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ABSTRACT: A new quantitative model is proposed to correlate glass transition tempera-
tures with bond radii-based structural parameters for poly(p -alkyl styrenes), poly-
olefins, poly(alkyl methacrylates), and poly(alkyl acrylates). The model provides a
consistent prediction of the glass transition temperatures for both the linear and highly
branched polymers up to the entanglement offset points for long side groups. Polymers
with highly branched side chains, such as t-butyl and t-pentyl groups that contain
quaternary C groups, are predicted to have much higher glass transition temperatures,
followed by the methylated, the unsubstituted, and the linearly alkylated polymers.
The predictions are confirmed by the experimental results from the authors’ research
and literature. The current model also allows the extraction of the contribution of
hydrogen bonding to glass transition temperatures in polymethacrylates and polyacry-
lates by comparing differences between the modeled hydrogen-bonding free values with
the experimental data. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 507–517, 1997

Key words: glass transition temperature; structural parameter; polystyrenes; polyo-
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INTRODUCTION temperatures. However, many discrepancies were
found.9,10 The steric hindrance factor, s, of the
polymer chains was taken into consideration byThe importance of the measurement and the un-
Vincent,11 Aharoni,12 Boyer and Miller,13,14 andderstanding of the effects of structure on the glass
He.15 They showed that the steric hindrance af-transition temperatures of amorphous materials
fects the readiness of molecular movement of thecannot be overestimated. There is a large amount
polymer chains and thus the glass transition tem-of practical and theoretical work that has been
perature of polymers. The steric hindrance factorcarried out in an attempt to correlate the glass
was further correlated with volume elements,transition temperatures of polymers to structural,
such as the crystalline unit cell volume16 and thethermodynamic, statistical and quantum me-
cross-sectional area of polymer chains.15 Chee17

chanical properties.1–5 Cohesive energy was one
further noted a break point in the dependenceof the properties utilized in early correlations.6–8

of glass transition temperature on the ‘‘intensiveMolar volume of the polymer segment units was
variable B ’’ (related to solubility parameters).incorporated in Marcincin’s calculation.7 By his
Chee found that when B ° 380 J/mL, the glasscalculation, polymers with larger molar volumes
transition temperature is a function of both theshould have proportionally higher glass transition
chain flexibility and intermolecular interactions.
When Bú 380 J/mL, Tg only depends on intermo-
lecular interactions. On the other hand, the esti-Correspondence to: Julie P. Harmon.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/030507-11 mation of glass transition temperatures by molec-
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508 GAO AND HARMON

ular modeling has been carried out by Hopfinger,
Koehler, Pearlstein and Tripathy.18 In their
study, the conformational entropy and the mass
moment of the polymer were calculated in terms
of torsional angles. The bond lengths and sizes of
components were not taken into account. Molecu-
lar dynamics simulations have recently been used
to estimate glass transition temperatures for
polymers such as amorphous cis-poly(1,3-butadi-
ene), polyisobutylene, atactic polypropylene and
atactic polystyrene.19 Group contribution meth-
ods, although empirical methods, have achieved
great practical applications,1–3,9 after systemati-
cally being introduced by van Krevelen and Hof-
tyzer.9 They presented a general formula,

Tg Å
Yg

M
Å ( Ygi

M
(1)

where Yg and Ygi are the molar glass transition
functions of overall and individual group contri-
butions respectively. M is the molar mass of the
repeat unit. Wiff, Altieri and Goldfarb20 further
developed a database, based on group contribu-
tion calculations and chemical structural parame-
ters from about 200 polymers. The most recent
compilation of group contribution tables is found
in reference 3. Bicerano2 applied the connectivity
index method to polymers. This method is based
on a topological interpretation of structure–prop-
erty correlations, where the structures of mole-
cules are reduced to vertices (atoms) and edges
(bonds) which are assigned with different indices,

