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ABSTRACT: The kinetics of the polyesterification in bulk at 200°C between o-phthalic
anhydride and neopentyl glycol (2,2-dimethyl-1,3-propanediol ) in a nonequimolecular
ratio and in the absence of an external catalyst was investigated. The formation of the
monoester and two dimeric compounds by uncatalyzed heating of o-phthalic anhydride
with neopentyl glycol was virtually complete after dissolution of the anhydride. The
data were analyzed statistically by a mathematical method due to Fradet and Maréchal
for the estimation of the orders of reaction. This statistical adjustment of the data
analysis supports the assumption that the kinetics of polyesterification in the absence
of both the solvent and catalyst may be fitted to several orders of reaction over all the
conversion. At first, our experimental data may be fitted to 3, or g, or 2, etc., overall
orders. The results establish that the overall kinetic order of the polyesterification
depend upon the goodness of the experimental results and cannot be only selected by
means of a correlation coefficient. If this last criterium is adopted, the polyesterification
at low, medium, as well as at high conversions may be 3 as the most probable one,
order one with respect to acid group concentration, and order two with respect to
alcoholic group concentration, in agreement with Flory’s predictions. A mechanism
consistent with the most plausible kinetic results (Z,,, = 0.9990 and m, n = 1, 2) is
proposed. It consists of a dimerization of the alcoholic groups followed by an attack of
the acid to the dimer. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 2409—-2431, 1997
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INTRODUCTION

In this article, we intend to apply a kinetic analy-
sis to a polyesterification in bulk to obtain infor-

Correspondence to: J. M. Barrales-Rienda.
Contract grant sponsor: CICYT.
Contract grant number: PB-92-0773-03-1.
Journal of Applied Polymer Science, Vol. 66, 2409—-2431 (1997)
© 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/132409-23

mation on its kinetics and mechanism. The selec-
tion of the present system is for two reasons: on
the one hand, because of its possible application
as a binder for deinkable inks, and on the other, to
study a polyesterification reaction in bulk without
solvent and an external catalyst. Nowadays, due
to the toxicity, as well as to some other problems
of different character created by the use of organic
solvents, some industrial polyesterifications are
being carried out in the bulk at temperatures
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above 160°C. At the same time, reaction time,
stripping of solvent, etc., are shortened very ap-
preciably.

Very often, when one intends to make a critical
analysis on polyesterification or copolyesterifica-
tion with the only object being to systematize the
experimental data from the existing bibliography,
one finds that there exists a lack of agreement
between the diverse mechanistic interpretations
which have been proposed on the processes.' ™ In
some cases, the conclusions which have been at-
tained for a series of identical experimental data,
even from the same experimental results, can be
quite different from one author to another.

Before carrying out an analysis of the present
experimental data, independently of how the
analysis is done, it is necessary to keep in mind
a series of considerations, and, subsequently, to
the analysis, we should have to conclude on its
validity in the light of the results. There can be
no doubt that these assumptions can facilitate the
kinetic analysis.

Flory®~? took into account only the experimen-
tal results for high degrees of conversion, namely,
above 80%. Under these circumstances, the data
of esterification reactions of small monofunctional
molecules as well as the polyesterification give a
rate equation of order three. However, some years
later, the same experimental results were again
analyzed, but at this time, the whole reaction was
taken into account. For instance, it was found that
they fitted a 3-order rate equation’® or a succes-
sion of a second- and third-order rate equa-
tions. '

In the present work, we carried out the polyes-
terification in nonequimolecular concentrations.
Finally, we would like to make mention of the
tremendous importance which can be played by
the medium of reaction, especially as in our case,
when the polyesterification is done without sol-
vent and by using an excess of one of the starting
products. Some authors, using several proce-
dures, have shown that some polyesters are not
true solutions,’® '® and for this reason, they do
not fulfill one of the basic requirements of the
theory of Flory.

13C-NMR spectroscopy was employed in a pre-
vious article'® to analyze the structures formed
during the polyesterification in bulk at 200°C be-
tween o-phthalic anhydride and neopentyl glycol.
This experimental technique suffers from a series
of inconveniences, especially when, as in our case,
high accuracies are required in the quantification
of structures just below of 2% for a reliable kinetic

analysis. Therefore, to achieve better precision,
we made use of "TH-NMR spectroscopy. Also, we
determined the molar concentration of acid groups
by volumetry.

EXPERIMENTAL

Reactives and Technique of Polyesterification

Reactives and the technique of polyesterification
have been described elsewhere.'® The structures
that can be formed will be designated similarly as
was done in a previous article.’® The underlined
letters will indicate protons whose resonance is
being observed in every case.

'"H-NMR Spectroscopy

"H-NMR spectra were recorded at room tempera-
ture on a Gemini 200 spectrometer at 200 MHz,
in deuterochloroform (CDCl;) solution with a con-
centration lower than 8%, to improve their resolu-
tion.’” To obtain quantitative spectra, we used
pulse sequences of 90° with a delay time of 2 s. The
spectra were registered after 256 scans. Chemical
shifts are referenced to the resonance of CDCl,
[7.24 ppm from (CHj;),Si]. The '"H-NMR chemical
shifts of the starting products are gathered in Ta-
ble 1.

3C-NMR Spectroscopy

13C-NMR spectra were carried out on a Gemini
200 spectrometer at 50.28 MHz and at room tem-
perature (23°C) on 20% (w/v) DMSO-ds solu-
tions. To obtain quantitative spectra, we used an
“inverse gated decoupling” sequence, with an ac-
quisition time of 0.7 s, a delay between pulses of
30 s, and 300 scans. Chemical shifts are refer-
enced to the central resonance of DMSO-dg (39.5
ppm from TMS). The area of the signals was cal-
culated by planimetry and triangulation.

