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Summary

The phase separation and fractionation for phenol-formaldehyde resins of the randor
novolak typg(r-NR) were investigated by using r-NRw¢etone / hexane and r-NR / acetone
/ cyclohexane ternary systems. The fractionation efficiency was elucidated by the partitior
coefficient,o, which was derived from the theory of Flory and Huggins. The fractionation
based on molecular structure and molecular weight occurred at the same time. The patrtitic
coefficient represented the fractionation efficiency based on molecular weight as well as
on molecular structure.

Introduction

Phenol resin is readily prepared from phenol and formaldehyde under acidic or basic
conditions. However, it is known experimentally that it is difficult to prepare fractions with
narrow molecular weight distribution such as a polystyrene, effectively, because the resil
has a great varieties of the degree of branch and the circumstance of methylene linkac
between phenolic nucleoftho-ortho’, ortho-para’, and para-parg; and also the hydrogen
bonds among the phenolic hydroxyl groups.

We have investigated the phase equilibrium and phase separation of phenolic resins,
elucidate the mechanism of the fractionation. In our previous “paper phase separation
experiments foo-cresol resin¢-CR) / acetone / cyclohexane, acetylabe@R (Ac-0-CR)/
acetone / cyclohexane, poly(p-hydroxystyrene) (PHS) / acetone / cyclohexane, and acet
lated PHS (Ac-PHS) / acetone / cyclohexane ternary systems were studied, and the effect
hydrogen bonds on the fractionation efficiency was discussed by means of tiienpar
coefficient, 0. According to the theory of Flofyand Hugging the coefficiento, with
which molecular species are separated between the two phases, is given by the followir
equation,

a) Part 1 : cf. ref.
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whereX is the size parameter (in this case, the degree of polymerizatigran® \, are
the volume fractions of speciésin the polymer-rich phase and the polymer-lean phase,
respectively. And,
1 1 2 2
o= Vp(l)(1 " Xn 0 ) - Vp(z)(l - Xn @ ) t+ X{(l - Vp(])) - (1 - Vp(g)) } (2)

here, V, and \,, are the total volume fraction of polymer in the polymer-rich phase and
the polymer-lean phase (Y=3V, ,, V , =1- V), Xnis the number-average &f and

Xx is the polymer-solvent interaction parameter, which is assumed to be identical for all
values ofX.

In this paper, the phase separation experiment for phenol-formaldehyde resins of th
type of random novolak, which have both molecular weight distribution and a variety of
structures (degree of branches), was carried out, and the effect of molecular structure c
the fractionation was discussed. In addition, the relationship between the fractionatior

efficiency and the molecular structure will be made clear.
Experimental

Sample preparation

Phenol-formaldehyde resin of the random novolak tfygdR) was prepared from phenol

(1 mol) and formalin (1 mol as formaldehyde) at 80 °C for 5 h, by using HCI (0.01 mol) as
a catalyst. The number-average molecular weilght) (of r-NR was 1.2 x 10and Mw/Mn

= 3.8 as measured by GPC.

Phase separation
The phase separation and fractionation experiments were carried out for r-NR / acetone
hexane and r-NR / acetone / cyclohexane ternary systems at 25 + 0.1 °C. A sample solutic
was stored in a glass cell sealed by silicangber cap with mechanical stirrer. The glass
cell was immersed in a water bath at 25 °C and then a certainnarof nonsolvent was
added to the glass cell by syringe. The solution was stirred for 1h and then was left for 12
to separate into two phases. The volume of two phases was determined by measuring pif
and then the solution of the two phases was evaporated under reduced pressure to reco
polymers in the two phases.

The partition coefficientg, was determined by the GPC method as described in the
previous paper

Structure analysis

The molecular structure of fractionated samples in the two phases was determiked by
NMR measurement in pyriding- Theortho ratio (OR) was adopted as a structure param-
eter of the novolak, which means the reactivity ratio of dithro proton to all active protons

in phenolic nucleus.



71

Ilo-0")Y+I(0o-p")
Io-oY+lo-p)+I(p-p')
where 10-0"), I(o-p’), and Ip-p’) are the area of signals correspondingottho-ortho’,
ortho-para’, andpara-para’ methylene protons between phenolic nuclei, respectively.

ortho ratio (%) = x 100 3)

Measurements

GPC measurements were carried out by a Shimadzu HPLC LC-6A equipped with two
TSKgel G3000HXL columns and a TOSOH UV-8011 spectrophotometer (254 nm) as
detector, and THF as an eluent at 1.0/mib. The calibration curve was obtained by
standards of phenol-formaldehyde resin with narrow molecular weight distribiiefMn

< 1.3), whose number-average molecular weight was determined in acetone solution b
vapor pressure osmometry (VPO). VPO was done with a Corona model 117 molecula
weight apparatus. Benzil solutions were used to make the calibration ®UridMR spectra
were recorded on a JEOL FX-100S FT-NMR spectrometer at 100 MHz. Pyddinas

used as a solvent and tetramethylsilane (TMS) was used as a reference. FT-IR spectra w
obtained by a Jasco FT/IR-3 spectrophotometer with a KBr disk.