Figure 1 Plot of experimental and calculated valuesdepending on the electronic and structural envi-
from different computational methods: exp Å experi-ronment.
mental;2,21,24 asp Å structural parameter; grp Å groupFor polymers without complex and lengthy
contribution;9 and con Å connectivity index.2 D/L is thependant group modifications, most of the above-
ratio of the cross-section dimension to the length of the

mentioned methods yield reasonable predictions. pendant group. See text for calculation. The straight
However, when there are long or highly branched line connects all the calculated values from the asp
alkyl substituents, the prediction of the glass method, which correspond closest to the experimental
transition of such polymers tends to deviate sig- data.
nificantly. This has been noted for poly(p -alkyl
styrenes) studied by the authors and several oth-
ers. Experimental and calculated values of Tg are since no general group contribution value is avail-

able.9 The connectivity index method predicts thatplotted in Figure 1 and compared in Table I for
the poly(p -alkyl styrene) series and also the poly- poly(p -t-butyl styrene) has the lowest Tg with a

higher Tg for poly(p -methyl styrene) and poly-(alkyl methacrylate) series. The experimental
value of Tg for polystyrene is about 370 K; how- styrene having the highest Tg (Table I) . Experi-

mental data for the three commercially availableever the calculated value from the group contribu-
tion method is only 200 K, showing a difference polymers prove to follow the reverse order. The

authors developed a calculation method, theof 170 K. When there is a highly branched alkyl
group such as the t-butyl group, the Tg is not pre- structural parameter method, that uniformly pre-

dicts the glass transition temperatures for poly-dicted adequately by group contribution methods
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Table I Comparison of Experimental and Calculated Tgs (Deg C) for Series of PaS and PaMA

Poly(alkyl styrene)
-Alkyl Tg (exp)a Tg (asp)b Dev. Tg (grp)c Dev. Tg (con)d Dev.

H 97 88 9 073 170 106 9
methyl 101 101 0 106 5 98 3
ethyl 65 61 4 67 2
n-propyl 38 33 5 39 1
n-butyl 5 11 6 1 4 44 39
t-butyl 126 135 9 96 30
n-hexyl 027 021 6 023 4

Average dev. 6 31 20
Max dev. 9 170 39
Min dev. 0 1 3

Poly(alkyl methacrylate)
-Alkyl Tg (exp)a Tg (asp)b Dev. Tg (grp)c Dev. Tg (con)d Dev.

methyl 105 97 8 105 0 84 21
ethyl 65 62 3 66 1 59 6
n-propyl 34 38 4 35 1 39 5
n-butyl 20 19 1 11 9 23 3
t-butyl 118 128 10 96 22
n-hexyl 05 09 4 026 21 01 4
n-octyl 020 030 10 053 33 018 2

Average dev. 6 11 9
Max dev. 10 33 22
Min. dev. 1 0 2

a exp Å experimental method.2,21,24

b asp Å structural parameter method developed by the authors.
c grp Å group contribution method.9
d con Å connectivity index method.2

mers such as poly(alkyl styrenes), PaS, studied and there is a recoil in glass transition tempera-
ture with an increase in side group length. Theintensively in our research,21–23 as well as poly-

(alkyl methacrylates), PaMA, poly(alkyl acry- decrease of Tg is widely believed to be a plasticiz-
ing effect of the side chains that act similar tolates), PaA, and polyolefins, PO, in which long

linear and highly branched substituents are often small molecular weight additives.25,26 For poly(p -
alkyl styrenes) this takes place when the numberencountered. Figure 2 shows the basic structures

of these polymers. of carbon, n , reaches 10; for poly(alkyl methacry-
lates), n Å 18; for polyolefins, n Å 6; and for
poly(alkyl acrylates), n Å 7.25,26 On the other
hand, the increase in glass transition tempera-A STRUCTURAL PARAMETER MODEL FOR

LINEAR AND SYMMETRICALLY BRANCHED ture can be significant when there is branching
in the alkyl groups.ALKYLATED POLYMERS