Volumetry

For the experimental determination of the num-
ber of acid groups by volumetry, we took 1 or 2 g
of the sample depending on the acid number to
be expected. They were dissolved in 25—50 mL of
a mixture of toluene/ethyl alcohol (2/1, v/v) at
room temperature. The resulting solution was ti-
trated with alcoholic KOH 0.1N using an alcoholic
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Table I 'H-NMR Chemical Shifts in CDCI, Solution at Room Temperature
(23°C) of Reactives and All Structures Which Can Present Neopentyl Glycol
(N, 0.96 mol) in a Sample Isolated After 10 Min of Its Polyesterification with
o-phthalic Anhydride (P, 0.68 moles) ((—COOHJ/[—OH]) = 0.7 in Bulk at

200°C
6 (ppm)
Structure 1 2 3
\\C/O\C//
(7.88-7.95)" (7.97-8.04)* —
0
0
0
CH,
I 0
HOH,C—C— CH,0H 0.79 3.40 —
I U (0.84)° (3.42)" (3.36)"
CH,
O

™
POIDIQC — (lj — CEIZOH 0.87-0.89 4.04 3.36

CH,

0

CH,
POEIZC — (lj — CID{20P 0.98-1.01 4.06-4.09

CH,

# Chemical shifts of o-phthalic anhydride and neopentyl glycol as reactives.

solution of phenolphthalein as an indicator.”® All
measurements were made in duplicate.

DESCRIPTION OF THE 'H-NMR SPECTRA

We have not been able to find any remarkable
article in which the "H-NMR spectroscopy was
used to analyze and to follow the evolution of
chemical structures of this type for kinetic pur-
poses. A great number of the authors employed
this technique to know the nature of the compo-
nents and to establish the composition of the poly-
esters in multicomponent systems. However,
there exists only a very reduced number of works
in which the sequence distribution has been char-
acterized.'?~*

Thus, Birley et al.'®* employed 'H-NMR spec-
troscopy for the assignation of protons of propyl-

ene glycol in its polyesterification with tere-
phthalic acid. To obtain information about the
secondary reactions which take place in the
synthesis of poly(1,2-propylene o-phthalate ), Maré-
chal et al.?*?? synthesized and characterized several
model molecules. Andreis et al.*® used 'H- and "*C-
NMR spectroscopies to determine the different
structures which can adopt these glycolic units in
the products of the polyesterification with maleic
anhydride. More recently, Pétiaud et al.** deter-
mined the molar percentages of the different struc-
tures which can be formed during the polyesterifi-
cation between terephthalic acid and ethylene gly-
col for samples of low molecular weight. There can
be no doubt that Rybicky? and Marshall® are the
authors which have given a more precise picture
about how 'H-NMR spectroscopy can be used to
identify and to determine the components of the
alkyd resins and their modified products.
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o-phthalic anhydride - neopentyl glycol
200 °C
"H-NMR / CDCl, / 23 °C

Reaction time = 10 min.

Reaction time = 540 min.

1 L | L | L 1 L 1 1 1 1 1 " 1 " i
8 7 6 5 4 3 2 1 0
ppm
Figure 1 'H-NMR spectra recorded in CDCl; at room
temperature (23°C) of two samples of the polyesterifi-
cation between o-phthalic anhydride (P, 0.68 mol) and
neopentyl glycol (N, 0.96 mol) ([—COOH]1/[—OH])
= 0.7 in the bulk at 200°C, isolated after 10 and 540
min of reaction, respectively. Experimental conditions

used: 256 scans; time between pulses, D; = 2 s.; pulse
90°.

Our 'H-NMR spectra obtained for each sample
show, as can be observed in Figure 1, three clearly
differentiated regions: (a) methylic region (0.79—
1.01 ppm); (b) oxymethylenic region (3.36—4.09
ppm); and (c) aromatic region (7.40—7.80 ppm).
Furthermore, the spectra show another wide sig-
nal assignable to the alcoholic proton whose chem-
ical shift depends upon the dilution of the sample,
as already put forward by Fradet et al.>! and by
Atta-ur-Rahman,?” and the number of acid groups
present in the sample. Thus, as can be observed
in Figure 1, the '"H-NMR spectrum of a sample
isolated after 10 min of reaction with a molar con-
centration of acid groups of [—COOH] = 0.56,
mol shows a wide band centered at 6.78 ppm.

However, for the sample isolated after 540 min
with [—COOH] = 0.01, mol, this band shifts to
2.80 ppm. We have not observed, in any case, the
proton of the free-acid group which would result
from ring opening of the o-phthalic anhydride.

The structural analysis of the samples and its
evolution as a function of the reaction time will
be carried out in the zones where protons from
neopentyl glycol units resonate. The free-acid
moles in each one of the isolated samples through
the polyesterification reaction will be obtained
from the molar percentages of the esters formed
at each time of reaction. The values, obtained in
this way, will be checked against those resulting
after the addition of diazomethane to the respec-
tive samples.

Structural Analysis
Methylic Region

In this region, for short times of reaction, as can
be appreciated in Figure 2(A), there appear three
groups of signals, which can be clearly differenti-
ated. The two methyl groups assignable to the aa
structure of free neopentyl glycol are present as
a singlet at 0.79 ppm. The esterification brings
about a deshielding of this signal; for this reason,
the monoester structure ae appears between 0.87
and 0.89 ppm, and the diesterified species ee, be-
tween 0.98 and 1.01 ppm. The order of appearance
of these structures is identical to that described
by some other authors for the distinct structures
which can be adopted by the glycolic units of 1,2-
propanediol in its polyesterification with several
diacids as terephthalic acid,***° o-phthalic anhy-
dride,?* and maleic anhydride.?

As the polyesterification increases, we observe
an overlapping of these regions, since a great
number of signals appear for methyl groups from
the mono- and diesters of neopentyl glycol as is
depicted in Figure 1. This can be attributed to a
molecular weight effect, which may probably have
a decisive influence on the chemical shift of every
pair of geminal methyl groups.

