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ABSTRACT: Conformational analysis of poly(ethylene terephthalate) (PET) and poly(ethylene-2,6-naphthalate)
(PEN) has been carried out by the refined rotational isomeric state (RIS) scheme coupled with ab initio molecular
orbital (MO) calculations for a model compound, ethylene glycol dibenzoate (EGDB). 'H and '*C NMR experiments
for unlabeled and '*C-labeled EGDBs yielded bond conformations of the central O—CH,—CH,—O0 bond sequence.
The MO calculations satisfactorily reproduced not only the experimental bond conformations but also the dipole
moment and molar Kerr constant observed from EGDB. The aromatic ring and ester group of EGDB render its
intramolecular interactions more complicated than those of poly(ethylene oxide) with the same O—CH,—CH,—0
bonds; C=0-++*H—C and C—0O-++H—C close contacts and dipole—dipole interactions are simultaneously formed
in EGDB. The characteristic ratio of PET, derived from the refined RIS calculations using the MO energies for
EGDB, exactly agree with those determined from small angle neutron scattering experiments for the melt.
Thermodynamic quantities on PET and PEN, evaluated from the RIS calculations, have well characterized melting

and crystallization behaviors of these polyesters.

Introduction

Poly(ethylene terephthalate) (PET, Figure la) is the most
common polyester, usually molded into fibers, films, and bottles,
and widely used in our daily lives.' Poly(ethylene-2,6-naph-
thalate) (PEN, Figure 1b) was developed in the expectation that
strong intermolecular cohesions around its naphthyl rings would
lead to physical properties superior to PET and has been used
mainly as rigid thermoplastic films.>

In 1967, Williams and Flory” reported conformational analysis
of PET. They defined conformational energies (E,, E,;, and E,,)
for the O—CH,—CH,—O0 bond sequence (hereafter referred to
as ‘spacer’ as often used for main-chain liquid crystals) in a
similar manner for poly(ethylene oxide) (PEO).*”” The E, and
E, values correspond to gauche—trans energy differences of the
O—CH, and CH,—CH, bonds, respectively, and the E,, param-
eter represents the second-order pentane-effect-like interaction
formed in g¥g™ conformations for the O—CH,/CH,—CH, bond
pairs.® The cis—trans energy difference (E,) of the terephthaloyl
part was assumed to be negligible. In their analysis, the energy
parameters were adjusted so as to reproduce an experimental
characteristic ratio (P[g/nl?) of 4.6.”'° The optimized energy
parameters of E, = 0.4,, E, = —0.24, E, = 1.4, and E, = 0.0
kcal mol~! yielded a somewhat smaller P[J/n/? value of 4.1.°

Difficulties in conformational analysis of PET are partly due
to its low solubility. Table 1 shows typical good solvents that
have been used in viscometric measurements for PET: trifluo-
roacetic acid (TFA), phenol/trichlorophenol, phenol/tetrachlo-
roethane, and o-chlorophenol, and dichloroacetic acid. Unper-
turbed chain dimensions of PET have been indirectly estimated
by the Kurata—Stockmayer'' and Stockmayer—Fixman'? plots
for viscometric data obtained from such solutions; the repre-
sentative experimental data'®'*~'° are presented in Table 1. The
[(PLgnl? values thus derived are considerably scattered. In
addition to the characteristic ratio, the dipole moment ratio,
measured with nonpolar solvents, has often been adopted as a
configuration-dependent parameter in conformational analyses
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Figure 1. All-trans states of (a) poly(ethylene terephthalate) (PET),
(b) poly(ethylene-2,6-naphthalate) (PEN), (c) ethylene glycol dibenzoate
(EGDB), (d) dimethyl terephthalate (DMT), and (e) dimethyl 2,6-
naphthalate (DMN). The thick line segments express virtual bonds of
the aromatic rings. The bonds are labeled as indicated. The hydrogen
and carbon atoms of EGDB are partly designated to represent spin
systems of 'H and '3C NMR spectra shown in Figure 3 (see text).

of polymers.'”” However, the experimental dipole moment is
unavailable from PET because it is insoluble in nonpolar
solvents. The molar Kerr constant, obtained from electrical
birefringence and depolarized Rayleigh scattering measurements,
has been expected to be utilized as a configuration-dependent
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Figure 2. Rotational isomeric states around (a) O—CH, and (b)
CH,—CH, bonds of the spacers of EGDB, PET, and PEN with
definitions of vicinal trans (*J7) and gauche (*Jg) coupling constants.
The Greek letters, p and o, represent first-order interactions.
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Figure 3. 'H and 3C NMR spectra of EGDB and EGDB-'*C; in
benzene-dg at 35 °C (a—f) and in TFA-d at 35 °C (g—j). For the details,
see text. The asterisk in part e indicates a peak from an impurity,
unlabeled EGDB.

parameter for conformational analysis of polymers.'” > In the
early 1980s, Flory and co-workers**?° revisited conformations
of aromatic esters to determine dipole moment vectors and
excess polarizabilities of benzoates and terephthalates for
conformational analysis of aromatic polyesters by means of the
molar Kerr constant. Unfortunately, his challenge was terminated
by his death before reaching aromatic polyesters.

