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Early investigations on the polymerization of 
aldehydes have been comprehensively summarized 
in several articles. 1 - 4 Most of the pioneering 
thermodynamic studies were related to the equilib
rium polymerization of formaldehyde and haloalde
hydes under different experimental conditions.5 - 20 

For more quantitative understanding of their poly
merizability, the thermodynamic parameters de
termined under the same conditions should be 
compared, because these are known to depend upon 
phase states in monomer and polymer, initial mo
nomer concentration, kind of solvent, temperature 
range, and so on.21 On the other hand, the improve
ments of high vacuum technique and the ingenious 
choice of the polymerization conditions have en
abled the equilibrium anionic polymerization of 
aliphatic aldehydes containing ()(-hydrogens to be 
performed without simultaneous side reactions such 
as aldol condensation.14•22 - 27 In the present study 
the equilibrium anionic polymerization of hexanal 
(O=CHCH2CH2CH2CH2CH3 , HA) has been 
achieved and compared with those of other aliphatic 
aldehydes25 ·27 in order to estimate the effects of n

alkyl groups on the polymerization of aldehydes. 

EXPERIMENT AL 

All procedures, including purification of ma
terials, preparation of initiator, and polymerization, 
were carried out in a high-vacuum system.24•28 

Materials 
Commercially available hexanal (HA) was pu

rified by rectification in an atmosphere of dry 
nitrogen through a packed column placed in an 

adiabatic vacuum glass cylinder (the number of the 
theoretical plates, ca. 60). The main fraction was 
distilled again in vacuo after drying over molecular 
sieves. Tetrahydrofuran(THF) and acetic anhydride 
were purified by the same methods as described in a 
previous paper.24 The benzophenone-monolithi_um 
complex(Li-BzPh) solution in THF was prepared by 
mixing an equimolar amount ofbenzophenone with 
the benzophenone-dilithium complex-THF so
lution, which was previously produced quariti
tatively by the addition of benzophenone-THF 
solution to an excess of lithium metal at 0°C.24 ·28 

Polymerization 
A THF solution of HA (2 mo! I - i) was prepared 

and subdivided into 5 ml portions in a high vacuum. 
The initiator solution (0.05 mo! I - 1) containing ca. 
0.12 mmol of Li-BzPh complex was diluted with the 
required amount ofTHF, which was calculated so as 
to give the desired initial concentrations of the 
initiator and the monomer at the applied polymeri
zation temperature. In order to avoid possible side 
reactions such as aldol condensation, especially 
during the initiation step;2 - 24 the THF solution of 
HA was poured into Li-BzPh solution under vigor
ous stirring at a temperature below - 78°C. After the 
solution was kept at a constant temperature for a 
desired time, a large amount of acetic anhydride (3-
4 ml) was added to the solution in order to terminate 
the reaction at the polymerization temperature; then 
the solution was allowed to stand for more than 3 h. 

Determination of Residual Monomer Concentration 
All volatile components were collected by vacuum 

distillation from the polymerization mixture, and 
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150-200mg of anthracene used as an internal 
reference was diluted into them. The NMR spectrum 
of the mixture was measured with a Japan 
Electronics Model JNM-MH-100 high-resolution 
spectrometer operating at 100 MHz at room tem
perature, tetramethylsilane being used as an internal 
standard. The sharp peaks were expanded by a 
decrease of the sweep width. The residual monomer 
concentration was determined from the ratio of the 
peak at c5 9.6ppm assigned to the methine proton of 
HA monomer to the peak at 8.45 ppm assigned to the 
methine protons of anthracene. 

RES UL TS AND DISCUSSION 

Hexanal(HA) was polymerized in THF at an 
initial monomer concentration of 0.61-0.92 mo! 
I - i at various temperatures from - 92°C to - 71 °C 
by using Li-BzPh complex as an initiator. 
Simultaneously most of the resulting poly(hexanal) 
precipitated because of its low solubility in THF at 
low temperature, but no residual. HA monomer 
deposited. The polymer precipitated as a fine white 

solid rather than as a viscous phase and it absorbed 
little residual monomer on its surface. When the 
initial monomer concentration was higher, the 
polymerization proceeded with the simultaneous 
deposition of the resulting polymer as a viscous 
layer, which may contain a part of the residual 
monomer. T~refore, the polymerization reaction in 
the present system can be practically regarded as a 
simple conversion of HA monomer in THF to the 
solid polymer so far as the polymerization was 
carried out at the above-mentioned initial monomer 
concentrations and temperatures. 

The values of the residual monomer concentration 
[M], at - 71 °C and - 78°C determined by the NMR 
spectroscopy became constant at least after 9 h. The 
existence of an equilibrium state between the result
ing polymer and the residual monomer in the present 
system was confirmed by the following two-step 
polymerization (Table I). After the first polymeri
zation at. - 71 °C, the polymerization temperature 
was lowered to - 78°C, which ,allowed further 
polymerization until the value of [M], was consistent 
with that in the direct polymerization at - 78°C. 

Table I. Two-step polymerization of hexanaJ• 

Expt. [Mlo [I]0 x 103 
First step 

Time No. Temp 
moll- 1 moll- 1 

oc h 

7 0.844 10.7 -71 12 
12 0.841 11.8 -71 12 
11 0.793 9.9 -78 24 

• Initiator, Li-BzPh; solvent, tetrahydrofuran. 