The current authors’ study of a para-alkylated
polystyrene series including polystyrene, poly(p -Although the effects of alkylation and alkyl

branching in polymers have not been quantita- methyl styrene), poly(p -ethyl styrene), poly(p -
n -propyl styrene) and poly(p -t-butyl styrene) bytively and systematically calculated, they have

been noted by many researchers.24,25 Stevens25 differential scanning calorimetry, dielectric anal-
ysis, and dynamic mechanical analysis21–23 agreessummarized that linearly increasing the length

of pendant groups results in a decrease in glass favorably with published experimental re-
sults.2,9,24,25,27 A unified model to account for thetransition temperature. This decrease continues

until the entanglement of pendant groups is offset glass transition temperature effect due to alkyl-
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510 GAO AND HARMON

ation via both linear lengthening and branching
in polymers is proposed here. As shown in Figure
1 and Table I, this method correctly predicts that
poly(p -t-butyl styrene) has the highest glass
transition temperature followed by poly(p -methyl
styrene) and polystyrene, etc. The current model
emphasizes the quantitative correlation between
the glass transition temperatures and the geome-
try of the alkyl groups for the side groups, up to
the plasticizing offset point. Past this point, the
calculation becomes more complex due to entan-
glements in the side groups and possibly with the
main chains; this situation is not dealt with here.
The calculation is easily carried out without so-
phisticated computer hardware and software. It
only involves the knowledge of bond radii of car-
bon, oxygen, and hydrogen. Figure 3 shows this
model schematically with polystyrene as an exam-
ple. The following summarizes the key assump-
tions used in this structural parameter model.

1. The repeat unit of the polymer without its
alkyl pendant group is considered a basic
unit; thus, in Figure 2, (I) is the basic unit
for the polystyrene series, (II) for the poly-
methacrylate series, (III) for the polyacry-
late series, and (IV) for the polyolefin se-
ries. All basic units have one open bond
that allows for alkyl substitution. By add-
ing —H, —CH3, —C2H5, . . . , alkylated
series are obtained.

Figure 3 Structural parameter model of calculation.2. The alkyl group is composed of one or more
The basic structure is poly(alkyl styrene), as an exam-cylindrical sections, each of which is repre-
ple. See text for detailed explanation.

sented by one carbon and covalent-bonded
hydrogens or other carbons, like the boxes
shown in Figure 3. In the case of no alkyl
substitution, H is the terminal atom and
has a cubic box of the dimensions of a hy-
drogen atom. All sections can rotate along
the bonding axes freely to reach the maxi-
mum radii.

3. The origin of the coordinate is set in the
center of the last connecting atom in the
basic unit. For PaS and PO, carbon is the
connecting atom and for PaMA and PaA,
oxygen is the connecting atom. The y axis
is defined as the line passing through the
bond of the connecting atom and the first
carbon or hydrogen in the substitutent
group and pointing away from the basicFigure 2 Structures of the basic units for four poly-
unit. The x axis is perpendicular to the ymer series studied; poly(alkyl styrene), poly(alkyl

methacrylate), poly(alkyl acrylate), and polyolefin. axis and is in the plane of the basic unit.
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TgS AND STRUCTURAL PARAMETERS FOR POLYMERS 511

The effective diameter of the alkyl side the pendant group, D . Glass transition
temperature, Tg , is linearly proportional togroup is defined as the average of the diam-

eters of all sections, the logarithm of D /L .

Tg Å Tg0 / k log (D /L ) (6)

D Å
(
n

iÅ0
di

n / 1
(2d0 ú di ) (2) where Tg0 and k are temperature constants

dependent on specific polymer series.
The above assumption idealizes the alkyland,
groups and their immediate environment,
which is believed reasonable due to
the electronic intermolecular interaction

