
25

 
(-

 1
.1

92
) 

- 1
.5

69
 

(-
0.

75
5)

 
-0

.6
25

 
(-

0.
70

2)
 

C
(2

) 
-
 

-1
.3

25
 

(-
0.

91
9)

 
-
 

-
 

- 1
.0

34
 

(-
0.

33
9)

 

-
 

0 
(t

0.
16

0)
 

-
 

-
 

+O
. 1

6 1
 

(+
0.

34
9)

 

+1
.2

49
 

(+
1.

32
9)

 
+1

.5
69

 
(+

1.
24

0)
 

-
 

+0
.7

04
 

(+
0.

59
6)

 
+0

.7
58

 
(+

0.
58

9)
 

+0
.2

 1
7 

(+
O.

 1
63

) 

-
 

-
 

-
 

+0
.0

54
 

(+
0.

2 1
7)

 

C
(3

) 

C
(5

) 

C
(6

) 

C
(4

) 
-
 

+2
.3

84
 

(+
2.

16
7)

 

-
 

-
 

aA
 p

os
iti

ve
 s

ig
n 

sh
ow

s a
 s

hi
ft

 to
w

ar
d 

lo
w

er
 m

ag
ne

tic
 fi

el
d 

w
ith

 re
sp

ec
t t

o 
th

e 
si

gn
al

 o
f 

ea
ch

 a
ro

m
at

ic
 c

om
po

un
d 

w
ith

ou
t 

A
IC

uC
14

. 
[A

IC
uC

I4
] 

=
 0

.6
3 

m
ol

/L
. 

Th
e 

ca
rb

on
 a

to
m

s 
ar

e 
nu

m
be

re
d 

as
 fo

llo
w

s:
 

C 
b-

dT
he

 v
al

ue
s 

in
 p

ar
en

th
es

es
 a

re
 th

e 
ch

an
ge

s o
f 

ch
em

ic
al

 s
hi

ft
 a

ft
er

 c
on

ta
ct

 o
f 

th
e 

co
m

pl
ex

 s
ol

ut
io

n 
w

ith
 c

ar
bo

n 
m

on
- 

ox
id

e.
 M

ol
ar

 r
at

io
 o

f 
ab

so
rb

ed
 c

ar
bo

n 
m

on
ox

id
e 

to
 A

IC
uC

14
 =

 0
.2

7 
(b

),
 0

.5
9 

(c
),

 a
nd

 0
.5

6 
(d

).
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1356 

0.3- 

10.2- 

0.1 

TOSHIMA ET AL. 

- 

0.0- 
300 400 500 

WaVelengthIrm 

FIG. 1. Electronic absorption spectra of toluene solutions of polystyrene- 
AICuC14 complexes of various molecular weights: MW = 4000 (- -), 9000 
(- .), 1.5 X lo5 (...), 6.0 x lo5 (--), and 2.0 x lo7 (-); [A1CuCl4lo = 
0.63 mol/L, [polystyrene] = 0.63 mol phenyl residue/L; cell length, 1 mm; 
25OC. 

The solution of A1CuCl4 in 1,3-diphenylpropane, a low molecular weight 
model of polystyrene, shows a band shape similar to that of the polymer com- 
plex solution (Fig. 2). To investigate the dependence of the absorption spec- 
tra on the number of methylene carbon atoms between two aromatic rings, 
the absorption spectra of benzene solutions of AlCuC14 containing various 
two-aromatic ring compounds were measured, and the results are shown in 
Fig. 3. For 1,2-diphenylethane and 1,Cdiphenylbutane (2 and 4 methylene 
carbon atoms between two aromatic rings), no charge-transfer band was ob- 
served in the 380 to 500 nm region, in contrast to the strong charge-transfer 
band for 1,3-diphenylpropane in this region. 
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ALUMINUM COPPER(1) CHLORIDE AND POLYSTYRENE 1357 

FIG. 2 .  Ultraviolet and visible absorption spectrum of A1CuCl4 in 
1,3-diphenylpropane ( I ) ,  toluene (2), and benzene (3) under nitrogen: 
[AICuCI4] 
bands for the spectrum (Line 1 of the 1,3-diphenylpropane solution of 
AlCuCI,); cell length, 1 rnm. 

= 0.63 mol/L; the dashed lines show the resolved absorption 

Wavelength I nm 

FIG. 3. Ultraviolet and visible absorption spectra of benzene solutions of 
A1CuC14 containing various two-aromatic ring compounds: 1,Zdiphenyl- 
ethane ( l ) ,  1,3-diphenylpropane ( 2 ) ,  and 1,4-diphenylbutane (3); [AlCuC14 10 
= 0.63 mol/L, [aromatic compound] = 1.26 mol/L; cell length, 1 rnm. 
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DISCUSSION 

TOSHIMA ET AL. 