Results and Discussion

Cloud points were determined ligrating the polymer solutions with cyclohexane
or hexane as nonsolvent at 25°C. Cloud points are presented in form of ternary phas
diagram in Figure 1. It is found that cloud points are influenced by the precipitation
ability of nonsolvent for r-NR. The precipitation iaty of hexane is larger than that of
cyclohexane.

The fractionation efficiency is affected significantly by the phase separation
conditions, that is, the initial volume fraction of polymey, and the amount of polymer
partitioned in the polymer-rich phase from parent solution (the fraction gizeThus,
when the fractionation efficiency is compared between the different systems, the phas
separation conditions must be identical with each other. The relations between the parti
tion coefficient of the first fraction and the reciprocaXdir r-NR / acetone / cyclohexane
and r-NR / acetone / hexane ternary systems under thetioosdy,, = 0.050 andp, =
0.675, are shown in Figure 2. It is observed that the value foir the both systems are
obviously dependent on/ This may be due to the molecular weight dependence of the
polymer-solvent interactiory®). In principle, a fractionation efficiency is higher as
becomes greatérThe values ot of the first fractions for r-NR / acetone / hexane system
are higher than those for r-NR / acetone / cyclohexane system. The efficiency of the systel
using hexane as nonsolvent is higher than that of the system using cyclohexane. Tt
precipitation ability of hexane for r-NR has been higher than that of cyclohexane as shown i
Figure 1. Thus, it is found that the fractionation efficiency for r-NR is dependent on the
precipitation ability ofhonsolvent.

The molecular structure of polymers in the two phases was elucidated by médns of
NMR measurements. It has been known that the signadsotfo-p’, andp-p’ methylene
linkage protons inH NMR in pyridined, split into 4.3, 4.2, and 3.8 ppm, respectivély
In this study, the molecular structure of novolaks is presented byrthe ratio (OR) as
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Figure 1. Ternary phase diagrams for r-NR/acetone/cyclohexane (&)
and r-NR/acetone/hexane ( ¢) systems at 25 °C.
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Figure 2. Plots of the partition coefficient, g, versus

the reciprocal of degree of polymerization,1/
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are corresponding to r-NR/acetone/hexane and r-NR/acetone/

cyclohexane ternary systems, respectively.
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shown in equation (3), which means the linearity of polymer chain. For examples, the
values of OR of albrtho and random novolaks are given to be 100 % and 67 %, respec-
tively. The OR of polymers in the polymer-rich phase and the polymer-lean phase for the
two systems as a function of partition coefficienare shown in Figure 3. In the figure,
o, is adopted as a representative value,oivhich is the value of at the number-average
of X of the original polymer before fractionation. The validityogf has been confirmed by
the computer simulation techniduén both systems, the value of OR of polymer in the
polymer-rich phase is larger than that in the polymer-lean phase. This indicates that th
fractionation based on molecular structure and molecular weight occurs at the same time
And the polymer in the polymer-rich phase is more linear than that in the polymer-lean
phase. A higlertho novolak forms strongly intramolecular hydrogen bdnds that the
solubility will be poor. One can observe that the difference between the values of OR of
polymer in the polymer-rich phase and that in the polymer-lean phase is larger as
becomes higher. This indicates that the fractionation efficiency on the base of molecula
structure becomes higher with increasiog. The partition coefficients represents a
fractionation efficiency on the base of molecular weight as well as on molecular structure
It is found that there is a closer relationship for random novolaks between the fraction-
ation on the base of the molecular weight and that based on the molecular structure.

In conclusion, it was found that the fractionation for phenolic resins of the random
novolak type based on molecular structure and molecular weight occurred at thasame
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Figure 3. Plots of the ortho ratio versus the partition coefficient of the
number-average of X of original polymer, a,, : the symbols < and B

are corresponding to polymers in polymer-rich phase and polymer-

lean phase for r-NR/acetone/hexane ternary system and the symbols O
and are corresponding to polymers in polymer-rich phase and
polymer-lean phase for r-NR/acetone/cyclohexane ternary system,
respectively.
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The partition coefficienio represented the fractionation efficiency based on molecular
weight and on molecular structure, respectively. A more detailed study on the fraction-
ation for novolaks is in progress in our laboratory.
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