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Structural characteristics of isotagti@lkylphenol acetaldehyde novolak resins with methiyijtyl, andt-octyl

as thep-substituent ang-t-butylphenol aldehyde novolak resins with methylene, ethylidene, and propylidene as
the linkage were calculated using molecular mechanics and molecular dynamics. PhaKitphenol alde-

hyde resins were found to have common structural characteristics that hydroxyl groupg-alkitiehenols
cluster in the center of the molecule by intramolecular hydrogen bonds of hydroxyl groups of the pdjacent
alkylphenols and the alkyl groups are extended out. Distances between oxygen atoms anghoetilvearat-

oms of the adjacemt-alkylphenols become longer as the size oftiseibstituent increases from methyltto

octyl. Bond angles of the linkage built between the adjgeeiiktylphenols become wider by increasing the
substituent size and by decreasing the linkage size.

Introduction alkylphenol aldehyde resins with variopsubstituents and
linkage types were studied by molecular mechanics and
Phenolic resins are interesting materials with high thermainolecular dynamics. Their structural stabilities depending
stability, excellent resistance to combustion, high dimen-on types of the-substituent and linkage were studied by
sional stability, good mechanical properties, and high chemeonformational search and molecular dynamics were also
ical stabilityl=® They are produced by the reaction of performed at 303, 373, 473, and 573 K.
phenols and aldehydes. Types of phenolic resins are deter-

mined by types of used phenols and aldehydes and reaction Modeling and Calculations
conditions. Phenolic resins are variously used depending on
their types as bonding ageftstackifiers?-1* vulcanizing General formulae op-t-butylphenol acetaldehyde resin

agents? photo resist$? and so forth. Alkyl phenol novolak (BA resin), p-t-butylphenol formaldehyde resin (BF resin),
resins are made by reactions of excess alkylphenol witlp-t-butylphenol propionaldehyde resin (BP resimmeth-
aldehyde in acidic condition. In generast-alkylphenol  ylphenol acetaldehyde resin (MA resin), gntloctylphenol
aldehyde novolak resins are used as a tackifiér. acetaldehyde resin (OA resin) are shown in Figure 1. All the
Structures of phenolic novolak resins were studied using-alkylphenol aldehyde resins except the BF resin have a
an X-ray crystallograpty® and a molecular simulation tacticity since a carbon atom in the linkage built between
method®*% Paulus and Bohnfestudied crystal structures alkylphenols is a chiral center. In this study, onlygaiky-
of p-alkylphenol formaldehyde resin tetramer with hydro- Iphenol aldehyde resins with isotactic sequence were com-
gen, methyl, and-butyl as the-substituent by single crystal pared.
X-ray analysis and found intramolecular hydrogen bonds The initial structures of input molecules were generated by
between hydroxyl groups of adjacent phenolic units. Tem+he Insight Il package of MSlo-Ethyl-p-t-butylphenol,o-
pleton and coworket3 studied intramolecular hydrogen methylp-t-butylphenol, o-propylp-t-butylphenol, o-ethyl-
bonded phenol formaldehyde resin dimer-tetramer byp-methylphenol, and-ethylp-t-octylphenol were used as
molecular mechanics energy minimization techniquesyrepeat units for the BA resin, BF resin, BP resin, MA resin,
which was consisted well with X-ray crystallography data.and OA resin, respectively. The input molecules were con-
In the previous work® we studied the effect of tacticity (iso- structed by linking the repeat unit with head-to-tail orienta-
tactic, syndiotactic, and atactic) on structures pt tion. Dimer-decamer of the resins were calculated.
butylphenol acetaldehyde resins and found that the resinSalculations were carried out by molecular mechanics and
with isotactic sequence was be more stable than those witlholecular dynamics with CFF91 force fiékdThe CFF91
syndiotactic and atactic sequences. force field employs a quartic polynomial for bond stretching
Alkylphenol-aldehyde condensations, performed in differ-and angle bending, and a three-term Fourier expansion for
ent reaction conditions, generally result in the formation of aorsions. The out-of-plane coordinate is defined according to
very complex mixture of oligomeric products. Thus, it is Wilson et al'” All the cross terms up to the third order that
hard to investigate structures of the alkylphenol aldehydéiave been found to be important are also included. Coulom-
resins experimentally. One can consider that alkylphenobic interactions between atomic charges and van der Waals
type and aldehyde type of the alkylphenol aldehyde novolaknteractions using an inversé-power term for the repulsive
resins affect their structures and properties. In this wirk, part rather than the more customary"-pdwer term are
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Figure 2. Skeletal structure of energy-minimizeet-butylphenol
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Figure 1. General formulae gf-alkylphenol aldehyde resins.

employed. Potential cutoff distance of 10.0 A and distance
dependent dielectric constants were employed.