D Å
(
n

iÅ1
di

n
(2d0 ° di ) (3) which is very limited as a result of the non-

polar nature of the alkyl groups. The low
rotational energy (2 Ç 4.2 kcal/mol26) of

d0 is the diameter of the connecting atom C—C bond within the alkyl group can be
in the basic unit, and d1 rrr dn are the basically ignored. This makes the calcula-
diameters of all the sections in the side tion of the properties much simpler since
group. It is noted that the comparison of no torsional angles need to be included.
the diameters of the connecting atom d0 The calculation for d and l values of the
and the connected sections di ( i Å 1 rrr basic sections, i.e., the nonsubstituted hy-
n ) is necessary since, when branching oc- drogen and primary, secondary, tertiary
curs (di ú 2d0) , especially in the first few and quaternary carbons via this model, is
sections close to the basic unit as in the outlined in Appendix A.
case of t-butyl and t-pentyl sections, the
connecting atom is basically contained in
the umbrella formed by this section. Thus, RESULTS AND DISCUSSION
it should be excluded from the averaging
process from equation (2) —see the 3-D Table I shows the predicted glass transition tem-
modeling of polymethylstyrene and peratures for the polystyrene and polymethacry-
poly(p -t-butyl styrene) Figure A.1 and late series based on the above structural parame-
Figure A.3 in Appendix A. This situation ter model. Results from the group contribution
is reflected in equation (2). The effective method9 and connectivity index method2 are
length of the alkyl group is the scalar sum listed in the same table. Alkyl groups with up to
of lengths of all the sections, corresponding six carbons are included in this table, since data
to the above two cases, for higher carbon numbers are limited in litera-

ture. Due to the fact that the experimental glass
transition temperatures of polymers depend onL Å ∑

n

iÅ0

li (2d0 ú di ) , (4)
many experimental factors: the rate at which the
experiment is performed, the method of measure-

and, ment, the conditions in which the polymers are
synthesized, the crystallinity of the polymers,
etc.,24–27 experimental Tg values can vary signifi-L Å ∑

n

iÅ1

li (2d0 ° di ) (5)
cantly. Therefore, glass transition temperatures
from the same source, if possible, are preferred,
so as to minimize the possible errors due to thel0 is the radius of the connecting atom and

l1 rrr ln are the lengths of all the sections variations in experimental conditions. Reference
24 gave the most Tg values for the four polymersin the side group.

4. Before the pendant group reaches its plas- studied here and is thus selected as the major
source. These values are also well-supported byticizing offset length, the glass transition

temperature of a polymer thus formed de- many other sources,2,21,25,27 from which some
missing data from reference 24 are also found (Ta-creases with the increase in the length of

the pendant group, L , but increases with ble I–Table III) . It can be seen from the group
contribution method that there is a great discrep-the increase in cross-section dimension of
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512 GAO AND HARMON

Table II Model Calculation Results for PaS and PO

PaS PO
No. Log Tg Tg Tg Tg

of C -Alkyl D L D/L DÚ2*L (D/L) (Deg C) After Ref. (Deg C) After Ref.

0 H 1.072 1.372 0.781 1.58 00.107 97 [2, 21, 24, 25] 020 [25]
1 methyl 2.083 2.316 0.899 10.05 00.046 101 [2, 21, 24] 010 [24, 25]
2 ethyl 2.263 3.860 0.586 19.76 00.232 65 [21] 024 [24, 25]
3 n-propyl 2.353 5.404 0.435 29.91 00.361 38 [21] 040 [24,25]
4 n-butyl 2.406 6.948 0.346 40.23 00.460 5 [2, 24] 050 [2, 24, 25]
4 t-butyl 4.455 3.431 1.298 68.10 0.113 126 [2, 21] 64 [25]
5 n-pentyl 2.442 8.492 0.288 50.65 00.541 053 [2]
5 t-pentyl 3.539 4.975 0.711 62.29 00.148 59 [25]
6 n-hexyl 2.468 10.036 0.246 61.13 00.609 027 [24] 064 [24]
7 n-heptyl 2.487 11.580 0.215 71.64 00.668 053 [2]
8 n-octyl 2.502 13.124 0.191 82.17 00.720 044 [24]
9 n-nonyl 2.514 14.668 0.171 92.72 00.766 053 [24]

10 n-decyl 2.524 16.212 0.156 103.28 00.808 065 [24]

D and L are in Angstroms.