It is a generally accepted concept that molten polymers lie
in the © state.®® Small-angle neutron scattering (SANS)
experiments have been conducted for polymer melts to deter-
mine unperturbed chain dimensions.””*® Table 1 also shows
SANS observations for molten PET.?° The SANS experiments,

PET and PEN Polymers 2855

Table 1. Experimental Characteristic Ratios of PET“
method Pynrt

solvent, state temp, °C ref

viscosity 52 PH/TrCPH 30 10
4.0, 4.1 TFA 30 13
43,45 PH/TeCE 30 13
42 PH/TeCE 25 14
2.3,3.5,3.7 o-chlorophenol 25 15
4.0 DCA/CH 25 16
SANS 2.7, 3.1 amorphous (melt) 250 29

¢ Abbreviations: TFA, trifluoroacetic acid; PH, phenol; TrCPH, trichlo-
rophenol; TeCE, tetrachloroethane; DCA, dichloroacetic acid; CH, cyclo-
hexane; SANS, small-angle neutron scattering. > The [PLYnl values
calculated with bond lengths determined here (Table 8), multiplied by nl*/M
(43.5/192 A2 g™ mol) of the repeating unit, can be converted to [F2LJ/M.

based on two preceding studies,*' adopted elaborate sample

preparation: melt-pressing to depress scattering from voids,
melting at 250 °C to avoid both transesterification and crystal-
lization, and quenching in ice—water. The sample was expected
to keep the unperturbed amorphous state at 250 °C. The GPLJ/
nl? values determined from the SANS measurements are smaller
than those obtained from the solutions.

After Flory’s work, a number of studies have dealt with
conformations of PET and related compounds; some studies
employed the Williams—Flory model as it is, some modified
it, some proposed different simulation models, and some
reported new experimental data. For example, Riande et al.*
reported a comparative study of the polarity of PET and
poly(propyleneglycol terephthalate). Mattice et al.** related
intramolecular excimer formation of aromatic polyesters includ-
ing PET to their conformational dynamics. Saiz et al.** measured
dipole moments and molar Kerr constants of model compounds
of aromatic polyesters, CqHsCOO(CH,),,O00CC¢Hs (m = 2—6).
Vacatello et al.* carried out Monte Carlo simulations of PET.
Stepto et al.*® performed the rotational isomeric state (RIS) and
Metropolis Monte Carlo simulations of PET. Tonelli*’ con-
ducted the RIS calculations for PET, poly(ethylene isophthalate),
poly(ethylene phthalate), and PEN. Kamio et al.*® proposed a
coarse-grained model for molten PET. However, the results
presented so far are not necessarily consistent with each other.

This study aims to reveal conformational characteristics and
configurational properties of PET and PEN in a different way
from the preceding work and resolve the confusion. As a model
compound for repeating units of PET and PEN, ethylene glycol
dibenzoate (EGDB) has been adopted here (see Figure 1c). 'H
and '*C NMR spectra of EGDB containing a '*C-labeled ester
group (EGDB-'*C) were measured and analyzed to yield bond
conformations of O—CH, and CH,—CH, bonds in the spacer.
Density functional and ab initio molecular orbital (MO) calcula-
tions were carried out for all possible conformers of EGDB in
vacuo and in benzene to evaluate free energies, dipole moments,
and polarizabilities. Energy differences (E,’s) between trans and
cis forms around aromatic rings of PET and PEN were derived
from those of dimethyl terephthalate (DMT, Figure 1d) and
dimethyl 2,6-naphthalate (DMN, Figure le), respectively. The
bond conformations, dipole moment, and molar Kerr constant
of EGDB were calculated from the MO data and compared with
experiments. On the grounds of good agreement between theory
and experiment, the conformer free energies were broken down
into conformational energies, and intramolecular interactions
found for EGDB were investigated. Configurational properties
and thermodynamic quantities of PET and PEN were evaluated
from the refined RIS calculations and compared with experi-
mental observations. Conformational characteristics, solution and
melt properties, and melting and crystallization of these
polyesters are discussed in this paper.
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Computations and Experiments

MO Calculations. Density functional and ab initio MO calcula-
tions were carried out with the Gaussian03 program>® installed on
an HPC Silent-SCC T2 or an HPC SCC System-L computer. For
each conformer of EGDB, geometrical parameters were fully
optimized at the B3LYP/6-311+G(2d, p) level, and the thermal-
correction term to the Gibbs free energy (at 25 and 250 °C), dipole
moment, and polarizability were calculated concomitantly. All self-
consistent field (SCF) calculations were conducted under the tight
convergence. With the optimized geometry, the SCF energy (MP2
(SCF)) was computed at the MP2/6-311+G(2d, p) level. The Gibbs
free energy was evaluated from the MP2 (SCF) and thermal-
correction energies, being given here as the difference from that
of the all-trans conformer and denoted as AG;y (k: conformer). Free
energy differences between cis and trans states of DMT and DMN
were evaluated in the same manner. The AG; values for benzene
environments at 25 and 250 °C were also calculated at the MP2/
6-311+G(2d, p) level with the integral equation formalism of the
polarizable continuum model (IEF-PCM).***' The MO data on the
benzene solution at 250 °C (over the boiling point) may represent
the solute molecule surrounded by media of the permittivity of
benzene. The molecular geometry and thermal correction term for
the gas phase were also used for the benzene environments because
geometrical optimization using the IEF-PCM theory for EGDB
occasionally failed to converge.

Vicinal '"H—'H and '*C—'H coupling constants of EGDB, used
in '"H and *C NMR analyses, were calculated at the B3LYP/6-
311++G(3df, 3pd)//B3LYP/6-311+G(2d, p) level. Bond lengths,
bond angles, and dihedral angles used in the refined RIS computa-
tions**** for PET and PEN were determined by geometrical
optimization at the B3LYP/6-31G(d) level for conformers of
ethyleneglycol bis(dimethyl terephthalate) and ethyleneglycol bis-
(dimethyl 2,6-naphthalate), respectively (see Tables S1 and S2,
Supporting Information).

