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ABSTRACT:

The 9-anthraldehyde acetal of poly(vinyl alcohol) (abbreviated hereafter

as acetal) was synthesized from poly(vinyl alcohol) and 9-anthraldehyde with hydrochloric
acid as a catalyst in dioxane-water (60:40), and the kinetics of the acetalization was
examined. The initial rate of the reaction was first order with respect to the initial
concentration of poly(vinyl alcohol), 9-anthraldehyde, and acid. The apparent activation
energy was calculated as 3.4 kcal/mol. The maximum degree of acetalization did not
exceed 43.8%. The low degree of acetalization was interpreted in terms of steric hin-
drance by the anthracene ring. Acetylation of the acetal gave acetylated acetal which
was easily soluble in organic solvents, although the original acetal was almost insoluble

in organic solvents.

The charge-transfer complex of the acetylated acetal with tetra-

cyanoquinodimethane (TCNQ) showed a charge-transfer absorption band with Amax
730 nm in methylene chloride at room temperature. The equilibrium constant (K) was

evaluated as 15.71/mol.

The dielectric constants (¢) measured at 1kHz were 3.1 for the

acetylated acetal film, and 2.9 for the charge-transfer complex of the acetylated acetal

with TCNQ.
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Polymers having a high dielectric constant have
been reported by many authors, but most of the
compounds are polar polymers having dielectric
constants mainly due to dipole orientation.

Recently, Saito, et al. ! reported that the di-
electric constant of p-aminostyrene—methyl-
acrylate copolymer increased when complexed
with an electron acceptor such as p-chloranil.
The mechanism of this increase in dielectric
constant, however, is not clear.

Because of our interest in the dielectric pro-
perties of such polymers, we attempted to in-
vestigate a polymer having electron-donating
side groups capable of forming stable charge-
transfer complexes with electron-acceptor mole-
cules. As the most convenient method to intro-
duce electron-donating side groups into a polymer
chain, we took up the acetalization reaction of
poly(vinyl alcohol) with polyacene aldehydes such
as 9-anthraldehyde. The 9-anthraldehyde acetal
of poly(vinyl alcohol) (abbreviated as acetal) so
far has been reported only as a photopolymer

in a patent’, and details of the synthetic con-
ditions as well as its properties are not known.

This paper deals with the reaction of poly-
(vinyl alcohol) with 9-anthraldehyde to synthesize
the 9-anthraldehyde acetal of poly(vinyl alcohol),
the acetylation of the acetal, and the charge-
transfer interaction of the acetylated acetal with
tetracyanoquinodimethane. In addition, prelimi-
nary results of the dielectric properties of the
acetylated acetal film, and the acetylated acetal
film complexed with tetracyanoquinodimethane
are briefly described.

EXPERIMENTAL

Materials
Poly(vinyl alcohol) was obtained commercially,
washed with methanol several times and dried
under reduced pressure. (Saponification degree
99%, average degree of polymerization 300—700.)
9-Anthraldehyde was synthesized from anthra-
cene by the Vilsmeier—Haack reaction, and
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recrystallized from methanol, mp 107—108°C.

Dioxane, acetic anhydride, and methylene
chloride were used after ordinary purifications.

Tetracyanoquinodimethane (TCNQ) was com-
mercially available, recrystallized from aceto-
nitrile and sublimed.

Anthracene was used as a model compound
for measuring the charge-transfer band with
TCNQ and its equilibrium constant. The an-
thracene was purified by passing its benzene
solution through an alumina column to make
free from naphthacene, followed by recrystalliza-
tion from methanol and vaccum sublimation.

The 9-anthraldehyde acetal of 2,4-pentanediol
was synthesized from 2,4-pentanediol and 9-an-
thraldehyde with sulfuric acid as the catalyst
in a benzene solution at 80°C: mp 172°C; mass
spectrum, M*=292. Calcd for C,H,,0,=292.4.
Found: C, 82.35; H, 6.57. Calcd for C,,H,,0,:
C, 82.15; H, 6.89.