Structure of AICuC14 in Solution 

It has already been reported that aluminum copper(1) chloride (AlCuC14), 
which is active for carbon monoxide absorption, has the structure depicted in 
Fig. 4(1) in the crystalline state [4]. However, the structure in solution has 
not been known. Generally speaking, 27Al-NMR chemical shifts reflect the 
coordination number of the aluminum atom [ 141. For example, the spectra 
of hexa-coordinated, penta-coordinated, and tetra-coordinated aluminum 
complexes appear at about 0, 50, and 100 ppm, respectively. The 27Al-NMR 
chemical shifts of AlCuC14 in the aromatic solvents appear at about 100 ppm 
(Table 1). Thus, the coordination number of the aluminum atom of AlCuC14 
is four in all cases. As the frame structure of AlCuC14 possesses tetra-coordin- 
ated aluminum atoms, two kinds of structures shown in Fig. 4( 1) and (2) 
will be supposed. 

The 2 7  Al-NMR line width, on the other hand, reflects the symmetry 
around aluminum atoms, that is, the less the symmetry around the aluminum 
atom, the wider the line width. For example, regular tetrahedral aluminum 
complexes show narrow spectra of several Hz in half line width, while organo- 
aluminum compounds, which have considerably distorted bond angles, show 
extremely broad spectra with more than 1000 Hz [14], The structure of 
aluminum chloride in organic solvents is well known to be dimeric, with two 
aluminum atoms connected through two chlorine bridges, as shown in Fig. 
4(3) [ 151. It has also been reported that the A1-NMR chemical shift and 
half line width of the spectrum for a benzene solution of aluminum chloride 
are 100 ppm and 185 Hz, respectively [ 161 , almost identical with those of 
benzene solutions of A1CuC14. It is considered that the half line width for 

FIG. 4. Supposed structures of A1CuCl4 ( 1  and 2) and dimer structure of 
AIC13 (3) in benzene. 
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ALUMINUM COPPER(1) CHLORIDE AND POLYSTYRENE 1359 

the compounds with one chlorine bridge as shown in Fig. 4(1) is much smaller 
than that for the compound with two chlorine bridges as shown in Fig. 4(2), 
because the former is closer to regular tetrahedral in structure than the latter. 
For these reasons, AlCuC1, in benzene is proposed to have the structure illus- 
trated in Fig. 4(2), which is similar to the dimeric structure of aluminum 
chloride. 

Coordination of Aromatic Compounds to AICuCI, 

It has been established that AlCuC14 in aromatic solvents has the frame 
structure shown as Fig. 4(2). The next problem is to elucidate how the 
aromatic molecules coordinate to AlCuC14. I3C-NMR. spectra of the aromatic 
compounds were measured to solve this problem. As shown in Table 2, addi- 
tion of AICuC14 to benzene makes the chemical shift of the carbon atoms of 
benzene move toward higher magnetic fields. This suggests that benzene 
molecules coordinate to AlCuCl,. In the case of toluene, the chemical shifts 
of the meta and para carbons move toward a higher magnetic field, while 
those of the methyl carbon and the aromatic carbon substituted by the 
methyl group move toward a lower magnetic field. The higher magnetic field 
shift of meta and para carbons suggests that their sp3 character increases by 
coordination of toluene molecules to AlCuC14 at these three carbon atoms. 
Along with the coordination of toluene molecules to the double salts, the 
electric charge moves onto the aromatic rings. This change in electronic 
density makes the shifts of the methyl carbon and aromatic carbon substi- 
tuted by methyl move toward a lower magnetic field. 

The Iigand exchange must take place from the aromatic compound to car- 
bon monoxide when carbon monoxide is added to a solution of AlCuC14 
in the aromatic compound because the magnitude of the change in chemical 
shift due to complex formation decreases on addition of carbon monoxide. 

Equilibrium Constants for Complex Formation of AICuC14 
with Aromatic Compounds 

In order to estimate the strength of interaction between AICuCl, and 
aromatic compounds, the equilibrium constants ( K )  for complex formation 
were calculated. The double salt AlCuC14 dissolves in aromatic compounds 
by forming molecular complexes with the aromatic molecules. There are 
no solvents for AlCuCI4 other than aromatic compounds. In the present 
experiments, 1,2-dichloroethane was used as a solvent to dissolve AlCuC1,- 
aromatic compound complexes. With small amounts of aromatic com- 
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1360 TOSHIMA ET AL. 

pounds, however, the double salts did not dissolve sufficiently. Thus, K was 
calculated by a curve-fitting method for the relations between the 13C-NMR 
chemical shifts and the concentrations of A1CuCl4, by assuming A1CuC14 
forms a 1 : 1 complex with an aromatic compound (Arom) in the range of 0 
to about 0.5 mol fraction of AlCuC14 (Eqs. 3-5) [ 171. If the chemical shifts 
of the free aromatic compound and of the complex with AlCuC14 are G a r o m  
and G c o m p ,  respectively, the observed chemical shift of the complex solution, 
bobsd ,  can be written as Eq. (4) in terms of the equilibrium constant K and 
the initial molar fraction of AlCuC14 (c).  