Sample Preparation. Unlabeled ethylene glycol dibenzoate was
prepared as described in the literature.** Ethylene glycol dibenzoate-
13C, was synthesized as follows. Benzoyl-carbonyl-'3C chloride
(Isotec, 99 atom % '*C, 1 g, 7 mmol) was added dropwise through
a 1 mL syringe to anhydrous pyridine (0.8 g, 10 mmol) and ethylene
glycol monobenzoate (1.7 g, 10 mmol) prepared beforehand** in a
flask equipped with a reflux condenser and a thermometer. After
being allowed to stand at room temperature for 2 h, the reaction
mixture was heated up slowly, kept at 70 °C for 2 h, and cooled
down to room temperature. The mixture underwent extraction with
ether and water. The ether layer was washed three times with 5%
aqueous sodium bicarbonate, dried overnight over anhydrous
magnesium sulfate, and filtered. The ether was removed in a rotary
evaporator. The residue was recrystallized from absolute ethanol
to yield EGDB-*C;.

NMR Measurements. H ('3C) NMR spectra were recorded at 500
MHz (126 MHz) on a JEOL JNM-LAS500 spectrometer equipped with
a variable temperature controller in the Chemical Analysis Center of
Chiba University. The measurement temperatures were 15, 25, 35,
45, and 55 °C and maintained within £ 0.1 °C fluctuations. Free
induction decays were accumulated 64 (256) times. The 7/2 pulse
width, data acquisition time, and recycle delay were 5.6 (5.0) us, 6.6
(1.9) s, and 2.0 (2.0) s, respectively. Here, the values in the parentheses
are C NMR parameters. The gated decoupling technique was
employed in the '*C NMR experiments. The solvents were cyclohex-
ane-dj,, benzene-ds, methanol-d,, dimethyl-d; sulfoxide, and trifluo-
roacetic acid-d and the solute concentration was ca. 5 vol %. The NMR
spectra were simulated with the gNMR program*’ to derive chemical
shifts and coupling constants.

Results and Discussion

'H and *C NMR of EGDB and EGDB-C;. Figure 2
illustrates that the vicinal '3C—"H coupling constant (*Jcy) can
be expressed as a function of trans (p,) and gauche (p,) fractions
of the O—CH, bond in the spacer:
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Here, 3J'r, 3Jg, and 3J'g, defined in Figure 2, are vicinal trans
and gauche coupling constants, respectively. The definition of
bond conformations leads to

ptp, =1 (2)

For methylene protons of EGDB, two vicinal "H—'H coupling
constants determined experimentally, *Juy (= 3/, = /o) and
3Jun (= 3Jap = *Ja), are related to trans and gauche fractions
of the CH,—CH, bond in the spacer:

3 3
\JIT + ~]"G
V= ot 5Py 3)
and
'y = I T 6p, (4)

where 3J1’s and 3Jg’s are illustrated in Figure 2. To derived p;
and p, values of the O—CH, and CH,—CH, bonds from the
above equations, 'H and '3C NMR spectra of both EGDB and
EGDB-"*C, were measured and analyzed.

Shown in Figure 3c is one of two 'H NMR satellite bands of
EGDB, appearing at a remove of 'Jey/2 from the intense
methylene singlet (Figure 3a). Figure 3 also shows a 'H NMR
spectra of methylene groups of EGDB-'3C,. The main signal
(Figure 3e) is a doublet, and its satellite band (Figure 3d)
comprises more peaks than that of EGDB, because the *C-
labeled carbonyl carbon and phenyl protons as well as the four
methylene protons form spin—spin couplings and yield a number
of signals. Figure 3f shows an observed '*C NMR spectrum of
the '*C-labeled carbonyl carbon; it exhibits a fine structure due
to 3C—'H couplings with the methylene and phenyl protons.
The spin systems of spectra in parts c, d (e), and f of Figure 3
may be expressed as AA'BB'(X), AA'BB'M,(X)Y, and
AA'BB'M;N,Y, respectively (A, A’, B, and B’, methylene
protons; M and N, phenyl protons, (X), natural-abundance
methylene carbon; Y, '3C-labeled carbonyl carbon. For the
assignment, see Figure Ic). It is reasonable to assume that
the four spectra (Figures 3c—f), measured with the same solvent
at the same temperature, can be reproduced by a set of 'H—'H
and "®C—'H coupling constants; accordingly, the following
analytic procedure was employed.

First, spectrum ¢ was simulated with the gNMR program to
yield the 3Jyy and 3J'yy values. With these coupling constants,
spectra d and e were analyzed to derive the 3Jcy value. Spectrum
f was confirmed to be satisfactorily reproduced from the 3/ data,
and, furthermore, both chemical shifts and coupling constants
were adjusted until the best agreement was attained for all the
spectra. For comparison, the calculated spectra are also shown
in Figure 3, and the coupling constants were optimized as
follows: 3JHH = 650, 3J’HH = 310, 3JCH = 332, IJCH = 14585,
3JYM = 410, 4JYN = 110, and 4]\{]3 = —0.30 Hz. The 3.]].[].{,
3J'1m, and 3Jcy values for all the solutions are listed in Table 2.
Figures 3g—j show low-resolution spectra observed from the
TFA solution. The broadening reflects a rapid relaxation due
to the viscosity of TFA and/or some EGDB +++ TFA interaction.
As mentioned in the Introduction, TFA is one of the few good
solvents used in viscometry for PET to determine the chain
dimension and molecular weight.

According to eqs 2—4, bond conformations of the CH,—CH,
bond in the spacer were evaluated from the /iy and /'y values.
Then, the coefficients (*J1’s and *J5’s) in eqs 3 and 4 were taken
from (set A) those optimized for 1,2-dimethoxyethane and
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Table 2. Observed Vicinal 'H—'H and *C—'H Coupling
Constants of EGDB and EGDB-3C,*
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Table 3. Trans Fractions (p,’s) in the O—CH,—CH,—O Bond
Sequence of EGDB

solvent dielectric constant temp, °C  3Juy J'ma  Jon

cyclohexane-d;, 2.0 15 6.42 3.37 3.37
25 6.43 347 3.38
35 6.45 3.54 341
45 6.46 3.62 3.42
55 6.48 3.65 3.43
benzene-dg 2.3 15 6.55 3.00 3.25
25 6.50 3.05 3.30
35 6.50 3.10 3.32
45 6.45 3.15 3.35
55 6.45 3.25 3.36
methanol-d, 32.7 15 6.55 2.75 3.40
25 6.50 2.85 3.45
35 6.45 295 345
45 6.40 3.05 3.45
55 6.40 3.10 347
dimethyl-ds sulfoxide 46.7 15 6.45 2.60 3.20
25 6.45 2.70 3.25
35 645 2.76 3.25
45 6.45 2.80 3.30
55 6.45 290 3.35

trifluoroacetic acid-d” -

“ In Hz. ” The trifluoroacetic acid solution also underwent NMR
measurements at 15—55 °C but did not give enough resolution to yield the
coupling constants (see Figure 3).