Typical Procedure of Acetal Synthesis

Polyvinyl alcohol, 1.1g (0.025 mol), and 9-
anthraldehyde, 3.03 g (0.015 mol), were dissolved
in dioxane—water (60 : 40), and the solution was
kept at 60°C. Hydrochloric acid (12N), 1.0g,
was added with stirring as a catalyst. After
several hours the reaction solution was poured
into a large amount of water and neutralized
with a 10-% solution of sodium carbonate. The
precipitated polymer was filtered, washed first
with water, then with methanol to remove un-
reacted 9-anthraldehyde, and dried under reduced
pressure to give a white solid mass, mp 230°C.
The polymer was almost insoluble in ordinary
organic solvents.

Acetylation of 9-Anthraldehyde Acetal of Poly-

(vinyl alcohol)

Acetylation of the hydroxyl groups remaining
in the acetal was carried out by the method of
W.O. Herrman®. The acetal (0.5g) and an-
hydrous sodium acetate (2.5 g) were refluxed in
40 m! acetic anhydride for 4 hr, and the solution
was poured into a large amount of water. The
precipitated polymer was filtered, washed with
water several times, dried, and reprecipitated
from methylene chloride—n-hexane. The acetyl-
ated acetal was easily soluble in organic solvents
such as dioxane, methylene chloride, acetone, or
alcohol. IR spectrum: vg-o 1730 cm™! (acetate
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moiety), vg_o 1250 cm™! (acetal moiety), ve-o-c

1110cm™ (acetal moiety), dc_a 890, 730cm™
(anthracene moiety), do-c 1630 cm™ (anthracene
moiety), 820 cm™ (skeletal vibration of acetal
ring4). UV spectrum: Ayax 257 nm, 330—383 nm.
(r—n=™ transition of anthracene, moiety.) NMR
spectrum: 7 8.60 (multiplet, CH, in acetal ring),
7 8.20 (multiplet, CH,), ¢ 7.95 (singlet, CO-CH,),

7 6.40 (broad, 8>CH—anthracene), z 5.15 (mul-

tiplet, -CH-OCO-).

Found: C, 68.82; H, 6.76. Calcd for an
acetylated acetal with a 38.9-95 degree of acetali-
zation: C, 69.35; H, 6.38.

Rate Measurements of the Acetalization Reaction

The measurement of the reaction rate was
carried out by titration of the unreacted aldehyde
with sodium borohydride’ according to the fol-
lowing chemical equations.

4RCHO + NaBH, = NaB(OCH,R), (1)
NaB(OCH,R), -+ 2NaOH -+ H,0 = Na;BO,
+ 4RCH,OH (2)
3BH,” + 410,” — 41" + 3H,BO;” + 3H,0 (3)
KIO, + 5KI + 3H,SO, = 3K,SO,
+ 31, + 3H,0 (4)
NaBH,(mg) = [NF(m! of KIO,)
— N'F'(ml of Na,S$,0,)]x37.83/8 (5)
Aldehyde(mg) = (mg of NaBH,)
X (MW of aldehyde)(4/37.83) (6)

Aliquots of the reaction solution were with-
drawn by a 5-ml pipet at appropriate time inter-
vals, and added to a 10-m/ aqueous solution of
0.5-N sodium hydroxide containing 25 mg of so-
dium borohydride. After 1 hr a 20-m!/ solution
of 0.25-N KIO,, 2 g of KI, and then 4-N H,SO,
were added to the above solution. The solution
was allowed to stand for 5 min in the dark and
then titrated with 0.1-N sodium thiosulfate.

Measurements

A Hitach 124 spectrophotometer was used for
the measurements of the absorption spectra.
The IR spectra were taken with a Hitach EPI-
G2-infrared spectrometer. The NMR spectra
were measured in hexadeuterio acetone with TMS
as an internal standard using a Japan Electron
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Optics Laboratory JNM-3H-60 spectrometer.

Measurements of the dielectric constant and
dielectric loss were carried out with G. R. Capa-
citance Bridge Type 1615A at room temperature.
Samples of films 10 10x 107 mm were prepared
by the solvent-cast method and were submitted
for measurements.