I( 
AlCuC14 .+ Arom AlCuC14 - - - Arom, 

[AICuC14 I 0 
C =  

[A1CuCl4] + [Arom] 

With benzene, toluene, p-xylene, and mesitylene as the aromatic compound, 
and 1,2-dichloroethane as the solvent, K was calculated at various tempera- 
tures (Table 3). Since the ionization potential of the aromatic compounds 
decreases in the order benzene (9.245 eV), toluene (8.82 eV), p-xylene 
(8.445 eV), and mesitylene (8.39 eV) [ 181, K increases in the same order, 
consistent with the general case of charge-transfer complexes of alkylben- 
zenes [19]. The changes in enthalpy (-MI) and entropy (-AS) for the com- 
plex formation of AlCuC14 were also determined by Arrhenius plotting of 
K (Table 4). A linear relationship between K and AH is commonly observed 

TABLE 3. Equilibrium Constants for Complex Formation between AlCuC14 
and Various Aromatic Compounds in 1,2-Dichloroethane 

K ,  mol/L 

Aromatic compounds 273 K 303 K 313 K 323 K 

Benzene 

Toluene 

pXylene 

2.5 2.2 2.1 2.0 

3.8 3 .O 2.8 2.6 

6.3 3.9 3.5 3.0 

Mesitylene 11 9.7 8.5 7.6 
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TABLE 4. Thermodynamic Parameters for Complex Formation of A1CuCl4 
with Various Aromatic Compounds in 1,2-Dichloroethane 
- ~ ~~~ 

Aromatic compounds -AH, kJ/mol -AS, J-K-'  Smol-' 

Benzene 3.4 4.7 

Toluene 5.5 9.1 

pXylene 11 24 

Mesitylene 9.9 14 

in a series of analogous complexes [20]. In the series of the A1CuCl4 complex, 
this common rule was almost true. However, an inverse relationship was ob- 
served for the AlCuCl, complexes of p-xylene and mesitylene, probably due 
to steric hindrance. Since the steric hindrance of methyl groups is greater for 
mesitylene than for the other compounds, the binding energy of mesitylene 
with A1CuC14 is probably lowered. 

It has been reported that the carbon monoxide absorbing capacities are 
governed by both electronic and steric factors in the molecular complex for- 
mation between A1CuCl4 and aromatic compounds [21]. In other words, the 
carbon monoxide absorbing capacities decrease with the decrease in the ion- 
ization potential of aromatic compounds from benzene to p-xylene, which is 
attributable to the more stable complex formation with AICuC14 in benzene 
than in p-xylene. However, the absorbing capacity is larger in mesitylene than 
p-xylene although the ionization potential of mesitylene is smaller than that 
of p-xylene. This result is attributable to the lower complex stability in 
mesitylene due to steric hindrance by the three methyl groups. These carbon 
monoxide absorbing capacities are consistent with the -AH values in the 
present experiment. Thus, as the binding energy of an aromatic compound 
with AICuC1, increases in the order benzene, toluene, and p-xylene, the car- 
bon monoxide absorbing capacity decreases in the same order. This inverse 
relationship between the binding energy and the carbon monoxide absorbing 
capacity is also true for mesitylene and p-xylene. 

Formation of Chelate-Type Complexes of Polyaromatic Ring Compounds 
with AICuCI, and Their Water Resistance 

As can be seen clearly by comparing Figs. 1 and 2 ,  the shape of the ultra- 
violet and visible absorption spectra of the polystyrene-A1CuCI4 complex 
is quite different from that of the AlCuC1, complex without polystyrene. 
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1362 TOSHIMA ET AL. 

For the polymer complex solution, the charge-transfer bands are composed 
of several overlapping bands and appear in the region of about 380 to 500 
nm, where no band is observed without polystyrene. 