ancy (1707C) between the experimental glass tracted from fitting the experimental glass transi-
tion temperatures against the structural parame-transition temperature and the calculated one for

polystyrene; although, for the other polymers of ter log (D /L ) . The results are shown in Table IV
Figure 4 and Figure 5. Comparing the fitting ofthis series, the deviations are not significant. On

the other hand, the discrepancies from the connec- PaS and PO, it is found that all polymers studied
in the PaS series are a good fit. The predictedtivity index method are larger (307–397C) for

polymers with the higher carbon number substit- glass transition temperatures show the correct or-
der corresponding to the experimental values (Ta-uents, compared to those from the group contribu-

tion method and the structural parameter ble I and Table II) , regardless of the structures
of the substituents, linear or highly branched. Themethod. The glass transition temperatures from

polystyrene to poly(methyl styrene) and to structural parameter log (D /L ) quantitatively
balanced the two competing trends of the glasspoly(p -t-butyl styrene) increase in experimental

data; whereas, the connectivity index calculation transition temperature effects due to linear
lengthening and branching. The D /L value forshows the reverse trend. The deviations from the

structural parameter model are generally small poly(p -t-butyl styrene) at 1.298 is much higher
than those for poly(methyl styrene) at 0.899 andand evenly distributed among all polymers within

the whole series. The correct order of the change polystyrene at 0.781; thus, the glass transition
temperature should go in the order of poly(p -t-in glass transition temperature of polystyrene, po-

ly(methyl styrene) and poly(p -t-butyl styrene) is butyl styrene)ú poly(methyl styrene)ú polysty-
rene. The volumetric parameter, D2L , for the lin-predicted by the currently proposed method. Simi-

lar cases are observed in the polymethacrylate se- ear poly(p -n -butyl styrene) at 40 Å3 is smaller
than that of the highly branched poly(p -t-butylries as shown in the lower part of Table I. Series

of polyacrylates and polyolefins are also tested for styrene) at 68 Å3. The limited difference in the
volumetric parameter between the two poly(butylthe calculation, although both the experimental

and the calculated data are not as plentiful as styrenes) does not reflect the huge difference in
their glass transition temperatures. Linearthose for the alkylated polystyrenes and poly-

methacrylates. Table II lists the calculated pa- poly(p -n -butyl styrene) still has a higher D2L
value than poly(n -propyl styrene), and thusrameters D , L , D /L , D2L and log (D /L ) for the

polystyrene and the polyolefin series that have should have a higher glass transition temperature
if volumetric effects are the key factors to be con-carbon as their connecting atom. Table III lists

those for polymethacrylates and polyacrylates. sidered in the prediction as found in earlier calcu-
lations.7 On the other hand, in the case of theThe volumetric element D2L is also tabulated as

a comparison. The parameters Tg0 and k are ex- polyolefin series, the polymers substituted by lin-
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Table III Model Calculation Results for PaMA and PaA

PaMA PaA
No. Tg Tg Tg Tg

of C -Alkyl D L D/L DÚ2*L Log (D/L) (Deg C) After Ref. (Deg C) After Ref.

0 H 0.960 1.260 0.762 1.16 00.118 228 [28] 105 [24]
1 methyl 1.971 2.204 0.894 8.56 00.049 105 [2, 24] 4 [24]
2 ethyl 2.188 3.748 0.584 17.94 00.234 65 [24] 022 [2, 24]
3 n-propyl 2.297 5.292 0.434 27.91 00.363 34 [2, 24] 045 [2, 24]
4 n-butyl 2.362 6.836 0.345 38.13 00.462 20 [2, 24, 28] 057 [2, 24]
4 t-butyl 4.455 3.431 1.298 68.10 0.113 118 [24, 28] 42 [2]
6 n-hexyl 2.436 9.924 0.245 58.89 00.610 05 [2, 24]
7 n-heptyl 2.459 11.468 0.214 69.36 00.669 078 [2, 28]
8 n-octyl 2.477 13.012 0.190 79.86 00.720 020 [2, 24] 065 [2]
9 n-nonyl 2.492 14.556 0.171 90.38 00.767 058 [2]
12 -dodecy 2.522 19.188 0.131 122.03 00.881 065 [24]
18 -octadec 2.553 28.452 0.090 185.51 01.047 098 [24]