RESULTS AND DISCUSSION

Synthesis of the 9-Anthraldehyde Acetal of Poly-

(vinyl alcohol)

The acetal was synthesized from poly(vinyl
alcohol) and 9-anthraldehyde with hydrochloric
acid as a catalyst in dioxane—water (60 :40) at
60°C. Under these conditions the reaction pro-
ceeded homogeneously. The degree of acetaliza-

tion of the obtained acetal varied greatly with
reaction conditions (Table I). The acetals ob-
tained under various reaction conditions were
white solid masses with softening points above
190°C. Since they were almost insoluble in
ordinary organic solvents, characterizations of
the acetals were made by using the method by
Herrman® to acetylate the hydroxyl groups re-
maining in the polymer. - The such acetylated
acetals thus obtained became soluble in organic
solvents such as dioxane, methylene chloride,
acetone or alcohol, although they were insoluble
in n-hexane, or carbon tetrachloride. The soften-
ing point of the acetylated acetal was raised
with an increase in the acetalization degree
(AD.); eg., 107°C for 8-% A.D., 127°C for
20-% A.D., and 137°C for 38.6-% A.D..

CHO I T [ T l T !
H O<_ -0 OH
QOO e L
in Dioxane-
water
(60:40)
CH5CO_
CH3CO’ . I . r
CH3COONa
. COO O, (0] OCOCH
CHg ~cH 3
Reflux

Table I. Acetalization degree of the 9-anthraldehyde acetal of poly(vinyl alcohol) (PVA)>

Elementary analysis

No. PVA, Aldehyde, Acid, Temp, Time, Acetalization

10-t mol/I equiv/PVA  mol/! °C hr C, % H, % degree, %°®
1 2.5 0.9 0.6 60 4 60.14 7.50 10.7
2 2.5 1.7 1.2 60 12 66.86 7.57 20.1¢
34 1.7 1.2 60 12 74.44 6.80 43.8¢
4 2.5 2.4 1.2 60 30 68.82 6.60 37.1
5 2.5 2.9 1.2 60 48 68.82 6.86 37.1
6 2.5 1.2 1.2 60 24 62.59 7.19 17.4

2 When the concentration of the aldehyde and the acid was below 1 equiv/PVA and 0.6 mol//, respec-

tively, the acetalization degree was much lower.

b The acetalization degree was calculated from carbon content (C%) in elementary analyses of the
acetylated acetal. A.D.=(86C—48)x 100/(66—0.52C), (C, % of carbon content).
¢ The acetalization degree was calculated from C% in the elementary analyses of the acetal. A.D.=

(44C —24) x 100/(30—0.92C).

4 Reacetalization of the acetal obtained in expt no. 2.
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Acetalization Degree

The acetalization degree was determined from
the elementary analyses of the acetylated acetal.
Generally, the acetalization degree increased with
increasing concentration of the aldehyde and
catalyst. Some results are shown in Table I.
It is noteworthy that the maximum acetalization-
degree did not go over 40% for any reaction
conditions examined. Although reacetalization
of the acetal was carried out, the acetalization
degree did not exceed 43.8%. Flory® reported
the value 84.469% as the maximum acetalization-

degree based on a statistical calculation. Thus,
the maximum acetalization-degree in the reaction
of poly(vinyl alcohol) with, e.g., benzaldehyde
has been reported to reach 85%.° The marked
low acetalization-degree observed with 9-anthral-
dehyde in the present study is interpreted as due
to the steric hindrance of the bulky anthracene
ring.
Kinetics of the Acetalization Reaction

The rate of the reaction was measured from
the quantity of aldehyde consumed in the reac-
tion. Figures 1—3 show the dependence of the
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Initial Rate x |05molllsec.

Consumption of Aldehyde x 10Pmol/I
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Time (min.)

OL(r) \ 2 3
LPVA1 xI1Omol/1.

Figure 1. Dependence of the initial rate on the initial concentration of poly(vinyl
alcohol) (PVA) at 60°C; [9-anthraldehyde]=1.0x 10~ mol/l, [acid]=1.2 mol/l.
Concentration of poly(vinyl alcohol) calculated on the basis of the monomer unit:
O, 2.5x10-tmol/l; (P, 2.2x 101 mol/l; @, 1.8 x10-1 mol/L.
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Figure 2. Dependence of the initial rate on the initial concentration of 9-anthral-
dehyde at 60°C; [PVA]=2.5x10-1mol//, [acid]=1.2 mol/l.