The energy-minimized structures of the resins were
obtained by conformational search. The conformationa
search was done by the annealing technique consisting
200 ps mole(.:ullar. dynamlcs .at 900 K and 200 tlmgs SampllnEigure 3. Skeletal structure of energy-minimizeet-butylphenol
for f.urther minimizations. With the lowest energetl(_: anfor- formaldehyde resin (BF resin) hexamer. Closed and open circles
mation among 200 conformers, molecular dynamic simulastand for oxygen and carbon atoms, respectively.
tions were performed at 303, 373, 473, and 573 K for 300 ps
to investigate stability of the resins. At each temperature
average total energy of the each resin was obtained by ave
aging the 300 ps dynamic fluctuation.

Results and Discussion

The energy-minimized structures of tigealkylphenol
aldehyde resins were obtained from the conformationa
search. The hexamers were displayed representatively |
Figures 2 - 6. Figures 2, 3, 4, 5, and 6 give the skeletal strut
tures of the hexamers of the BA resin, BF resin, BP resin
MA resin, and OA resin, respectively. The molecular struc-
tures were displayed with only oxygen and carbon atoms
where closed and open circles stand for oxygen and carbc
atoms, respectively. Thealkylphenol aldehyde resins, irre-
spective of types of the-substituent and linkage, have com-

mon structural characteristics that hydroxyl groups cluster iq:igure 4. Skeletal structure of energy-minimizget-butylphenol

Fhe center of the molecule by intramolec.ular hydrogen bondpropionaldehyde resin (BP resin) hexamer. Closed and open circles
ings between hydroxyl groups of the adjagealkylphenol  stand for oxygen and carbon atoms, respectively.
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Figure 5. Skeletal structure of energy-minimizpemethylphenol

acetaldehyde resin (MA resin) hexamer. Closed and open circl

stand for oxygen and carbon atoms, respectively.

Figure 6. Skeletal structure of energy-minimizeet-octylphenol
acetaldehyde resin (OA resin) hexamer. Closed and open circlegtructures of the resins were measured. The definitions of the
stand for oxygen and carbon atoms, respectively.
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and the alkyl groups are extended out. The intramolecular
hydrogen bonds between hydroxyl groups of the adjgeent

€3lkylphenols of thep-alkylphenol aldehyde novolak resins

are typical.

In order to investigate the structural difference of ghe
alkylphenol aldehyde novolak resins depending on types of
the linkage and the-substituent, geometries such as bond
distances and bond angles in their energy-minimized struc-
tures were measured and compared. Since the intramolecular
hydrogen bonds between hydroxyl groups of the adjgeent
alkylphenols of the resins are typical, the distances between
oxygen atoms of the adjacenalkylphenolsy,,, were mea-
sured. When the linkage built between the adjapeaiky-
Iphenols is changed, the angle and length of the linkage (
andri, respectively) will be also changed. There are two
important intramolecular interactions in the resins. The one
is the intramolecular hydrogen bonds of the hydroxyl
groups. The other one is the van der Waals interactions of
the p-alkyl groups. It can be considered that the van der
Waals interactions of thp-alkyl groups relate to the dis-
tances betweep-carbon atoms of the adjacgrtlkylphe-
nols, rpc. Thergg, rpc, ric, and Oy in the energy-minimized

loor Fpes e, and i were demonstrated in Scheme 1. The

Table 1.Distances between oxygen atoms of the adjgeaiiylphenols I,,) of the energy-minimizep-alkylphenol aldehyde resins. Units

are A

Size of Molecule BA resin BF resin BP resin MA resin OA resin

dimer 3.94 2.79 2.97 3.00 3.45

trimer 3.06-4.14 2.75-3.14 2.92-3.03 2.96-3.06 3.33-3.04

tetramer 3.65-3.41-2.89 2.76-2.83-2.73 3.13-3.61-3.36 2.86-2.87-2.89 2.87-4.78-3.62