D and L are in Angstroms.

ear alkyl groups fall on a straight line, while the are considered and other interactions such as
H bonding between —OHrrrO|CO— in theones with highly branched sections such as t-butyl

and t-pentyl groups it in a much higher region in basic units, as in this case, are not considered.
However, this difference provides us with an ad-Tg (area A in Figure 4). Obviously, this is due to

the close proximity and strong steric interaction ditional angle to view the contribution to the
glass transition temperature purely from the Hof those highly branched groups with the polymer

main chains. Since polyolefin has a very small bonding. Realizing that there is the possibility
of sizable variation in the glass transition tem-basic unit, it is the backbone unit itself. The curve

bounces up in area B, the region where the entan- perature due to experimental conditions, 24–27

the two differences, 1077C and 1447C, are inglement of the long side group is offset, and this
is excluded from the data fitting process of poly- good agreement and are a reasonable indication

of the H-bonding contribution.olefins. In Figure 5, data for polymethacrylates
and polyacrylates are plotted. Similarly, the The fitting parameters are listed in Table IV.

It is obvious from eq. (6), that Tg0 determines themiddle regions of both plots show good linearity.
Region B in the polyacrylate series is again due major region of glass transition temperature and

is believed to depend on the basic unit of eachto the entanglement of the long side group. For
both series, the unsubstituted polymers, i.e., polymer, i.e., the size and the rigidity of the basic

unit. The phenyl group is one of the most rigidpoly(methacrylic acid) and poly(acrylic acid) ,
show exceptionally high experimental Tgs. The groups, as is the a-methyl group on the back-

bone.25 Those rigid and bulky groups make it dif-differences between the experimental and pre-
dicted glass transition temperatures is 1077C ficult for the backbone to move cooperatively in a

large scale and thus, a higher Tg0 value results.for poly(acrylic acid) and 1447C for poly(metha-
crylic acid) , as indicated on both plots. The rea- Obviously, the —COO— group exerts additional

difficulty for the polymer chain of polyacrylates toson for the difference is that in the structural
parameter model, only the geometric properties move. This is seen from its slightly higher Tg0

Table IV Correlation Parameters for PaS, PO, PaMA and PaA

PaS PaMA PaA PO

Tg0 (deg C) 110.76 106.71 16.36 06.73
k (deg C) 216.37 189.60 152.75 90.79
Fit SD 6.14 7.12 7.16 2.91
Correlation factor rÚ2 0.993 0.992 0.979 0.982
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514 GAO AND HARMON

value when comparing the polyacrylate and the
polyolefin series. The constant k reflects the de-
pendency of the glass transition temperature on
the parameters of the substituents. The k values
show similar trends for all the series, with the
polyolefin series having the lowest value. This is
an indication that the addition of an alkyl side
group has the least effect for polyolefins. This is
reasonable due to the same chemical and struc-
tural nature of both the backbones and the side
groups in polyolefins.

CONCLUSIONS

The structural parameter method, based on the
flexible features of alkyl substituent groups,

Figure 5 Data fitting plots for polymethacrylate
(PaMA) series and polyacrylate (PaA) series. Point A
on both plots represents the unsubstituted polymers,
poly(methyl methacrylic acid) and poly(acrylic acid).
Region B reveals the entanglement of long side chains.
Region C represents the linear fitting range that is uti-
lized for the data fitting. The differences between the
experimental (point A) and the calculated values are
indicated on the plots, which reveal the contribution of
H-bonding to the glass transition temperatures.

shows a consistent prediction of the glass transi-
tion temperature for both the linear and highly
branched polystyrenes in the authors’ research.
The same model is also well-suited for three other
polymer systems: polyolefins, polymethacrylates
and polyacrylates. The two basic competing in-