Concentration of 9-anthraldehyde:

0O, 1.5x10-*mol/l; (B, 1.0x 10" mol//; ®, 5.0x 10-2 mol/..
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Figure 3. Dependence of the initial rate on the initial concentration of acid at

60°C:
Concentration of hydrochloric acid:
0O, 2.8mol/l; (P, 1.2mol/l; @, 0.6 mol/l.

initial rate of acetalization on the varying con-
centration [of alcohol, aldehyde, and acid, re-
spectively. The initial rate of acetalization
followed first-order kinetics with respect to the
initial concentration of alcohol, aldehyde, and
acid. From variations of the reaction tempera-
ture the apparent activation-energy of the reac-
tion was calculated as 3.4 kcal/mol.

The acetalization of poly(vinyl alcohol) with
9-anthraldehyde carried out in dioxane—water-
(60:40) may be interpreted by a mechanism
similar to that first presented by Ogata, et al.,”
for the formation of the formal of poly(vinyl
alcohol).

(1) RCHO + H* — RC+HOH

(2) —CH;—CH—CH;—CH—

[ [ + RC*HOH
OH OH
—CH,;—CH—CH,—CH—
I I
slow o OH
— | + H:O
very slow C+H
I
R

—CH;—CH—CH;—CH—
l
([) OH
C+H

3

—
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[PVA]=2.5x10-! mol//; [9-anthraldehyde]=1.0x 10-1 mol/l.

—-CHz—CH—CHz—(‘JH-—
|
0] (o}
\ /
CH

|
R

fast
+ H*

very slow

Reaction (2) being a rate-determining step, the
rate of acetalization can be expressed by the
equation

Rate=d[Acetal]/d¢t=—d[Aldehyde]/d¢
=k[RC*HOH][PVA]
=k'[Aldehyde][Acid][PVA],

which is in good agreement with the experimental
results.

The low value of the acetalization degree sug-
gests that the reaction occurs preferentially at the
isotactic hydroxyl groups in poly(vinyl alcohol).
This might be responsible for the relatively low
activation-energy of the reaction, since isotactic
poly(vinyl alcohol) groups are known to be
more reactive than atactic or syndiotactic ones.®
The poly(vinyl alcohol) used in present study is
known to have 55-% isotactic hydroxyl groups
and 45-% syndiotactic ones (dyad). Also, it is
generally accepted that the formation of isolated
hydroxyl groups which can no longer react with
aldehyde is responsible for the low acetalization-
degree. The formation of isolated hydroxyl
groups ‘seems to be striking in the present acetali-
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Figure 4. Dependence of the initial rate on the reaction temperature: [PVA]=
2.5x 101 mol/I; [9-anthraldehyde]=1.0x 10-*mol//; [acid]=1.2 mol/l. i
Reaction temperature:
O, 41°C; (9, 60°C; @, 83°C.
zation reaction because of the steric hindrance 05
by the bulky anthracene ring.
The rate of the acetalization deviated from 04
linearity even in the early reaction stage as can 03
be seen in Figures 1—3. This deviation in the s
early reaction stage may be interpreted by taking S o2l b
account of the isolated hydroxyl groups remain- o aTETI,
ing in the polymer chain. That is, the forma- ol st 1>
tion of isolated hydroxyl groups may be appreci- o N == .
able even in the early stages of the reaction 500 600 700 800

because of the bulky anthracene ring in the
aldehyde, so that the number of hydroxyl groups
accessible to the acetalization reaction decreases
rapidly as the reaction proceeds.

Charge-Transfer Interaction between the Acetylated
Acetal and Tetracyanoquinodimethane
The charge-transfer interaction between the
acetylated acetal (I) and TCNQ was studied and
compared with the TCNQ chage-transfer com-
plexes of anthracene and the 9-anthraldehyde
acetal of 2,4-pentanediol (II).