PEO,*® (set B) those of cis-2,6-dimethyl-1,4-dioxane, a cyclic
model compound for poly(propylene oxide),*” and (set C) those
obtained from density functional MO calculations at the B3ALYP/
6-311++G(3df, 3pd) level for EGDB itself. For sets A and B,
3Jp = 3¢ and 3Jg = 3J'g = 3J"g were assumed. For the
individual J; and 3Jg values, see the footnote of Table 3. The
piand p, values derived from eqs 3 and 4 were divided by their
sum to satisfy eq 2. The trans fractions thus obtained are listed
in Table 3.

In the analysis for 3 Jon with eqs 1 and 2, the three coefficients,
3Jr, 3Jg, and 3J'g, were derived from (set a) the Karplus equation
established for the C—O—C—H bond sequence of carbohydrates:
3Jcocu = 5.7 cos? ¢ + 0.6 cos ¢ + 0.5 (¢: dihedral angle
between '*C and 'H).*® Then, the ¢ values were set equal to
those optimized at the B3LYP/6-3114+G(2d, p) level. In
addition, the three *J coefficients obtained from the MO
calculations for EGDB were used (see the footnote of Ta-
ble 3).

For the CH,—CH, bond of EGDB, the p, values, depending
on the 3J coefficients used, are somewhat smaller than those (p,
~ (.05 (in water) to 0.2 (in cyclohexane)) of PEO and its model
compounds.*”7*¢ The trans fraction of EGDB increases with
temperature. In the all-trans conformation of EGDB, two dipole
moments of the ester groups offset each other (see Figures 1
and 4), and then EGDB would be symmetric in electric charge.
As shown in Table 3, therefore, nonpolar solvents tend to
increase the p, value of the CH,—CH, bond.

On the other hand, the trans preference (p, ~ 0.4—0.5) of
the O—CH, bond is not so strong as found for PEO (p,= 0.65).
Schneider et at.*” measured 'H and '*C NMR and Raman spectra
of EGDB. The 'H NMR methylene satellite band, observed at
200 MHz from the benzene solution, was analyzed according
to a procedure employed for PEO™ to yield p, = 0.05 — 0.09
(at 25 °C) for the CH,—CH, bond of the spacer. The p, values
agree with the results here. The Raman spectra of molten and
glassy EGDB show intense bands (800 — 815 and 1400 — 1500
cm™!) due to gg conformations in the CH,—CH,/CH,—O bond
pair. The spacer of EGDB somewhat differs from the
O—CH,—CH,—0 bond sequence of PEO in conformational
preference.

MO Calculations and Conformational Energies. Inasmuch
as the phenyl ring and ester group of EGDB are coplanar, only

Pt
CH,—CH, O—CH,
medium temp (°C) set A* set B® set C° seta’ setb®
NMR Experiment
cyclohexane 15 0.11 0.08 0.18 043 042
25 0.12  0.09 019 043 042
35 0.13 009 020 042 041
45 0.13 010 020 042 041
55 0.13 010 021 041 040
benzene 15 0.08 003 015 048 045
25 0.08 004 015 046 044
35 009 005 016 045 043
45 009 005 016 044 042
55 0.10 006 0.17 044 042
methanol 15 005 002 012 042 041
25 0.06 003 013 041 040
35 0.07 0.04 0.14 041 040
45 0.09 006 0.16 041 040
55 0.09 006 016 040 0.39
dimethyl sulfoxide 15 0.04 001 011 049 046
25 005 002 012 048 045
35 006 002 013 048 045
45 006 003 013 046 044
55 0.07 004 0.14 044 042
MO Calculation®
gas phase 15 0.06 0.46
25 0.06 0.45
35 0.06 0.45
45 0.07 0.45
55 0.07 0.45
benzene 15 0.05 0.49
25 0.05 0.49
35 0.06 0.49
45 0.06 0.48
55 0.06 0.48

“ Coupling constants optimized for poly(ethylene oxide): 3Jr = 11.4
and 3Jg = 2.3 Hz (ref 46). * Coupling constants from cis-2,6-dimethyl-
1,4-dioxane, a model compound of poly(propylene oxide): in cyclohex-
ane, *Jp = 9.80 and *J; = 2.54 Hz; in benzene, *Jr = 9.87 and Jg =
2.54 Hz; in methanol and dimethyl sulfoxide, *Jr = 10.25 and 3Jg =
2.52 Hz (ref 47). © Coupling constants from MO calculations for EGDB
at the B3LYP/6-311+-+G(3df, 3pd) level (this study): *Jr = 11.50, 3Jg
= 4.90, 'y = 10.96, 3J'¢ = 1.48, and *J"g = 2.35 Hz. ¢ Coupling
constants from the Karplus equation (ref 48): *Jg = 1.7 Hz (¢ = 120.5°),
3J'r = 5.4 Hz (¢ = 28.8°), and *J'g = 4.0 Hz (¢ = 147.3°). ¢ Coupling
constants from MO calculations for EGDB at the B3LYP/6-311++G(3df,
3pd) level (this study): *Jg = 1.17, 3J't = 6.31, and *J'¢c = 3.59 Hz.

bonds 5, 6, and 7 (see Figure 1) have the freedom of internal
rotation. Under the RIS approximation, three conformations, t,
g*, and g, are defined for these bonds. The spacer has 27
conformations; however, the molecular symmetry reduces the
number of independent conformers to 10. Conformer free
energies (AGy’s) of the 10 conformers of EGDB and cis forms
of DMT and DMN are shown in Table 4. Only for the g"gg*
conformer of EGDB, no potential minimum was found. Here,
for example, the notation tg*g™ represents that bonds 5, 6, and
7 adopt the t, g©, and g~ conformations, respectively.