The integral (I) which corresponds to each one
of these three groups of signals is proportional to
the molar percentage of these structures in each
one of the investigated samples. These percent-
ages were estimated by applying the following ex-
pressions:

[aa](%) = 100-[I..(— CH3)/I(—CH3)] (1)
[ae](%) = 100-[I,.(— CH;)/I1(— CH;)] (2)
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o-phthalic anhydride - neopentyl glycol
200 °C

'H-NMR / CDCl, / 23 °C

Reaction time = 10 min.

aa

. : ael
Methylic region

ee (A)
1.4 | 1.2 | 1.0 ‘ 0.8 . 0.6 l 0.4
ppm
Oxymethylenic region aa

ae a
o

ization. These values are shown in Table IT and
its representation as a function of time is given
in Figure 3.

Oxymethylenic Region

In this region appear two very well differentiated
groups of signals, as can be appreciated in Fig-
ure 2(B):

1. Those situated at the lower chemical shift
have been assigned to the oxymethylenic
protons with the free alcoholic group. Thus,
at 3.36 ppm resonate those from the
monoester ae, and the singlet at 3.40 ppm
has been assigned to the —CH,OH groups
in the aa structure.

Table II Molar Percentages of Structures (%)
as a Function of the Reaction Time ¢, of All
Species Which Can Present Neopentyl Glycol
(N, 0.96 mol) in Its Polyesterification with
o-Phthalic Anhydride (P, 0.68 mol) ((—COOHY/
[—OH]) = 0.7 in Bulk at 200°C

L 1 N 1 N 1 1 1 L 1 N 1 2 ]
42 40 38 36 34 32 3.0
ppm

Figure 2 Expansions of the (A) methylic and (B) oxy-
methylenic regions of the "H-NMR spectra recorded in
CDCl; at room temperature (23°C) of a sample isolated
after 10 min of polyesterification of o-phthalic anhy-
dride (P, 0.68 mol) and neopentyl glycol (N, 0.96 mol)
([—COOH]/[—OH]) = 0.7 in bulk at 200°C. aa, ae,
and ee: free and mono- and diesterified N, respectively.

The underlined letters indicate those protons whose
resonance is being observed in every case.

lee](%) = 100 [I..(— CH3)/I(—CH;)] (3)
where

I(—CH3) = Iaa(_CH3)
+ Ie(—CHs) + Ie.(—CHs) (4)

It is necessary to mention that the overlapping
observed at high degrees of conversion has made
it difficult to determine these molar percentages
in the samples isolated at the end of the polymer-

t aa ae ee

(min) (%) (%) (%) Region

0? 37 51 12 —

10 33 50 17 A

34 49 17 B

20 30 52 18 A

28 53 19 B

30 28 51 21 A

23 53 24 B

40 21 55 24 A

21 54 25 B

50 19 51 30 A

18 54 28 B

60 16 50 34 A

16 52 32 B

120 13 48 39 A

12 49 39 B

180 10 48 42 A

8 50 42 B

240 8 47 45 A

7 50 43 B

360 8 45 47 A

8 47 45 B

540 6 45 49 A

5 46 49 B

Experimental values were obtained from the methylic (A)
and oxymethylenic (B) regions of the 'H-NMR spectra in
CDCl; solution at room temperature. aa, ae, and ee: free,
mono-, and diesterified N, respectively.

@ Molar percentages were estimated as described in the
text. The values (mol/kg) for each structure given in eq. (20).
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o-phthalic anhydride - neopentyl glycol
80 - 200 °C
'H-NMR / CDCl, / 23 °C

Molar Distribution of structures, (%)

1 1 1 1 1

0 200 400 600
Time, (minutes)

Figure 3 Molar distribution of structures (%) as a
function of the reaction time ¢ of all species which can be
formed during the polyesterification between o-phthalic
anhydride (P, 0.68 mol) and neopentyl glycol (N, 0.96
mol) ([ COOHJ/[— OH]) = 0.7 in bulk at 200°C. aa,
ae, and ee: free and mono- and diesterified N, respec-
tively. Open and solid symbols represent values esti-
mated from the methylic and oxymethylenic regions,
respectively. The 'H-NMR spectra were recorded in
CDCI; solution at room temperature (23°C).

2. The esterified oxymethylenic protons ap-
pear as two groups of signals at 4.04 and
4.06—4.09 ppm. They were assigned to the
monoester ae and diester ee structures, re-
spectively. The signals due to this last
structure are converted into more compli-
cated ones and its molar percentage in-
creased through the polyesterification pro-
cess. As indicated by Pétiaud et al.,?* pro-
tons from —CH,OCOR in the monoester
of ethylene glycol and terephthalic acid res-
onate at 4.30 ppm, whereas those from the
diesterified structure resonate at 4.60 ppm.

Molar percentages of each one of these three
structures were estimated using the following ex-
pressions:

[aal(%) = 100
X [(Taa(— CH;0H)/2)/I1(— CH,0—)] (5)
[ae](%) = 100 [I,.(— CH,OH)/I(— CH;0—)]
= 100 [I,.(— CH,OCOR)/I(— CH,0—)] (6)

[eel(%) = 100
X [(Iee(— CH,OCOR)/2)/I(— CH,0—)] (7)

where

I(—CH;0—) = (I.a(— CH,0OH)/2)
+ Ige(_CHZOH) + (Iee(_CHQOCOR)/Q) (8)

Although the signals from the ae and ee struc-
tures are partially overlapped at the beginning of
the reaction, the 'H-NMR spectra become more
complicated with the degree of conversion and
produce a total overlapping as can be observed in
Figure 1. Then, the integral due to the diester
may be calculated using the following expression:

Iee(_ CHQOCOR)
= I(—CH;0COR) — I,.(—CH,OH) (9)

in which I(— CH,;OCOR) represents the integral
of all esterified oxymethylenic protons.

Molar percentages obtained for each one of the
structures are shown in Table II. Figure 3 shows
a plot of their distributions against the reaction
time.