Figure 4 Data fitting plots for poly(alkyl styrene) fluences of the structural modification of polymers(PaS) series and polyolefin (PO) series. Region A shows
on their glass transition temperatures are linearthe strong steric interaction between the highly
lengthening to decrease the Tg resulting from thebranched section and the main chain. Region B reveals
plasticizing effect, versus branching to increasethe entanglement of long side chains. Region C repre-
the Tg due to the steric effect. The competing in-sents the linear range that is utilized for the data fit-

ting. fluences are well-balanced by the parameter log
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the bond radius is 0.30 Å; for C, 0.772 Å; and for
O, 0.66 Å. The two dimensions for H (not shown),
d and l are easy to determine, since d Å l Å 0.30
Å. Figure A.1 shows the geometry of the common
section for the primary carbon as in the —CH3

section, the secondary carbon as in the —CH2—
section, and the tertiary carbon as in the —CH|

section. All three types of carbon are bonded with
at least one hydrogen atom as a terminal atom
which can reach a radius of r1 . The tetrahedral
bond angle (109.57 ) is assumed. As can be seen
from the projection, the freely rotating radius of
the hydrogen atom(s) is

r1 Å (0.772 / 2 1 0.30)rcos (109.57 0 907 )

Å 1.293 Å (A.1)

Thus the diameter is

d1 Å 2r1 Å 2.586 Å (A.2)

Due to the relatively small size of hydrogen atoms
Figure A.1 Calculation diagram for the sections with compared to carbon atoms, hydrogen does not con-
primary, secondary and tertiary carbons, where there tribute to the length, l1 , of this calculation as can
is at least one terminal H atom. The methyl group is be seen visually from Figure A.1 and also from
shown here. the 3-D ball modeling in Figure A.2. Calculation

(D /L ) . This is shown by the correct prediction
that t-butylated polymers should have much
higher glass transition temperatures, followed by
the methylated polymers, as compared to the un-
substituted polymers. It has been shown that the
structural parameter log (D /L ) quantitatively
correlates structural aspects with the glass tran-
sition temperature of various systems where vari-
ous alkylations occur. The current model permits
the extraction of the contribution of the hydrogen
bonding to glass transition temperature in poly-
methacrylates and polyacrylates. The size and ri-
gidity of the basic units of the four polymers stud-
ied are reflected in the data parameters, Tg0 and
k . The highest values for both are given by the
polystyrene series, due to the bulky and rigid phe-
nyl group present. Polyolefins have the smallest
values, due to their small and flexible —C—C—
structures.

APPENDIX: THE CALCULATION
OF GEOMETRIC PARAMETERS
OF ALKYL SECTIONS Figure A.2 3-D ball modeling plot of poly(p -methyl

styrene). As can be seen, the H atoms do not contribute
The bond radii for single bonded H, C and O used to the section length, l , since they sit above the lowest

point of the carbon to which they are attached.in the calculation are from reference 28. For H,

3950/ 8E7C$$3950 02-18-97 18:12:42 polaa W: Poly Applied



516 GAO AND HARMON

shows that this hydrogen is 0.114 Å above the
lowest point of carbon to which it is bonded.
Therefore, the length of the section is determined
to be,

l1 Å 2 1 0.772 Å 1.544 Å (9)

The terminal hydrogen atoms in highly branched
alkyl groups, such as t-butyl and t-pentyl groups,
extend beyond the central quaternary carbon. Fig-
ure A.3 shows the quaternary structure where the
maximal geometry of the structure can be
achieved for a t-butyl group. Figure A.4 shows
the 3-D ball modeling that corresponds to the this
structure. The maximum section radius r3 and di-
ameter d3 as shown by the projection on the bot-
tom in Figure A.3 are given as follows:

r2 Å 2 1 0.772 cos (109.57 0 907 ) / 0.772

Å 2.227 Å (10)

Figure A.4 3-D ball modeling plot of poly(p -t-butyl
styrene). Terminal hydrogens extend beyond the cen-
tral quaternary C. The t-butyl group forms an umbrella
that contains the connecting C atom.

d2 Å 2r2 Å 4.454 Å (11)

The maximum section length is

l2 Å 0.772 / 2 1 0.772 sin (109.57 0 907 )

/ 0.772 / 2 1 0.300 Å 2.659 Å (12)
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