CH;—CH—CH,—CH—CHj;
| I
o o
~_
CH

AANA
(@)@
NN

When the acetylated acetal was mixed with
TCNQ in methylene chloride, a new broad band

an
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Figure 5. Absorption Spectra of the systems a, b,
and ¢ in methylene chloride at room temperature:
a, anthracene—TCNQ, [anthracene]=1.95 x 10-2
mol/l, [TCNQ]=5.71 x 10-8mol/l/; b, 9-anthral-
dehyde acetal of 2,4-pentanediol —TCNQ, [9-anthral-
dehyde acetal of 2,4-pentanediol]=4.61 x 10-2mol//,
[TCNQ]=8.50x 10-4mol/I; c, the acetylated acetal—
TCNQ, [the acetylated acetal]=1.04x 10-2mol//,
[TCNQ]=1.07 x 10-3mol/l.

ascribable to the charge-transfer absorption be-
tween the anthracene ring in the polymer and
TCNQ appeared at Anax 730nm. This absorp-
tion band was stable at room temperature and did
not change with time. The charge-transfer ab-
sorption bands of the systems (I)—TCNQ, and
anthracene—TCNQ appeared at 2max 750 and 760
nm, respectively in methylene chloride (Figure 5).

Equilibrium constants (K) and molar extinction
coeflicients (¢) of these complexes were calculated
from their Bensi—Hildebrand plots. The results

Polymer J., Vol. 4, No. 6, 1973



Synthesis and Properties of 9-Anthraldehyde Acetal of Poly(vinyl alcohol)

4
3
N
]
b4
S
5]
a2
<
(] /
] ./o
/
0
0 | 2 3 4

17 D1 x 1072

Figure 6. Benesi—Hildebrand plot for the complex
of the acetylated acetal —TCNQ at 730 nm:

@, for the acetylated acetal of 14.7-95 acetaliza-
tion degree, [acetylated acetal]=1.05x10-2—2.48 x
10-3mol/l, [TCNQ]=1.06 x 10-3 mol/l; O, for the
acetylated acetal of 17.4-% acetalization degree,
[acetylated acetal]=1.30 x 10-2—2.6 x 10-3 mol/!,
[TCNQ]=1.07 x 10~3 mol/l; K=15.7; ¢=770.

are shown in Figures 6 and 7. The value K
obtained for the acetylated acetal (I)-TCNQ
system was 15.7, while that of the anthracene—
TCNQ system was 5.56. For the (II)-TCNQ
system K was found to be 15.5. Therefore, the
large equilibrium constant obtained for the
acetylated acetal as compared with that for
anthracene does not seem to be due to the sub-
stance being a polymer, but due to the electron-
donating effect of the acetal ring.

Dielectric Properties

The dielectric constants measured at 1kHz
were 3.1 for the acetylated acetal (acetalization
degree 10%), and 2.9 for the charge-transfer
complex of the same acetal with TCNQ (TCNQ
1wt%). Frequency dependence of the dielectric
constant (¢') and dielectric loss (¢/’) are shown
in Figure 8.

Contrary to the substance investigated by
Saito, et al.,' the dielectric constant of the
acetylated acetal was not increased by the for-
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Figure 7. Benesi—Hildebrand plot for (a) anthra-
cene—TCNQ and (b) (I—TCNQ:
®(a),[anthracene]=1x10-1—2.5 x 10~2mol//,[TCNQ]
=2.4%x10-3mol/l, K=5.56, ¢=455; O (b), [(D)]
=4.61%x10-2—9.2x 10-3mol/l, [TCNQ]=4.25x10-3
moljl, K=15.5, ¢=290.
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Figure 8. Dielectric constant and loss vs. frequency
curve:

®, the acetylated acetal film; O, the charge-trans-
fer complex of the same acetal with TCNQ (TCNQ

1 wt%).
mation of a charge-transfer complex. Addition-

ally, in a poly(vinylcarbazole)—polystyrene-blend-
ed film, the dielectric constant was not increased
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by complexation with TCNQ, the values ob-
tained at 1kHz being 2.5 and 2.3 before and
after the complex formation (1wt%), respec-
tively.
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