Determination of the Free-acid Moles

The determination of the molar concentration of
free acid was carried out from the oxymethylenic
zone, as well as from the study of the "H-NMR
spectra obtained after the addition of diazometh-
ane to the different samples isolated during the
polyesterification.

Oxymethylenic Region

The determination of the free-acid moles in each
one of the samples was easily obtained from the
molar percentage of the ester groups [— CH,-
OCORI1(%) using the following expression:

[—COOH](moles) = (2 X 0.68)
— [([—CH,0OCOR](%) x 2 x 0.96)/100] (10)
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Table IIT Molar Percentages of Functional
Groups (%) as a Function of the Reaction Time
t of the Free Alcoholic Groups —CH,OH and
Esterified Oxymethylenic Groups —CH,OCOR
of Neopentyl Glycol (N, 0.96 mol) in Its
Polyesterification with o-Phthalic Anhydride
(P, 0.68 mol) ((—COOH]/[—OH]) = 0.7 in Bulk
at 200°C

[—COOH]
(mol)
t [—CH,OH] [—CH,OCOR]

(min) (%) (%) A B
02 62.54 37.4¢ 0.64, 0.64,
10 58.44 41.5; 0.565 0.55¢
20 54.64 45.3, 0.49, 0.48,
30 49.9, 50.1, 0.39s 0414
40 47 .94 52.0, 0.36; 0.364
50 45.64 54.3, 0.31; 0.339
60 42.1, 57.84 0.24, 0.28;
120 36.5¢ 63.44 0.14, 0.17,
180 33.4, 66.6, 0.08; 0.11;
240 32.44 67.54 0.06, 0.10;
360 31.14 68.8¢ 0.035 0.05g
540 28.3, 71.65 0 0.024

Experimental values obtained from the integrals of the oxy-
methylenic regions of the 'H-NMR spectra in CDCI; solution
at room temperature (23°C). Moles of acid groups —COOH
calculated from the oxymethylenic region (A) in the spectra of
'H-NMR in CDCl; solution at room temperature (23°C) and
recorded after the addition of an excess of diazomethane (B)
to the different samples isolated during the polyesterification
process.

* See footnote * to Table II.

The values are collected in Table III. The deter-
mination of the molar percentage of the free alco-
holic groups as well as of the ester groups is direct
by using the value of the integrals corresponding
to —CH,OH [I(—CH,OH)] and —CH,OCOR
[I(— CH,OCOR)], respectively. These values are
also shown in Table III and are plotted against
the reaction time in Figure 4.

Addition of Diazomethane

Its use for the esterification of the free carboxylic
groups of the o-phthalic residues of the samples
isolated during the polyesterification produces, in
general, only very weak modifications in the 'H-
NMR spectra, as can be seen in Figure 5. We ob-
serve the appearance of a group of signals be-
tween 3.83 and 3.89 ppm which can be assigned
to the methoxylic protons. The shift of alcoholic
protons at a higher field (2.54 ppm), due to the
disappearance of carboxylic groups and to a lower

concentration of the sample, was confirmed by
their disappearance after the addition of D,0.

The moles of free acid existing before the addi-
tion of diazomethane are equal to the moles of
methoxylic residues which are present in each
sample after the addition of this reactive. Its de-
termination in each one of the samples is immedi-
ate if we use a known quantity of an internal or
external reference. In our case, the calculations
were carried out by using the signals from methyl
groups from glycolic units as the internal refer-
ence. Its molar percentage, which is gathered in
Table III, was obtained from the following expres-
sion:

[— COOH ](moles)
=2 X096 x [I(—OCH;)/I(—CH;)] (11)

where I(— OCH3) and I(— CHs;) are the integrals

100
o-phthalic anhydride - neopentyl glycol
200 °C

'H-NMR / CDCl, / 23 °C

75

[-CH,OCOR]

50

[-CH,OH]

25

Molar Distribution of functional groups, (%)

0 200 400 600
Time, (minutes)

Figure 4 Molar distribution of functional groups (%)
as a function of the reaction time ¢ of the alcoholic
[—CH,OH] and esterified oxymethylenic [— CH,O-
COR] groups in the polyesterification between o-
phthalic anhydride (P, 0.68 mol) and neopentyl glycol
(N, 0.96 mol) ([—COOH]/[—OH]) = 0.7 in bulk at
200°C. The values were calculated from the respective
integrals in the oxymethylenic region of the "H-NMR
spectra in CDCl; solution at room temperature (23°C).



2416 CALLEJO CUDERO ET AL.

o-phthalic anhydride - neopentyl glycol 200 °C
'H-NMR / CDCl, / 23 °C

After treatment with diazomethane

Reaction time = 10 min.

:,d/n |
1 1 1 1 1 1 1 1 1 PR— |
8 7 6 5 4 3 2 1 0

ppm

Figure5 'H-NMR spectra recorded in CDClI; solution
at room temperature (23°C) of a sample isolated after
10 min of the polyesterification between o-phthalic an-
hydride (P, 0.68 mol) and neopentyl glycol (N, 0.96
mol) ([— COOH]J/[— OH]) = 0.7 in the bulk at 200°C,
after the addition of an excess of diazomethane to the
sample. This spectrum was obtained under the same
experimental conditions as those for the spectrum
shown in Figure 1.

corresponding to methoxylic and methylic groups,
respectively.

DESCRIPTION OF THE "C-NMR SPECTRA

The evolution of the different polymeric species
formed during the polyesterification was also fol-
lowed by *C-NMR. The compounds give complex
spectra whose structural analysis using CDCl; as
solvent was described elsewhere.'® However, in
the light of the results obtained using the NMR
data analysis and volumetry, which will be de-
scribed in detail later on, we considered it very
convenient to carry out a *C-NMR study in
DMSO-d; to detect the different structures which
may be present in the medium for short times of
conversion. For higher degrees of conversion, it
would be possible to detect, similarly as in CDCl;,
all the functional alcoholic groups of the chain
ends from the neopentyl glycol monoesters ae and
all the acid groups of the chain ends from the o-
phthalate residues AE, as well as the total
amount of diesterified neopentyl glycol, ee.