Second step 

Temp Time 

oc h 

-78 96 

[M], 

0.687 
0.462 
0.456 

Table II. Equilibrium anionic polymerization of hexanaJ• 

Expt. [Mlo [I]0 x 103 [Mlo Temp Time [Mle 

No. moll- 1 moll- 1 [I]o oc h moll- 1 

7 0.844 10.7 78.8 -71 12 0.687 
8 0.860 10.5 81.4 -71 24 0.686 

17 0.919 10.9 84.2 -78 9 0.456 
II 0.793 9.9 80.2 -78 24 0.456 
10 0.785 9.9 79.4 -78 48 0.469 
15 0.684 8.0 86.0 -84 48 0.337 
16 0.666 8.0 82.8 -84 72 0.321 
13 0.611 7.2 84.9 -92 72 0.204 
14 0.611 7.2 84.9 -92 120 0.200 

• Initiator, Li-BzPh; solvent, tetrahydrofuran. 
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The values of equilibrium monomer concentration 
[M]. in the polymerization of HA in THF at a 
temperature range of -92°C to - 71 °C are sum
marized in Table II. From the plot of ln[M]. vs. 1/T 
in Figure I, liH,c and liS,c for the polymerization of 
HA in THF were evaluated to be 
-4.2±0.2kcalmol- 1 (-17.6±0.8kJmol- 1) and 

-20.1 ±l.0calmol- 1deg- 1 (-83.9± 4.3Jmo1- 1 

deg- 1 ), respectively. 

liG,cl RT= (liH,c/ R1)-(11S,cl R) 
= - In K= ln[M]. (I) 

where liG,c, liH,c, and liS,c, are the changes in the 
free energy, standard enthalpy, and entropy, re
spectively, corresponding to the conversion of one 
mole of monomer in solution to one base-mole of 
condensed polymer (subscripts s and c refer to the 
solution and condensed states, respectively). The 
ceiling temperature at which [M]. is I mo! I_, was 
-63°C. 

The thermodynamic parameters for the polymeri
zation of various aldehydes in THF are summarized 
in Table III. While the influences of 0(- and /3-polar 
substituents on the polymerizability of aliphatic 
aldehydes are estimated from the comparison of the 
data for the polymerization of some chloro- or 
methyl-substituted aldehydes and polar-substituted 
aldehydes, respectively, 13 ·14•24 - 26 the effects of the 
long alkyl groups are speculated on from the com
parison of the values of /1H,c and liS,c for the higher 
aliphatic aldehydes. The absolute values distinctly 
diminished with the increase of the length of n-alkyl 
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Figure 1. Temperature dependence of equilibrium 
monomer concentration in anionic polymerization of 
various aldehydes in tetrahydrofuran. 

groups, and their gradients also seem to decrease 
with its increase. The former tendency has been seen 
in their equilibrium cyclotrimerization, too.29 ·30 The 
decrease of the absolute value of liS,c in the case of 
higher aldehydes means that the mobility of the long 
alkyl groups must increase the entropy more effec
tively in the polymer states rather than in the 
monomer states. On the other hand, the enthalpy in 
monomer states may be decreased by the weak 
aggregation of polar aldehyde groups due to their 
intermolecular dipole-dipole interactions, which are 
enhanced by the neighboring nonpolar hydrophobic 
long alkyl groups. Based on the ceiling tempi;rature, 
the long alkyl groups are considered to increase their 
thermodynamic polymerizability. 

Table III. Thermodynamic parameters for the polymerization of aldehydes in tetrahydrofuran 

Monomer 
-11H,, -11S,, Tess 

Reference 
kcalmo1-id cal mol- 1 deg-Id oc 

VA, O=CHCH2CH2CH2CH3 5.3" 25.7b -68° 27 
HA, O=CHCH2CH2 CH2CH2CH3 4.2" 20.]b -63° This work 
OA, O=CHCH2CH2CH2CH2CH2CH2CH3 3.4• 15.7b -59° 25 
MPA, O=CHCH2CH2OCH3 4.8 22.4 -59 24 
DOA, O=CHCH2CH2OCH2CH2OCH3 4.0 18.4 -56 25 
MCPA, O=CHCH2CH2COOCH3 4.3 21.9 -76 26 

O=CHCC13 3.5 12.4 11 13 

O=CHCCl2CH3 4.1 16.5 -24 14 
O=CHCCl(CH3)z 4.7 21.6 -54 14 
O=CHCH(CH3)z 3.7 17.6 -63 14 
O=CHC(CH3h <-78 14 

a -l1H, 0 • b -/1,.S,0 • 0 T0 ,, d I cal =4.184 J. 
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Figure 2. Relationship between -AH and -AS for 
equilibrium polymerization of aldehydes (O=CHR) in 
tetrahydrofuran: 
(l':.) R= -CH2CH2CH2 CH3 ; 

(1',.) -CH2CH2CH2CH2CH3 ; 

(.&) -CH2CH2CH2CH2CH2CH2CH3 ; 

(0) -CH2CH2OCH3 ; 

(e) -CH2 CH2OCH2 CH2 OCH3 ; 

(()) -CH2CH2COOCH3 ; 

(A) -CH(CH3)i; 
(<>) -CCl3 ; 

( ~) -CCl2CH3; 

( ~) -CCL(CH3),. 

The compensation relation between - l'J.H and 
- /'J.S for the equilibrium polymerization of al
dehydes in THF is shown in Figure 2. There seems to 
be a linear relationship of the data for the higher 
aliphatic aldehydes as well as for the chloro- or 
methyl-substituted aldehydes. The isoequilibrium 
temperature for the former compounds is estimated 
to be - 80°C, which is higher than that for the latters 
( - 140°C). 14 The data for the polar-substituted 
aldehydes lie near but not upon the straight line 
formed by the data for the aliphatic aldehydes. Such 
a linear relationship is found only among the data for 
the homologous aldehydes, for examples, higher 
aliphatic aldehydes and chloro- or methyl
substituted aldehydes. 
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