pentamer 3.37-3.68-3.62-3.02  2.61-2.78-2.77-4.13  2.94-3.78-2.87-4.98  2.91-2.96-2.96-3.10 2.98-3.21-3.94-4.03

hexamer 4,70-4.07-3.19-3.43 2.78-2.84-2.70-2.89 2.88-3.08-4.71-2.90 3.02-2.90-3.26-4.43 2.92-3.87-2.84-2.96
-2.93 -4.91 -4.86 -2.87 -5.70

heptamer 3.07-3.74-3.11-3.94 2.80-2.70-2.65-2.68 2.85-2.98-2.85-4.42 3.11-2.86-3.24-2.81 2.84-4.03-5.81-4.37
-5.76-3.07 -2.67-4.89 -4.35-4.15 -5.40-3.32 -2.93-3.57

octamer 3.13-3.85-3.21-3.16 2.87-2.97-2.69-4.79 2.92-5.89-2.90-3.19 3.21-3.43-3.74-3.13 3.28-4.26-3.27-3.11
-3.87-4.10-3.18 -3.45-2.65-3.40 -3.14-3.54-3.51 -3.16-2.87-3.11 -4.38-2.96-4.49

nonamer 3.86-2.86-2.77-2.90 2.70-5.72-3.58-3.01 3.03-2.91-3.60-3.05 2.96-4.28-3.08-3.00 4.22-2.91-2.91-5.52
-4.17-4.03-4.20-3.13 -2.93-4.96-4.24-2.83 -2.96-4.57-3.10-2.98 -4.06-3.04-4.38-3.43 -3.91-4.00-4.41-5.65

decamer 2.94-3.22-4.19-4.23 2.81-5.78-2.83-5.00 3.25-3.57-3.69-4.22 3.38-2.84-2.89-2.90 2.91-3.91-3.98-3.02

-4.50-3.23-3.22-3.44
-2.98

-3.12-2.72-4.10-5.15
-3.19

-2.82-3.20-2.81-5.63
-4.30

-3.37-3.73-3.22-3.45
-3.02

-3.84-5.46-3.05-3.06
-4.01
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Table 2. Distances betwegpara-carbon atoms of the adjacgntilkylphenols ;) of the energy-minimizeg-alkylphenol aldehyde resins.

Units are A

Size of Molecule BA resin BF resin BP resin MA resin OA resin

dimer 7.27 5.95 5.74 5.91 6.05

trimer 5.84-7.20 6.10-6.18 5.68-5.72 5.87-5.91 5.76-6.11

tetramer 6.79-6.17-7.30 6.10-6.15-6.15 5.65-5.75-5.59 5.81-5.77-5.78 6.26-7.06-5.86

pentamer 5.69-5.55-5.83-5.92 6.46-6.30-6.04-6.98 5.74-5.61-5.77-6.75 5.78-5.85-5.82-5.83  5.92-6.03-5.88-5.88

hexamer 6.92-6.30-5.64-5.85 6.19-5.53-6.04-5.73 5.65-6.02-6.88-5.67 6.00-5.78-5.83-7.10 5.81-6.22-5.91-5.83
-5.74 -5.89 -6.90 -5.82 -6.45

heptamer 5.83-7.04-5.74-5.52 5.92-5.62-6.11-6.23 5.95-5.68-5.82-5.70 5.89-5.76-5.84-6.05 6.32-7.15-5.82-7.13
-5.59-7.40 -6.73-6.94 -5.72-7.22 -6.44-5.96 -5.81-5.66

octamer 6.03-7.11-7.14-6.18 6.05-5.71-5.87-5.48 5.79-5.54-5.65-5.71 6.07-5.76-7.22-6.03 6.11-5.56-7.36-6.00
-5.91-6.95-6.21 -5.61-6.19-6.58 -5.54-6.02-5.82 -5.94-5.89-5.99 -5.96-5.96-5.61

nonamer 5.65-5.59-5.58-5.98 5.96-6.01-6.05-5.71 5.85-5.65-5.70-5.52 6.12-5.87-5.76-5.97 7.10-5.74-6.36-6.54
-5.568-5.75-5.81-6.67 -5.85-5.53-7.08-6.02 -5.67-7.11-5.93-5.75 -7.16-5.77-5.72-7.30 -7.29-5.92-7.11-6.25

decamer 5.36-5.82-7.35-5.98 5.56-5.87-5.73-5.94 5.61-5.87-7.31-5.77 5.70-5.74-6.06-5.78 6.20-7.21-7.21-5.87