The *C-NMR spectra in DMSO-dg show a time
dependence quite similar to that shown when
CDCIl; is used as the solvent. They present also
five quite well-differentiated regions, namely, me-

thylic, quaternary, oxymethylenic, aromatic, and
carboxylic. Then, we analyzed and compared each
one of these regions, in both solvents, excepting
the aromatic one, for a sample isolated after 10
min of reaction.

Methylic Region

As can be observed in Figure 6(a), the use of
DMSO-d; is inconvenient. The methylic groups of
the neopentyl glycol in the aa, ae, and ee struc-
tures give a unique signal at 21.69 ppm. On the
contrary, in the spectrum in CDCl;, there appear
three signals at 21.04, 21.37, and 21.54 ppm, re-
spectively, which can be assigned to the aforemen-
tioned structures.

Quaternary Region

On the one hand, as we can see in Figure 6(a),
when DMSO-dg is used, we lose the resolution
shown by the neopentyl glycol monoester in
CDCl;. In this solvent, the ae structure gives two
or three signals depending on the conversion de-
gree. The evolution of these signals as a function
of the reaction time allows us to make the assigna-
tion of the singlet at 35.68 ppm to the quaternary
carbon of the monoester ae/EA, whereas the sig-
nals at 35.86 and 35.93 ppm were assigned to
neopentyl glycol monoesters in which the second
acid group of the o-phthalic ring is also esterified,
i.e., structures of the ae/EE type. This type of
groupings can come from dimers of the ae/EE/
ea type or from chain-end structures as, for in-
stance, ae/EE/ee.

As the reaction increases, the signal which ap-
pears at higher chemical shifts is increased. Then,
this signal may be assigned to monoesterified
structures which are at the ends of the polymeric
chain, whereas the signal appearing at a lower
chemical shift, which is slightly decreasing along
the process, may be attributed to structures of the
ae/EE/ea type.

On the other hand, the use of DMSO-dg¢ im-
proves very slightly the resolution of the quater-
nary carbon of the diesterified neopentyl glycol,
ee, as can be seen in the aforementioned Figure
6(a). In the *C-NMR spectra obtained in both
solvents of the sample isolated after 10 min of
reaction appear two signals. Keeping in mind that
for this time of reaction, as we will see later on,
there do not exist in the medium of the reaction
neopentyl glycol diesters in the middle of the poly-
meric chains, namely, structures of the EE/ee/
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o-phthalic anhydride - neopentyl glycol
200 °C

Quaternary region

SC-NMR / CDCl, / 23 °C

Methylic region
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o-phthalic anhydride - neopentyl glycol
200 °C

Carboxylic region Oxymethylenic region

3C-NMR / CDCl, / 23 °C

[0
ae/EE/ee ae/EE/ea 3 aa AE AE o <
:JI aa w
ae/EA EE © g
N l ]
aa w
[}
ce ee (A) o (A)
38 37 36 35 34 22 21 20 ‘ . . . A .
ppm ppm 170 168 16672 70 68 66
ppm ppm
"*C-NMR / DMSO-dg / 23 °C .
C-NMR / DMSO-dG /23°C
ae aa
L«
S ® o w
KO W oo wi ol
w2 i i ae
N/ ®) < | I
3 A (B)
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Figure 6

(a) Expansions of the methylic and quaternary zones of the *C-NMR spec-

tra in (A) CDCIl; and (B) DMSO-dgs at room temperature (23°C) of a sample isolated
after 10 min of polyesterification between o-phthalic anhydride (P, 0.68 mol) and neo-
pentyl glycol (IV, 0.96 mol) ([—COOH]/[—OH]) = 0.7 in bulk at 200°C. EA and EE:
mono- and diesterified P, respectively. aa: free N; ae: N monoesterified with P; ee:
diesterified N. (b) Expansions of the oxymethylenic and carboxylic zones of the '*C-
NMR spectra in (A) CDCl; and (B) DMSO-dg at room temperature (23°C) of a sample
isolated after 10 min of polyesterification between o-phthalic anhydride (P, 0.68 mol)
and neopentyl glycol (IV, 0.96 mol) ([—COOH]/[—OH]) = 0.7 in the bulk at 200°C.
EA and EE: mono- and diesterified P, respectively. aa: free N; ae: N monoesterified
with P; ee: diesterified V. The underlined letters indicate those carbons whose reso-

nance is being observed in every case.

EE type, both signals can only be attributed to
structures of the AE/ee/EA and EE/ee/EA
types. Considering the evolution of both signals
and the effect exerted on the quaternary carbon
of the neopentyl glycol by the esterification of the
free-acid group, the signal which appears at a
lower chemical shift can be tentatively assigned
to the dimeric structure AE/ee/EA, whereas that
appearing at a higher chemical shift, whose area
increases with the time of reaction, can be attrib-
uted to structures of the EE/ee/EA types.

Oxymethylenic Region

Similarly to the above region and as can be ob-
served in Figure 6(b), the information furnished
by the DMSO-ds spectra on the oxymethylenic
carbons with the free alcoholic group from the mo-
noesterified structures, ae, is less than that ob-
tained in CDCl;, where we can observe two sig-
nals assignable to the two neopentyl glycol
monoesters, ae/EA and ae/EE.

On the other hand, the oxymethylenic carbons
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which are close to the esterified alcoholic groups
are more well resolved in DMSO-dg. In this way,
we can observe a singlet at 70.95 ppm assignable
to ae monoesters and two signals at 70.50 and
70.38 ppm which are attributed to the oxymeth-
ylenic carbons of the neopentyl glycol diesters
from structures of the ee/EE and ee/EA types.
These two last structural groups resonate to-
gether in CDCl; at 70.34 ppm.