The p, values of EGDB (Table 3), calculated from AG,’s for
the gas phase and benzene solution, closely agree with the NMR
experiments. If AG, values of the ttg™ and tg™t conformers are
considered to be first-order interaction energies (£, and E,), that
is, gauche energies of the O—CH, and CH,—CH, bonds,
respectively, then the higher-order interaction energy, E,, of
conformer k may be calculated from

E, = AG, — n,E, — n,E, (5)

where n,, and n,, are numbers of gauche conformations in the
O—CH, and CH,—CH, bonds of conformer k, respectively.
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Therefore, the E,, parameter includes all higher-order interac-
tions between atoms (atomic groups) separated by more than 3
bonds. The conformer free energies were divided into two first-
(E, and E;;) and six higher-order (Eq, kK = 4—9) interaction
energies, of which values are given in Table 5.

As mentioned in the Introduction, by analogy with PEO, only
three conformational energies, E,, E,, and E,, have often been
defined for the spacer of PET. If this definition may be applied
to EGDB here, the following relations must be fulfilled: E,, =
Ey, = Ey, = Ey = null and E,, = E,, (= E,); however, the
data in Table 5 do not satisfy these conditions. Figure 4
illustrates the ay interactions. In the figure, the dotted lines stand
for nonbonded O-+-H contacts shorter than the sum (2.7 A) of
van der Waals radii of oxygen and hydrogen atoms.’' Between
two phenyl groups, four electronegative oxygen atoms are
closely packed; therefore, electronic structures of all the
conformers are complicated. For example, in the tg*g~ confor-
mation (Figure 4b), its left-hand phenyl and ester groups and a
methylene C—H bond are coplanar, and the C=0---H—C
spacing is as short as 2.24 A; some attractive interaction is
suggested to exist between the ester and methylene groups. The
natural bond orbital (NBO) analysis®>>* at the HF/6-311+G(2d,
p) level evaluated partial charges of the oxygen and hydrogen
atoms to be —0.71 and +0.20, respectively, and estimated the
stabilization (attraction) energy due to the lone pair to C—H
antibond (np — o¢_y) delocalization to be 0.55 kcal mol™!.
Some repulsion(s) may occur simultaneously and cancel out the
attraction; the sum, Egs, is negligible (—0.03 kcal mol™! for the
gas phase at 25 °C). The short O+++H contact of 2.25 A is also
found in the g*g*g™ conformation (Figure 4f). In the g*tg* and
gttg™ states, two dipole moments are, respectively, approxi-
mately parallel (unstable) and antiparallel (stable); the corre-
sponding E,, values are 0.09 and —0.59 kcal mol !, respectively.
As elucidated above, it is impossible to express conformational
characteristics of EGDB and PET by only a few pairwise
interactions between atomic groups. To apply the MO energies
as they are to the RIS calculations,>**’ this study has adopted
the two first-order (E, and E,) and six higher-order (E,, k =
4—9) interaction energies and the following statistical weight
matrices U;’s (j: bond number) for the spacer:

L pop
Us=10 00 (6)
000
'[1 66000000
U=100010 0000 7
I000()001oa \
1 p p 0 0 0 0 0
0 0 0 1 poy pos 0 O O
00 0 0 0 0 1 pos poy
1 pag p&i; 0 0O O O O O
U7:00 0 o4 pag Py O O 0 (8)
00 0 0 0 0 a5 0 poy
1 po; p6g¢ 0 0 O O O O
0 0 0 a5 pag 0 O O O
I00 0O 0 0 0a4pa9pa8|

The statistical weights are calculated from the corresponding
conformational energies according to, for example, oy = exp(—Eq,/
RT), where R is the gas constant, and 7'is the absolute temperature.

Molar Kerr Constant. As outlined in the Introduction, the
dipole moment and molar Kerr constant are also configuration-
dependent parameters. Mendicuti et al.** measured the dipole
moment of EGDB dissolved in benzene at 25 °C and the molar
Kerr constant of the cyclohexane solution at 25 °C. To revalidate
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the MO calculations, it was attempted to reproduce the
experimental dipole moment and molar Kerr constant of EGDB
from the free energies, dipole moments, and polarizabilities that
the MO calculations yielded.

The molar Kerr constant ,,K is expressed as'’

27N,
K=
m T 15k, T

T
pou 54
kT + tr(aa)] 9
where N, is Avogadro’s number, kg is Boltzmann’s constant,
and T is the transpose of dipole moment u, that is, u* =
(U, y, 1;). The anisotropic part & of the polarizability tensor
o is given by

6=a-— %m(ool3 (10)

where

o = diag(a,, Qs o) (11)
and ; is the identity matrix of size 3. The Gaussian03 program®
gives both dipole moment vector (¢yo) and polarizability tensor
(amo) with respect to the so-called standard orientation. The
diagonalization of oy yields the above o tensor (its eigenvalues
are 0., Q,, and @), and the coordinate transformation to the
principal-axis system defined by the resultant eigenvectors
changes the umo vector to the above u. In this manner, we can
derive both o tensor and u vector to calculate the molar Kerr
constant for each conformer. The observed molar Kerr constant
[4Kis related to the conformer free energies according to

AG AG
OKO= 5 KM, exp(—R—Tk)/sz exp(—R—Tk) (12)
k k

where ,K; and M, are the molar Kerr constant and multiplicity
of conformer k, respectively. The average dipole moment is
similarly derived from
AG, AGk)
= —_— _
v Z,ukMk exp( RT )/ ZMk exp( RT (13)

where u; is the dipole moment of conformer k.