-6.09-7.31-5.54-5.73
-5.78

-5.70-6.19-6.13-5.76
-6.13

-6.15-5.45-5.71-6.12
-7.05

-5.77-7.29-5.61-7.33 -5.85-6.67-5.59-5.81

-6.05

-5.73

Table 3. Distances betweenrtho-carbon atoms bridged by the linkagg) (of the energy-minimizeg-alkylphenol aldehyde resins. Units

are A

Size of Molecule BA resin BF resin BP resin MA resin OA resin

dimer 2.57 2.50 2.49 251 2.53

trimer 2.51-2.56 2.52-2.52 2.50-2.49 2.51-2.51 2.51-2.54

tetramer 2.63-2.56-2.62 2.53-2.51-2.53 2.49-2.52-2.49 2.52-2.51-2.51 2.57-2.58-2.55

pentamer 2.52-2.53-2.53-2.50 2.61-2.55-2.52-2.65 2.51-2.51-2.50-2.51 2.51-2.51-2.51-2.51 2.51-2.54-2.56-2.55

hexamer 2.66-2.61-2.57-2.58 2.56-2.47-2.55-2.46 2.48-2.51-2.53-2.47 2.53-2.52-2.53-2.57 2.51-2.58-2.53-2.49
-2.56 -2.58 -2.53 -2.52 -2.54

heptamer 2.49-2.57-2.52-2.54 2.50-2.46-2.53-2.56 2.51-2.47-2.52-2.56 2.51-2.51-2.52-2.53 2.56-2.56-2.55-2.60
-2.57-2.51 -2.62-2.54 -2.55-2.58 -2.51-2.52 -2.52-2.51

octamer 2.55-2.61-2.54-2.56 2.55-2.49-2.50-2.54 2.51-2.53-2.49-2.51 2.52-2.52-2.57-2.52 2.53-2.54-2.65-2.53
-2.62-2.56-2.54 -2.48-2.56-2.56 -2.49-2.54-2.53 -2.52-2.52-2.52 -2.58-2.54-2.60

nonamer 2.53-2.51-2.57-2.52 2.51-2.52-2.51-2.50 2.51-2.49-2.51-2.49 2.54-2.58-2.51-2.53 2.55-2.48-2.57-2.55
-2.54-2.56-2.59-2.50 -2.52-2.54-2.54-2.52 -2.49-2.59-2.52-2.49 -2.56-2.51-2.58-2.63 -2.61-2.57-2.58-2.50

decamer 2.48-2.54-2.53-2.53 2.44-2.59-2.50-2.63 2.50-2.52-2.59-2.56 2.52-2.50-2.53-2.52 2.55-2.59-2.57-2.55

-2.58-2.56-2.56-2.51 -2.46-2.55-2.59-2.60

-2.48

-2.55

-2.54-2.49-2.48-2.60
-2.52

-2.55-2.60-2.53-2.62
-2.53

-2.58-2.55-2.46-2.52
-2.61

results of the measuregl, ry. re, andd,c were summarized butylphenols by the steric hindrance. The averggé&om

in Tables 1, 2, 3, and 4, respectively.

Effect of the linkage type on the resin structureThe

dimer to decamer for the BF resin, BA resin, and BP resin

are 5.94, 6.15, and 6.05 A, respectively. This means that the

BF resin, BA resin, and BP resin have different linkages ofintramolecular van der Waals interactions betwgebutyl
methylene, ethylidene, and propylidene, respectively. Theroups of the adjacemtalkylphenols of the BF resin are

linkage size has an order, methylene (:§H ethylidene
(-CH(CHzy)-) < propylidene (-CH(CHKCHs)-). Ther,, andrpe

more favorable than those of the BA resin and BP resin. This
may be due to the steric hindrance of the methyl (BA resin)

of the BA resin and BP resin are longer than those of the BEnd ethyl groups (BP resin) of the linkage. The&ndr,. of
resin. The average,, from dimer to decamer for the BF the BA resin are slightly longer than those of the BP resin
resin, BA resin, and BP resin are 3.36, 3.55, and 3.50 Aalthough the size of the linkage of the BA resin (ethylidene)
respectively. This means that the intramolecular hydrogeiis smaller than that of the BP resin (propylidene).