Carboxylic Region

Similarly to what happens in CDCls, in this re-
gion appear three very well differentiated zones
when DMSO-d; is used, as can be seen in Figure
6(b). These zones can be assigned, from high to
low chemical shifts, to the carboxylic carbons from
the monoesterified o-phthalate residues AE and
AE and diesterified EE, respectively.

The assignations are the same as than those
previously described'® in the case of CDCl;, with
the only difference that in DMSO-dg the position
of the signals in the two first regions is inverted:

1. Thus, the singlet which appears at 168.62
ppm can be assigned to structures of the
AE/ea type, whereas that one appearing
at 168.50 ppm may be assigned to carbox-
ylic carbons of the free-acid groups of the
neopentyl glycol diesters AE/ee which are
located at the chain ends.

2. Similar assignation can be made in the re-
gion where the esterified carboxylic car-
bons of the neopentyl glycol mono-o-
phthalates resonate, namely, the singlet
appearing at 167.74 ppm due to AE/ea
structures and the singlet at 167.58 ppm
may be due to AE/ee ones.

3. The groups of signals which appear at a
higher field can be assigned to the carbox-
ylic carbons of the EE diesters. Similarly
to what happens in CDCls, it has not been
possible to make the assignation of this se-
ries of signals due to the complexity of the
spectra.

The molar percentage of each one of the struc-
tures was estimated by an analogous form to that
described in a previous work, ‘¢ i.e., from the area
of the signals which appear in each one of these
regions in the *C-NMR spectra. The values for
the samples in DMSO-d¢ are similar to those ob-
tained from the spectra registered in CDCl;.

RESULTS

As put forward in a previous article, '® the reaction
between o-phthalic anhydride and neopentyl gly-
col in the bulk at 200°C without a solvent or any
external catalyst takes place rapidly and quanti-
tatively, immediately after the reactives have
been put together. It has not been possible to de-
tect any trace of o-phthalic anhydride at the very
beginning of the reaction. Furthermore, if we keep
in mind that we have employed an excess of diol
in the reactives, it will be possible to write the
following reaction scheme:

CH,

|
O 00 #° CHy st HoOC COOH, C— C — CH, OH

|
4 HOCH,—C —CHOH ———> lcn; (12)
(|:I-I 200 °C
3

() (IL or aa) (1L or AEfea)

A similar effect to this one of the instantaneous
solution by reaction of the o-phthalic anhydride
in alcohols for the formation of monoesters was
observed by van der Zeeuw?® during the esterifi-
cation kinetic in the bulk and without a catalyst
of o-phthalic anhydride with alcohols in a concen-
trated solution at 120°C for the preparation of
monomeric plasticizers.

However, as described elsewhere,® we cannot
rule out the possibility of the formation of the
structures of the AE/ee/EA and ae/EE/ea types
at the beginning of the polyesterification process.
Dimers of a similar nature were described by
some other authors?*~3! in the polyesterification
between terephthalic acid and ethylene glycol,;
however, this system may be different with re-
spect to structure and reactivity.

As we have already seen, the study by '"H-NMR
has permitted to us not only the structural analy-
sis of the samples but also the determination of
the moles of free-acid groups which are present
in each one of them. The results of this structural
analysis are in agreement with those obtained
using *C-NMR, as can be observed in Tables IV
and V.

As we have already seen in a previous article, *
the direct quantitative estimation of —COOH
groups using high-resolution *C-NMR spectros-
copy is not accurate enough, as is required, be-
cause of the interactive properties of the —COOH
group. For this reason, it can be thought that the
estimation of the —OH groups, which can be car-
ried out from the relative areas of the different
types of carbon atoms and later on to proceed by
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Time (min)

Structure 0? 10 20 30 40 50 60 120 180 240 360 540  Zone
aa 0.35¢ 0.30; 0.28; 0.23, 0.21; 0.165 0.16; 0.11; 0.08s 0.06; 0.055 0.05g A
0.30; 0.26, 0.23, 0.20, 0.18, 0.15, 0.11; 0.08; 0.07; 0.07; 0.05¢ B
0.32¢ 0.27¢ 025, 0.21, 020, 0.16; 0.14, 0.14, —° —° —a C
0.31; 028 0.26, 0.20, 0.18 0.15, 0.12; 0.09¢ 0.07; 0.07; 0.055 D
032 0.26, 0.22, 0.20, 0.17; 0.15, 0.11; 0.07; 0.06; 0.07; 0.045 E
ee 0.113 0.16; 0.19, 0.23, 0.24, 0293 0293 037, 0.41; 0.44, 0.46, 0.46, A
0.15, 0.19, 0.22, 0.25, 0273 0.30; 037, 044, 046, 046, 047, B
0.15, 0.19, 0.21, 0.26, 026, 0.30, 0.355 0413 —° —° — C
0.16; 0.17; 0.20, 0.23, 0.28; 032 037, 0.40; 0.43, 045, 047, D
0.16; 0.18, 0.23, 0.24, 026, 0.30; 037, 040; 0.41; 043, 047, E

Experimental values were obtained from methylic (A), quaternary (B), and oxymethylenic (C) regions of the *C-NMR spectra
and methylic (D) and oxymethylenic (E) regions of the "TH-NMR spectra, both in CDClI; solution at room temperature (23°C). aa

and ee: free and diesterified N, respectively.
2 See footnote * to Table II.

bed Brom 240 min of reaction, an overlapping of the oxymethylenic carbons of free and diesterified neopentyl glycol is produced.
The whole values are as follows: ® 0.515 mol; ¢ 0.50, mol; ¢ 0.50, mol.

a smoothing of the experimental data, would be
also used for the kinetic analysis.