When 1,3-diphenylpropane, a low molecular weight model of polysty- 
rene, is used, a strong charge-transfer band is also observed in the same re- 
gion. The benzene solutions of AlCuC14 containing 1,2-diphenylethane and 
1,4-diphenylbutane, however, do not exhibit charge-transfer bands as strong 
as the complex solution containing 1,3-diphenyIpropane does, as shown in Fig. 
3. These results indicated that the number of methylene carbon atoms between 
the two aromatic rings is quite important for two-aromatic ring compounds in- 
teracting with AlCuC14 in a chelate-type complex. Thus, the most favorable 
number of methylene carbon atoms between two aromatic rings is three, such 
as in polystyrene and 1,3-diphenylpropane for this type of interaction 

On the other hand, the band for the complex between A1CuCl4 and 1,3- 
diphenylpropane is mainly composed of two portions with absorption maxi- 
ma at 422 and 460 nm [22]. When the concentration of 1,3-diphenylpro- 
pane is varied, however, the shape of the charge-transfer band changes. For 
example, the band at 380 nm becomes appreciable at some concentrations. 
The relative intensities of these three bands vary in a complicated way with 
concentration. These strong charge-transfer bands are considered to be due 
to chelate-type interactions of the two adjacent aromatic rings of 1,3-diphenyl- 
propane with A1CuCl4, as mentioned before. For complexes between AICuCI4 
and a monoaromatic compound, the absorption bands for the charge-transfer 
interactions are thought to appear at wavelengths lower than 300 nm, where 
the weak charge-transfer bands cannot be observed because of the strong ab- 
sorption bands due to the aromatic compounds. Figure 5 illustrates several 
types of the supposed chelate-type interactions between AlCuCL, and 1,3- 
diphenylpropane. Determination of the equilibrium constant for the chelate- 
type complex formation of A1CuCl4 with 1,3-diphenylpropane by using 
these relatively strong charge-transfer bands was unsuccessful since the 
changes in the intensities of these three component bands with varying con- 
centration of 1,3-diphenylpropane were too complicated. 

The half line widths of 27AI-NMR spectra of AlCuC14 in benzene, toluene, 
p-xylene, arid mesitylene were found to be broadened in this order (Table 1). 
This line width broadening is attributed to the lowering of the symmetry in 
structure around the aluminum atom. Thus, the interactions with aromatic 
compounds become greater in the same order [14]. For similar reasons, the 
great line width broadening for the 1,3-diphenylpropane solution is attributed 
to the drastic lowering of the symmetry around the aluminum atoms caused 
by the chelate-type interactions with these two aromatic rings. The remark- 
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U 
FIG. 5 .  Chelate-type complex formation of A1CuCI4 with 1,3-diphenyl- 

propane. 

able line width broadening in the polystyrene system strongly suggests chelat- 
ing interactions of the adjacent aromatic rings of polystyrene with AlCuCI4. 
Though the 27Al-NMR spectra of aluminum acetylacetonate in a series of 
aromatic compounds were also measured, the broadening of the spectra was 
not as significant. This result supports the conclusion that the coordination 
of aromatic compounds to AICuCI4 is responsible for broadening of the spectra. 

Polystyrene is concluded to coordinate to AlCuCI4 in a chelate type as illus- 
trated in Fig. 6. This type coordination places the water-sensitive double salt 
in the strong hydrophobic field of polystyrene. Consequently, the decrease of 
carbon monoxide-absorbing activity due to the irreversible reaction of AICuC14 
with water (Eqs. 1 and 2 )  does not occur in A1CuCl4/polystyrene in contact 
with a water-containing gas mixture [7].  It was also found that the absorbance 
of the polymer complex solution increases with increasing molecular weight of 
polystyrene (Fig. I), which could be explained by the lowering of the mobility 
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1364 TOSHIMA ET AL. 

FIG. 6. Proposed structure of the polystyrene-A1CuC14 complex with 
absorbed carbon monoxide. 

of the polymer chain with increasing molecular weight. In high molecular 
weight polystyrene, AlCuC14 is liable to be included in the "fixed" domain 
of polystyrene and, as a result, chelate-type interactions by aromatic rings 
of polystyrene take place more effectively. 

CONCLUSIONS 

Polymer-metal complex solutions formed by aluminum copper(1) chloride 
(AlCuC14) and polystyrene in aromatic compounds are significantly more 
stable toward water than aromatic solutions of A1CuCl4 without polystyrene. 
By 27Al-NMR spectroscopy, A1CuC14 was found to have a structure similar 
to that of aluminum chloride dimer in solution. Polymer complex solutions 
of AlCuCI4 showed strong charge-transfer bands at about 380 to 500 nm, 
which were not observed for solutions of monoaromatic ring compounds, but 
were also found for solutions of 1,3-diphenylpropane, a low molecular model 
of polystyrene. These strong charge-transfer bands are considered to be due 
to chelate-type coordination of the adjacent aromatic rings to A1CuCl4. This 
conclusion is supported by the drastic line broadening of 27AI-NMR spectra 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINUM COPPER(I) CHLORIDE AND POLYSTYRENE 1365 

of AlCuC14 in 1,3-diphenylpropane. From these results the water resistance 
of the polymer-metal complex of polystyrene and AICuC14 is attributed to 
the protection of water-sensitive AlCuC14 by the hydrophobic field of poly- 
styrene caused by the chelate-type interactions of multiple aromatic rings of 
polystyrene with AlCuC14. 
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