bonds between hydroxyl groups of the adjagealkylphe-

Variation of ther, of the p-alkylphenol aldehyde resin

nols of the BF resin are more favorable than those of the BAlepending on the linkage type do not show a clear trend. The
resin and BP resin. It may be because the ethylidene and pro: of the BA resin is slightly longer than those of the BF
pylidene linkages prevent the intramolecular hydrogenresin and BP resin, while thg of the BP resin is slightly

bonds between hydroxyl groups of the adjacenrt

shorter than that of the BF resin. The averageom dimer
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Table 4 Bond angles of the linkages built between the adjgeetitylphenols [Jic) of the energy-minimizeg-alkylphenol aldehyde
resins. Units are degree

Size of . . . . .

Molecule BA resin BF resin BP resin MA resin OA resin

dimer 113.75 111.35 109.28 110.53 111.10

trimer 110.11-113.24 112.09-111.93 109.42-109.04 110.10-110.10 110.18-112.01

tetramer 116.93-112.79-116.46 112.69-111.04-112.97 108.75-110.47-109.14 110.67-110.02-110.49 114.02-114.16-112.68

pentamer 110.64-111.53-110.90 116.89-113.50-111.57 110.25-109.74-109.30 110.59-110.19-110.15 109.89-111.93-112.78
-109.59 -20.11 109.91 -110.22 -112.15

hexamer 115.28-113.64-111.09 115.03-109.00-113.56 108.23-109.73-110.71 111.39-110.73-111.29 110.51-114.71-111.46
-111.37-110.52 -108.08-115.71 -107.51-111.48 -113.74-110.79 -108.50-111.62

heptamer 109.04-113.59-110.52 110.41-107.85-112.39 110.27-107.38-110.75 110.45-110.60-110.75 113.22-112.58-112.55
-112.08-113.82-110.06 -114.48-117.53-112.77 -112.56-111.42-113.82 -111.06-109.70-110.45 -115.64-111.26-110.20

octamer 112.09-115.56-111.47 114.12-110.47-111.06 110.04-110.63-108.99 110.68-110.91-113.63 111.15-111.53-117.90
-113.01-116.88-112.78 -112.80-109.32-114.33 -110.23-108.76-111.02 -110.46-110.31-110.75 -110.72-114.35-112.24
-111.70 -114.37 -111.36 -110.74 -115.85

nonamer 111.18-110.22-113.47 111.51-111.75-111.12 110.21-109.25-109.63 111.90-114.11-110.07 112.08-108.47-113.43
-110.98-111.57-112.84 -111.50-112.42-112.83 -108.63-108.54-115.00 -111.26-113.10-110.14 -112.30-115.94-113.64
114.54-109.76 -112.75-112.26 -111.03-109.41 -114.12-117.05 -114.48-109.30

decamer 108.27-111.48-111.66 106.87-115.82-110.73 109.44-110.51-114.50 111.15-110.03-110.96 112.39-114.46-113.74

-111.88-114.35-112.73 -118.49-108.60-113.36
-113.75-109.66-108.67 -116.08-116.09-113.82

-112.12-111.83-108.63 -110.89-112.52-115.26
-108.07-114.79-110.60 -111.54-115.90-111.74

-112.77-114.69-112.96
-107.32-111.20-116.45

to decamer for the BF resin, BA resin, and BP resin are 2.53gsin, BA resin, and OA resin are 111.41, 112.20, 122.37
2.55, and 2.52 A, respectively. These results can not beespectively. This can be also explained by the steric hin-
explained by only the linkage size. However, variation of thedrance of th@-substituent. The long distance betweengthe
O of the p-alkylphenol aldehyde resin depending on thesubstituents to prevent the steric hindrance by the bulky
linkage type show a specific trend. ThHg of the resin with  alkyl groups, as discussed above, may makelhavide.

a big linkage is narrower than that of the resin with a smalHowever, thep-substituent type hardly affect the. Ther

one. The averagél. from dimer to decamer for the BF of the MA resin, BA resin, and OA resin are nearly same.
resin, BA resin, and BP resin are 112.56, 112.20, andhe average afi. from dimer to decamer of the MA resin,
110.28, respectively. This is due to the steric effect of theBA resin, and OA resin are 2.53, 2.55, and 2.55 A, respec-
linkage. When the linkage is bulky, it should have largetively.