The umo vectors and oo tensors were obtained from the
MO calculations at the B3ALYP/6-3114+G(2d, p) level. Table 6
shows elements of the diagonalized polarizability tensors and
the corresponding dipole moment vectors of the individual
conformers. Substitution of the a tensors and u vectors in Table
6 and the AG energies (benzene, 25 °C) in Table 4 into eqs 12
and 13 yielded GJKO= 32.3 x 107® m® V"2 mol ™! and (0=
2.93 D. These results slightly exceed the experimental values,
MKO=29.1 £ 1.6 x 107> m’ V2 mol™! and [#2CY* = 2.75
D,* but are fully satisfactory nevertheless, because the split-
valence basis sets used here tend to somewhat overestimate
dipole moments of compounds with polar groups. For molecules
with TC=0" polarities, for example, carbon monoxide, com-
paratively large discrepancies in 4 and a between MO calcula-
tions and experiments have been found.’® It is known that
Dunning’s cc-pVXZ>’ and Sadlej’s POL® basis sets give dipole
moments and polarizabilities more consistent with experiment.
These basis sets were also used here for the uyo and oo
calculations of EGDB; however, the expensive computations
were always discontinued by the SCF failure, even though
conditions for the density functional theory and SCF calculations
were modified.

As shown above, the MO calculations satisfactorily repro-
duced both NMR and electric birefringence experiments.
Therefore, conformational characteristics and configurational



Macromolecules, Vol. 42, No. 7, 2009 PET and PEN Polymers 2859
Table 4. Free Energies (AG,’s) of Conformers of EGDB, DMT, and DMN, Evaluated by ab Initio MO Calculations
AG;,* kcal mol™!
gas benzene

k conformation” multiplicity statistical weight® 25 °C 25 °C 250 °C

EGDB
1 t t t 1 1 0.00 0.00 0.00
2 t t gt 4 P 0.50 0.55 0.80
3 t gt t 2 o —1.12 —1.24 —0.98
4 t gt gt 4 PO0Y —0.96 —0.94 —0.82
5 t gt g 4 pPOUs —0.65 —0.69 —0.58
6 e t gt 2 0%0 1.09 1.16 1.28
7 gt t g 2 0%07 0.41 0.61 1.08
8 gt gt gt 2 ploay —0.84 —0.73 —0.19
9 gt gt g 4 000, —0.61 —0.59 —0.59
10 gt g gt 2 0 (absent)”

DMT
cis y 0.16 0.15 0.16

DMN
cis y 0.28 0.28 0.19

@ At the MP2/6-311+G(2d, p)//B3LYP/6-311+G(2d, p) level. Relative to the all-trans conformation. ® In the O—CH,—CH,—O bond sequence of the
spacer for EGDB. In the C(=0)—C—C—C(=0) bond sequence for DMT and DMN.  For the definitions, see Figures 1, 2, and 4. ¢ The local minimum of
the potential was not found by geometrical optimization at the B3LYP/6-311+G(2d, p) level.

Figure 4. Higher-order intramolecular interactions formed in EGDB,
PET, and PEN: (a) the oy interaction (in the tg*g" conformation); (b)
s (tg'e); (©) ag (g7tgh); (d) o (g71g); (o) as (g¥eteh); () v
(g"eg*g"). The dotted lines stand for nonbonded O-+-H contacts shorter
than the sum (2.7 A) of van der Waals radii of oxygen and hydrogen
atoms, and the numerical values are the O-++H distances. The arrows
express dipole moments of the ester groups.

properties of unperturbed PET and PEN may be investigated
and discussed on the basis of the interaction energies established
as above.

Characteristic Ratios of PET and PEN, Calculated by
Refined RIS Scheme. When statistical weight matrices, U;’s,
are formulated in the form of 9 x 9 for the RIS calculation,
intramolecular interactions are expressed as a function of
conformations of the current and two preceding bonds in the
U; matrices. The refined RIS scheme treats the bond length,
bond angle, and dihedral angle as a function of conformations
of the current, preceding, and subsequent bonds. As a conse-
quence, the refined RIS scheme coupled with ab initio MO
calculations has attained accurate a priori predictions of
configurational properties of polymers.****

Table 5. Conformational Energies of EGDB, DMT, DMN, PET,
and PEN, Evaluated by ab Initio MO Calculations

conformational energy (kcal mol™!)

gas benzene

interaction® 25 °C 25 °C 250 °C
first-order
o 0.50 0.55 0.80
o —1.12 —1.24 —0.98
higher-order
oy —0.34 —0.25 —0.64
Os —0.03 0.00 —0.40
O 0.09 0.06 —0.32
0 —0.59 —0.49 —0.52
O3 —0.72 —0.59 —0.81
Oy —0.49 —0.45 —1.21
y (DMT and PET) 0.16 0.15 0.16
y (DMN and PEN) 0.28 0.28 0.19

“ For the definitions, see Figures 1, 2, and 4.