Thus, the free alcoholic groups —CH,;OH from
the dialcohol, aa (free diol, IT) were estimated by
3C-NMR from the area of the signals of the free
oxymethylenic groups, the quaternary carbon,
and the geminal methyl groups. The average

have been used to determine the molar percent-
ages of the monoesterified diols, i.e., of free —OH
groups from the compound (IIT) and in structures
of the EE/ea type:

CHy

|
value of these three determinations is shown in ROOC COOHZc—IC— CH, OH (13)
the second column of Table VI. CHs
The areas of the signals from the same nuclei
Table V Moles of Structures as a Function of the Reaction Time ¢ of Some Species Which Can
Present Neopentyl Glycol (N, 0.96 mol) in Its Polyesterification with o-Phthalic Anhydride
(P, 0.68 mol) ((—COOH]/[—OH]) = 0.7 in Bulk at 200°C
Time (min)
Structure 0* 10 20 30 40 50 60 120 180 240 360 540  Zone
ae 048, 049, 048, 049, 050, 0.49 0.49 0.47, 0.46;, 0.45; 0.44, 0.44, A
048, 049, 049, 0523 049, 048, 046, 0.46; 045, 043, 0.43, D
047, 0509 0509 0513 0513 0499 047, 048, 0.48, 0.45; 0.44, E
ae/EA 040, 033, 026, 0.22, 0.19, 0.13, 0.125 0.07;, O 0 0 0 B
0.34s 0.26, 0.22; 0.19, 0.15, 0.125 0.044 —b 0 0 0 C
ae/EE 0.07, 0.16;5 0.23, 028 031, 0365 037, 039, 043, 042, 042, 0.43, B
0.13, 0.22;, 0274 0283 0.33¢ 0.365; 0.41; 0.403 0.44, 0.45; 0.45; C

Experimental values were obtained from methylic (A), quaternary (B), and oxymethylenic (C) regions of the *C-NMR spectra
and methylic (D) and oxymethylenic (E) regions of the '"H-NMR spectra, both in CDCl; solution at room temperature (23°C). EA
and EE: mono- and diesterified P, respectively; ae: monoesterified N.

2 See footnote * to Table II.

® Due to the smallness of the signal, it is quite difficult to be quantified.
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Table VI Moles of Functional Groups —OH and —COOH as a Function of the Reaction Time ¢
for the Polyesterification Between o-Phthalic Anhydride (P, 0.68 mol) and Neopentyl Glycol
(N, 0.96 mol) ((—COOH]/[—OH]) = 0.7 in Bulk at 200°C

aa ae/EA + ae/EE
t [—OH] [—OH] [—OHlota [—COOH]liotam
(min) (%)* (mol) (%) (mol) (mol) (mol)
o° 37 0.71, 51 0.48, 1.20, 0.64,
10 33 0.63, 51 0.49, 1.12, 0.56,4
20 29 0.55; 51 0.49, 1.04, 0.48;
30 25 0.48, 52 0.49, 0.97, 0.41,
40 22 0.42, 52 0.494 0.92, 0.36,
50 19 0.365 52 0.49, 0.86,4 0.30,4
60 17 0.32 52 0.49, 0.825 0.265
120 13 0.25, 49 0.47, 0.72, 0.16,
180 11 0.21, 47 0.45, 0.66, 0.10,
240 8 0.15, 46 0.44, 0.59 0.03;
360 7 0.13, 46 0.44, 0.57; 0.014
540 6 0.115 46 0.44, 0.55; 0

EA and EE: mono- and diesterified P, respectively. aa and ae: free and monoesterified N, respectively.
# Molar percentages of structures obtained by arithmetic averaging of the respective percentages from the methylic, quaternary,
and oxymethylenic zones of the '*C-NMR spectra in CDCl; at room temperature (23°C).

b See footnote * to Table II.

namely, from chain-end groups —CH,OH, inde-
pendently of the residual chain length where they
are linked. The values tabulated in the fourth col-
umn of Table VI represent average values from
these three determinations carried out simultane-
ously for ae/EA and ae/EE structures.

Experimental results on the polyesterification
are gathered in Table VII. In the third column
of this table are included the conversions of the
polyesterification, with the only purpose being to
make clear that for high conversions, perhaps for
the higher ones, these samples are subjected to a
much higher experimental relative error than are
those obtained at lower conversions. In our case,
the experimental percentages can be affected by
a high relative error, if we keep in mind that they
have been estimated from several and varied de-
terminations, namely, by means of averages, ad-
ditions, further differences, etc.

Therefore, to improve the accuracy in the quan-
titative determination of the —COOH groups by
13C-NMR, we also carried out an indirect mea-
surement of the —COOH groups by using 'H-
NMR spectroscopy as a primary technique, since
we need a higher accuracy in the quantification,
namely, lower than 2%, to carry out a very precise
kinetic analysis of the process. In this case, the
quantification of the free-acid groups were done
in two different ways: (i) using the percentages

of the —CH,OCOR and —CH,OH groups, and
(i1) using the methyl esters obtained by derivati-
zation of the acid group by reaction with diazo-
methane as has been indicated before. The values
from 'H-NMR indicated in the fifth column of Ta-
ble VII correspond to the arithmetic mean of the
free-acid groups obtained from these two zones.

We also estimated the moles of free acid of each
one of the samples by volumetry. This technique
furnished data independently of the type of struc-
tures which have been formed. In Table VII are
also gathered the acid group concentrations deter-
mined by this technique, whose accuracies are
much higher than 0.5%.

In Figure 7 is shown a plot of the acid group
concentration [— COOH] determined using *C-
NMR, 'H-NMR, and volumetry as a function of
the reaction time. From its inspection, it is easy
to deduce that for the case of the data determined
by ¥*C-NMR the differences with the volumetric
ones are even larger. This fact is easily explain-
able if taken into account are the limits of sensibil-
ity and, especially, the relative errors of the **C-
NMR for samples obtained at high degrees of con-
version with a low content of acid groups.