space. Thus, théJ. of the resin becomes narrower by Effect of the linkage type on energetic stability. The
increasing the linkage size from methylene to propylidene. total energies of the energy-minimized structukgs, were

Effect of the p-substituent type on the resin structure.
The MA resin, BA resin, and OA resin have differprgub-
stituents of methylt-butyl, andt-octyl, respectively. Varia-
tion of Thery, andry of the resins depending on the
substituent type show a specific trend. Theandry. of the
resins become longer by increasing phsubstituent size
from methyl tot-octyl. The average,, from dimer to

obtained by the conformational search. Figure 7 shows vari-
ation of the total energies of the energy-minimized structures
per repeat unitE™n, as a function of the molecular size.
The E/"n were obtained by dividing th&™ by the number

of repeat unitn. Absolute values of th&mn of the BA
resin, BF resin, BP resin, MA resin, and OA resin are 19.91-
22.27,12.52-14.78, 18.80-21.69, 6.22-9.39, and 36.86-39.42

decamer for the MA resin, BA resin, and OA resin are 3.19kcal/mol, respectively. In general, the total energy of the
3.55, and 3.77 A, respectively. The averggérom dimerto  energy-minimized structure of a molecule with a high
decamer for the MA resin, BA resin, and OA resin are 6.06molecular weight is lower than that of a molecule with a low
6.15, and 6.22 A, respectively. This can be explained by thenolecular weight when they have a similar chemical struc-
steric effect of the-substituent. When thp-substituent is  ture. However, the variation of tii&"/n of thep-t-butylphe-
bulky, direction of the adjacent-alkylphenols becomes nol aldehyde resins (BF resin, BA resin, and BP resin)
reverse each other to prevent the steric hindrance. The avetepending on the linkage type is different to some extent
agery andrp. become longer by increasing the reversefrom the general trend. Ti&"/n of the BF resin having the

direction of thep-substituent of the adjacemalkylphenols.
Variation of the,. of the resins depending on tphesub-
stituent also show a specific trend. Thgof the resin with a

methylene linkage are higher than those of the BA resin and
BP resin having the ethylidene and propylidene linkages,
respectively. But, the;/n of the BA resin are slightly lower

big p-substituent is wider than that of the resin with a smallthan those of the BP resin although the ethylidene is smaller

one. The averagél, from dimer to decamer of the MA

than the propylidene. This can not be explained by only the
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Figure 7. Variation of minimum total energies per repeat UEfY, Figure 8. Variation of average total energies for 300_ ps per re_peat
n, of thep-alkylphenol aldehyde resins depending on the number otNit: <E=>/n, of thep-t-butylphenol acetaldehyde resin (BA resin)
repeat unit. Rectangles, circles, up-triangles, down-triangles, anf€Pending on the number of repeat unit.

diamonds indicate BA resin, BF resin, BP resin, MA resin, and OA

resin, respectively. 40
Foo @ndryc Since therg, andry of the BA resin are longer 359 573K
than those of the BP resin as discussed previously. It can | 1 v
considered that the BA resin has more packed structure. Tt 30 v\\v\v\v\
BA resin has a pseudo-helical structure. For the BA resit | "'\v\v
hexamer (Figure 2), distances between the 1-carbon aton 5 | 473K
of the phenyl rings of the firg-t-butylphenol and the others g A\A\\A
(rim mis the number of the counter alkylphenol sequence = TA—a
are 4.54, 7.86, 8.59, 6.55, and 4.38A fortheris, ru, s, S 27 373K TAa
rie respectively. The;n, of the BA resin hexamer become = o
long (fromr,tori4) and then become short (fram torie) A 15 \°\.\
by increasing the sequence number. This means that the B ‘;‘,J 303K oo .o
resin hexamer has a pseudo-helical structure and is we 104 " e
packed. ] Tt
In general, average total energies of a molecule at tempe 5 e
atures, which molecular motions of rotation and vibration
are activated enough, have positive values. If molecule 0
have the similar chemical structure and the moleculal ) ) g 3 10

motions are activated enough, the average total energies of
molecule with a high molecular weight are higher than
those with a low molecular We|ght in the same temperaturé_:igure 9. Variation of average total energies for 300 PSs per I’e_peat
Variations of the average total energies per repeat unitMit: <E>/n, of thep-tbutylphenol formaldehyde resin (BF resin)
<Eq>/n, at 303, 373, 473, and 573 K as a function of thedle'oencIlng on the number of repeat unit.