Table 6. Dipole Moments (#’s) and Polarizabilities (a’s) of
Conformers of EGDB, Evaluated by ab Initio MO Calculations
and Diagonalized with Respect to the Principal Axes

(x,y, and z)*
u, D a, A’

k  conformation X y z total” X y z
1t t t 0.000  0.000  0.000 0.000 43.99 30.27 16.79
2t t ¢t —0.198 —1.301 —2.029 2.418 44.21 23.80 23.14
30t gt ot 0.000 2.644 0.000 2.644 36.16 30.88 22.66
4t gt gt —1.649 3225 1212 3.820 34.66 32.74 2191
5 t gt g 1.495 0.153 1.062 1.840 33.38 29.85 25.68
6 gt gt 0.000 3.448 0.000 3.448 44.67 29.14 17.49
7 gt ot g 0.002  0.001  0.002 0.003 4470 29.48 17.16
8 gt gt gt 0.000 3.203  0.000 3.203 36.74 32.23 20.45
9 gt gt g —2775 —0.288 —1.915 3.384 35.04 31.05 22.67
10 g& g g (absent)”

“ At the B3LYP/6-311+G(2d, p) level. * udu = u? + u2 + w2  The
local minimum of the potential was not found by the geometrical
optimization.

According to Williams and Flory,® a virtual bond has been
defined for the aromatic ring. The line segment connecting two
carbonyl carbons attached to the same aromatic ring is treated
as if to be a long C—C bond (bonds 3 and b in Figure 1). The
virtual bond of PET coincides with the para axis, whereas, for
PEN, the length and angle of the virtual bond depend on the
trans—cis orientation. In the refined RIS scheme, the geometrical
parameters are set separately for the two arrangements and
averaged by statistical weights. Inasmuch as PEN is different



2860 Sasanuma

Macromolecules, Vol. 42, No. 7, 2009

Table 7. Characteristic Ratios and Bond Conformations of PET and PEN and Thermodynamic Quantities of Fusion of PET, PEN, and
PEO, Evaluated from Refined RIS Calculations

PET PEN PEO
25 °C 250 °C 553 K¢ 25 °C 610 K¢ 342 K¢
[FP/nl* for x—oo 2.63 2.84 2.87 243 2.55
trans fraction (p,) bond a 1.00 1.00 1.00 1.00 1.00
bond b 0.56 0.54 0.54 0.62 0.54
bond ¢ 1.00 1.00 1.00 1.00 1.00
bond d 0.49 0.43 0.43 0.49 0.43
bond e 0.05 0.12 0.13 0.05 0.14
bond f 0.49 0.43 0.43 0.49 0.43
Seonts cal K™ mol ™! 7.12 7.48 7.51 7.08 7.55 5.02
Ucont> kcal mol ™! —0.76 —0.44 —0.43 —0.71 —0.39 0.64
AS,.? cal K~' mol™! 11.6 9.80 6.04
AH,,” kcal mol™! 6.41 5.98 2.07

@ Equilibrium melting points (refs 59-61). ® Experimental values of entropy (AS,) and enthalpy (AH,) of fusion (ref 60).

Table 8. Average Geometrical Parameters of PET and PEN at
25 °C, Obtained from MO and Refined RIS Calculations,” and
X-ray Crystallographic Data on EGDB

MO and refined RIS X-ray
PET PEN EGDB”
Bond Length, A
lo-c=0) 1.357 1.358 1.339
lc=0)-c=0)" 5.778 7.984 5.72
lo—cn, 1.439 1.439 1.442
leny—cu, 1.515 1.516 1.499
Bond Angle, deg
HJOC(=0)C(=0)* 114.2 119.6 113.0
OC(=0)0OCH, 116.0 116.1 115.7
OJOCH,CH, 109.8 109.7 105.0
Dihedral Angle, deg
¢cis(C(=0)—C(=0))° 180.0 180.0
¢:+(0—CHy) +89.6 +90.1

¢o+(CH,—CHy) +114.6 +114.9

¢ Using the conformational energies for benzene solutions at 25 °C (Table
5) and geometrical parameters of model compounds (Tables S1 and S2,
Supporting Information). © The EGDB molecule adopts a quasi all-trans
conformation (ref 62). © Virtual bonds for the aromatic rings.

from PET only in aromatic ring, the conformational energies,
E,, E;, and E;,’s, may be common to PET and PEN. In actuality,
this assumption was confirmed to be valid by comparison of
SCF energies of ethyleneglycol bis(dimethyl terephthalate) and
ethyleneglycol bis(dimethyl 2,6-naphthalate). Only the E, value
was set separately. Statistical weight matrices of bonds 2 — 7
and a—f, formulated in the 9 x 9 form, are given in Appendix
S1 (Supporting Information). The geometrical parameters shown
in Tables S1 and S2, and the conformational energies in Table
5 were used in the refined RIS calculations. Configuration-
dependent parameters of PET and PEN at 25 °C, 250 °C, 553
K (equilibrium melting point, 7}, of PET),’ 960 and 610 K (T
of PEN)**¢! were derived from the conformational energies for
benzene environments at 25, 250, 250, and 250 °C, respectively.
The results are summarized in Table 7, and their averaged
geometrical parameters are compared with those of crystallized
EGDB® in Table 8.

The characteristic ratios of the infinite chains (degree of
polymerization, x — o) of PET at 25 and 250 °C, determined
from extrapolation to x~! — 0 of [P[Jnl? vs x~! plot, are 2.63
and 2.84, respectively. The [P[J/nl> values (Table 1) estimated
from the good solutions are generally larger than those calculated
here. As mentioned above, the NMR spectra of EGDB dissolved
in TFA suggest the existence of some solute—solvent interaction.
In viscosity measurements of PET, acids such as TFA, phenol,
o-chlorophenol, and dichloroacetic acid have always been used.
These acids may be selectively absorbed to PET, interfere with
the intramolecular attractions (Figure 4), and disturb its intrinsic
conformations. This is probably the reason why the extrapola-

tions of viscometric data did not yield results consistent with
this study. We have occasionally discussed such strong solvent
effects.®* "% The solubility of polymers forming attractive
interactions is often due to intramolecular-to-intermolecular
transfers of the attractions, and these transfers mostly enlarge
the polymer dimension.