molecular size of the BA resin, BF resin, BP resin, MA

resin, and OA resin are given in Figs. 8, 9, 10, 11, and 12.38-4.73, 8.81-10.89, 17.91-20.14, and 26.51-29.21 kcal/
respectively. The average total energies of the each resimol, respectively, while those of the BF resin are 5.75-
<E{>, were obtained by averaging the 300 ps dynamic fluc10.78, 11.13-16.19, 19.04-24.42, and 27.43-32.43, respec-
tuation. The<E;>/n were obtained by dividing theE> by tively, and those of the BP resin are 4.66-7.46, 11.61-13.78,
the number of repeat unit, The<E>/n of the BA resin at  21.54-23.25, and 31.11-32.15 kcal/mol, respectively. This
303-573 K are lower than those of the BF resin and BP resinmeans that the BA resin has a more stable structure than the
The<E>/n of the BA resin at 303, 373, 473, and 573 K areBP resin as well as the BF resin at 303-573 K. This may be

Number of Repeat Unit
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Figure 10. Variation of average total energies for 300 ps per repeaFigure 12. Variation of average total energies for 300 ps per repeat
unit, <E>/n, of the p-t-butylphenol propionaldehyde resin (BP unit, <E>/n, of thep-t-octylphenol acetaldehyde resin (OA resin)
resin) depending on the number of repeat unit.
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depending on the number of repeat unit.

resin increases with an increase of the molecular size. This
may be due to an increase of the intramolecular hydrogen
bonds of the BF resin with an increase of the molecular size.
However, the<E:>/n at 303-573 K of the BA resin and BP
resin are nearly same irrespective of the molecular size. This
may be due to the steric hindrance of the linkage. The meth-
ylene linkage of the BF resin is smaller than the ethylidene
(BA resin) and propylidene (BP resin) linkages so that the
hydrogen bonds between hydroxyl groups of the adjgeent
t-butylphenols of the BF resin are less inhibited by the link-
age than those of the BA resin and BP resin. The methyl
(BA resin) and ethyl (BP resin) will inhibit the hydrogen
bonds by their rotation and vibration when the temperature
is high.

Effect of the p-substituent on energetic stability The
E"n of the p-alkylphenol acetaldehyde resins (MA resin,
BA resin, and OA resin) decrease with an increase gi-the
substituent size from methyl teoctyl as shown in Figure 7.
This is the reason why the van der Waals interactions
betweenp-substituents of the-alkylphenols increase by
increasing its size. Absolute values of fhe/n of the MA

Figure 11. Variation of average total energies for 300 ps per repeategin, BA resin, and OA resin are 6.22-9.39, 19.91-22.27,

unit, <E>/n, of thep-methylphenol acetaldehyde resin (MA resin)

depending on the number of repeat unit.

and 36.86-39.42 kcal/mol, respectively.
The<E>/n at 303-473 K of the OA resin (Figure 12) are
lower than those of the BA resin (Figure 8) and MA resin

explained by the pseudo-helical structure of the BA resin agFigure 11), while those at 573K of the OA resin are higher
discussed above.

Of the BA resin dimer to decamer, tB&/n and<E:>/n of

than those of the others. ThE>/n of the MA resin at 303,
373, 473, and 573 K are 7.23-10.13, 11.76-13.95, 18.09-

the octamer is lower than those of the others. This meank9.94, 24.80-25.83 kcal/mol, respectively, and those of the
that the BA resin octamer has a specific stability. TheOA resin are -5.72~-2.09, 3.46-6.97, 15.98-18.90, and
stability of the BA resin octamer was reported in the28.76-31.46 kcal/mol, respectively. This means that the van
previous workl® The <Ex>/n at 303-573 K of the BF der Waals interactions betweeinctyl groups of the OA
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resin are more favorable at the temperatures =473 K than8.

those between methyl groups of the MA resint-butyl

groups of the BA resin since th@ctyl is more bulky than 9
10. Hamed, G. R.; Huang, Rubb. Chem. Techndl991, 64,

the methyl and-butyl.
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