The [PLY/nl? value (2.84) of PET at 250 °C falls within the
range of those determined by SANS for molten PET at 250 °C:
2.7 (Zimm plot); 3.1 (Kratky plot).>® Imai et al.®® determined
the GP0g/nl* value of melt-quench PET to be 3.1; the sample
was melt pressed at 285 °C for 2 min, quenched in ice water,
annealed at 88 °C, quenched again in ice water, and underwent
an SANS measurement. The [P[Jn/? value is slightly larger than
the present data (2.87) at 280 °C, because the sample was
annealed after the first quenching. It is well established that
configurational properties of unperturbed polymers are deter-
mined only from short-range intramolecular interactions and that
molten polymers are unperturbed. The molten PET chain may
be expressed by the conformational energies for the benzene
environment, because the dielectric constant (3.2) of PET at
room temperature is close to that (2.3) of benzene. Accordingly,
this agreement between theory and experiment should be
accepted as a solid fact. The P[J/n/* values of PEN at 25 °C
and 610 K were calculated to be 2.43 and 2.55, respectively.

Thermodynamic Quantities of Fusion. The configurational
entropy (Sconr) and intramolecular energy (Upof) per monomer
mole are given by

_R d(n 2)
Seont T InZ+ T ar (14)
and
RT*d(n 2)
conf — T dar (15)

The partition function of the whole chain, Z, is calculated from

n—1

Z = J* U)J (16)
e

where J* is the row matrix of which first element is unity and
the others are null, and J is the column matrix whose elements
are unity.”*>> The Sgonr and Uyr values, respectively, correspond
to the configurational entropy and intramolecular energy of the
O state relative to the crystalline state at a temperature 7, and
the crystal is assumed to be perfect; therefore, S.yq = 0 and
Ucryst =0.

At the equilibrium melting point, Ty, the enthalpy AH, and
entropy AS, of fusion are related by
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AH, =T, AS, (17

Mandelkern has expressed the entropy of fusion in a phenom-
enological way:®®

AS, = (AS,)y + AS, (18)

where the isovolumetric entropy of fusion, (AS,)y, may be
equivalent to Scons, and the entropy of volume change, ASy,
depends on the thermal expansion coefficient () and compress-
ibility (B): ASy = (a/B)AV,,. Wunderlich has interpreted the
entropy of fusion in terms of molecular mobility:*

AS, =S

conf + ASori + ASpos (19)
where AS,; and AS,, are entropy changes due to orientational
and positional shifts, respectively. The difference between AS,
and Sconr may be considered to be the intermolecular entropy
change.

In Table 7, the S.onr and Ueoye values of PET and PEN, thus
calculated, are shown. For the sake of comparison, the corre-
sponding thermodynamic data on PEO are also given in Table
7. The Sconi/AS, ratio of PET, a measure of the intramolecular
effect on the overall structural change, is 0.65, being slightly
smaller than those (0.8—0.9) of simple polyethers and polysul-
fides.®” The U,y value of PET is —0.43 kcal mol™'. This means
a peculiar fact that the molten PET chain itself is more stable
by 0.43 kcal mol™! than its crystalline state. Our previous
studies®” on polyethers, polysulfides, and polyselenoethers have
always given only positive Ut values.

It is known that PEN has two crystal modifications: o
form, in which the molecular chain adopts the all-trans
conformation; 5 form, in which the spacer includes appreciable
gauche conformations. The S¢onr and Ucopns values of the a form
were calculated to be 7.55 cal K™' mol™! and —0.39 kcal mol ™!,
respectively. Because the 3 form includes the structural defect,
gauche bonds, the Scon value is reduced to (7.55 — Sp) cal K!
mol ™', where Sj is the residual configurational entropy in the
phase. The U, energy of the 3 form increases with increasing
gauche CH,—CH, bond.

In the previous paper,®’” we have stated that linear polymers
tend to crystallize in the most stable conformation. However,
PET and PEN are the exceptions, or otherwise the rule may
possibly hold only for polymers without complicated chemi-
cal bonds in the skeleton. The conformational preferences
of PET and PEN lead to the negative U.o's, whereas PEO
with the same O—CH,—CH,—O0 bond sequence, crystallizing
into the stable tgt conformation, has a positive U,y of 0.64
kcal mol™!. Without the aid of effective intermolecular
stabilizations, the polyesters can not shift the spacer confor-
mation from the gauche-rich to trans-rich state and crystallize
in the all-trans structure.”®’* This is a reason why PET (PEN)
forms a paracrystalline state (the  form) including gauche
bonds’*7!7*7* and why crystallization of these polyesters is so
slow as to be investigated by a variety of analytical methods
on human time scales.”

70,71

Conclusions

Conformational characteristics and configurational properties
of PET and PEN have been elucidated by ab initio MO
calculations and 'H and '3C NMR experiments for EGDB and
the refined RIS calculations for the polyesters. The MO
calculations satisfactorily reproduced experimental observations
of NMR, dipole moment, and molar Kerr constant of EGDB.
Intermolecular interactions formed in EGDB, PET, and PEN
are too complicated to be simply interpreted on the analogy of
those of PEO. The refined RIS calculations for PET with the
MO energies of EGDB yielded characteristic ratios that exactly
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agree with those determined from SANS experiments for the
melt. On the basis of thermodynamic quantities obtained from
the RIS calculations, melting and crystallization of PET and
PEN have been discussed. The first-principles calculations for
the model compounds, via statistical mechanics and thermody-
namics, have led us to accurate understanding of conformational
characteristics, configurational properties, and thermodynamic
properties of the polyesters. At length, we have acquired the
most fundamental physicochemical information about the mass-
produced polyesters.

Supporting Information Available: Statistical weight ma-
trices of EGDB, PET, and PEN (Appendix S1) and geometrical
parameters used in the refined RIS calculations for PET and PEN
(Tables S1 and S2, respectively). This material is available free of
charge via the Internet at http://pubs.acs.org.
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