Therefore, because of the limits of detection of
the *C-NMR and 'H-NMR techniques as well as
because of the procedure followed in the quantifi-
cation of structures and the determination of
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Table VII Moles of Free Acid Groups [—COOH], esterified groups [—COO—1], and Yields in the
Polyesterification Between o-Phthalic Anhydride (P, 0.68 mol, 3.38; mol’kg), and Neopentyl Glycol
(N, 0.96 mol, 4.78;, mol’kg) ((—COOH]/[—OH]) = 0.7 in Bulk at 200°C

Volumetry®
13C-NMR? 'H-NMRP
[—COOH] [—CO0—]

t [—COOH] [—COO—] Yield [—COOH] [—COO—] Yield Yield
(min) (mol) (mol) (%) (mol) (mol) (%) (mol)  (mol/kg) (mol) (mol/kg) (%)
0¢ 0.64, 0.04, 6 0.64, 0.04, 6 — — — — —
10 0.56, 0.11¢ 17 0.56, 0.11, 18 0.58, 2.895 0.099 0.49; 15
20 0.48; 0.19 28 0.48; 0.19 28 0.504 2.52, 0.17, 0.86; 26
30 0.414 0.26, 38 0.40g 0.27, 40 0.444 2.22, 0.23,4 1.16¢ 34
40 0.36, 0.31, 47 0.36, 0.31¢ 47 0.39 1.97, 0.28, 1.41; 42
50 0.30,4 0.376 55 0.32g 0.35, 52 0.35; 1.744 0.32 1.639 48
60 0.265 0.415 61 0.26; 0.415 61 0.30, 1.505 0.37 1.88; 56
120 0.16, 0.52, 77 0.15g 0.52, 77 0.18, 0.91; 0.49¢ 2.47, 73
180 0.10, 0.57 85 0.09; 0.58; 86 0.13, 0.664 0.544 2.72, 80
240 0.034 0.64, 95 0.08; 0.59g 88 0.10, 0.49; 0.58, 2.89, 85
360 0.01, 0.66, 98 0.044 0.63, 93 0.06, 0.29, 0.62, 3.08, 91
540 0 0.68, 100 0.01, 0.66¢ 98 0.03, 0.14, 0.65, 3.23, 96

The data were obtained from *C-NMR and 'H-NMR spectroscopies recorded in CDCl; at room temperature (23°C) and by
volumetry.

2 These values were calculated using a least-mean-squared procedure from the average molar percentages of all carbons from
free and monoesterified neopentyl glycol species (see Table VI).

> These values were calculated using a least-mean-squared procedure of the free acid moles obtained from the oxymethylenic
region, on the one hand, and from the methoxylic region from the same samples after treatment with diazomethane, on the other
(see fourth and fifth columns of Table III).

¢ Values obtained by volumetry made with 0.1N ethanolic potassium hydroxide solution in a ethanol—toluene solution of the

samples.
4'See footnote * to Table II.

—COOH groups, both experimental techniques
are not entirely recommendable to have reliable
quantitative experimental data at high conver-
sions. However, the volumetry furnishes a higher
degree of self-confidence than do the above afore-
mentioned techniques for high as well as for low
concentrations of acid groups. In any case, the
number of acid groups estimated by volumetry is
superior to that estimated by either of the two
other NMR spectroscopic techniques as can be ap-
preciated graphically in Figure 7.

In spite of all of this, if we compare the moles
of ae/EA which were formed at each time of the
reaction, which are shown in Table V, with the
concentration of free-acid groups, which is shown
in the second column of Table VII, we can observe
a very small but significative difference between
both series of values. Such a difference must be
attributed to the existence of structures with free-
acid groups, as can be, for instance, the dimer AE/
ee/EA and the end chain of the EE/ee/EA type.
In general, we can employ the nomenclature P/
ee/EA to refer to functional acid groups at the
chain ends, where P represents mono-o-phthalate
AE or di-o-phthalate EE residues. In the Table

VIII are shown the concentration expressed in
mol/kg of ae/EA and functional groups P/ee/EA
in each one of the samples.

On the other hand, the neopentyl glycol dies-
ters ee, estimated by *C- and 'H-NMR, may be-
long to structures of the P/ee/EA or EE/ee/EE
types, i.e.:

[ee] = [AE/ee/EA] + [EE/ee/EA]
+ [EE/ee/EE]
= [P/ee/EA] + [EE/ee/EE] (14)

Therefore, the neopentyl glycol diesters which are
situated in the middle of the polymeric chains EE/
ee/EE can be very easily estimated mathemati-
cally from the ee concentrations, which are shown
in the third column of Table VIII, and the func-
tional groups P/ee/EA. The estimated values for
these EE/ee/EE structures are also shown in Ta-
ble VIII.

The dependence of each one of these species,
X;, as a function of time, ¢, was obtained using
a least-mean-squared method (Peakfit package).
The dependence of the molecular species whose
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Figure 7 Moles of acid groups [—COOH] as a func-
tion of the reaction time ¢ in the polyesterification be-
tween o-phthalic anhydride (P, 0.68 mol) and neopen-
tyl glycol (N, 0.96 mol) ([—COOH]/[—OH]) = 0.7 in
the bulk at 200°C obtained by volumetry and by '*C-
NMR and 'H-NMR spectroscopies recorded in CDCl; at
room temperature.

concentrations decrease as a function of the reac-
tion time was fitted with correlation coefficients
higher than 0.9 to exponential functions of the
following type:

[X]; = Ao -exp(—t/Ay;) (15)

Molecular species whose concentration is grow-
ing as a function of the polyesterification time,
such as the monoester ae/EE, were fitted with
correlation coefficients higher than 0.98 to double
exponential functions of the following type:

[X]; =Aop -exp(—t/Ay;) + Ay -exp(—t/As) (16)

The dependence of the diesters which are lo-
cated in the middle of the polymer chains, EE/
ee/EE, was fitted to an exponential function sim-
ilar to that proposed by Bacaloglu et al.?:

[(X] = eXp<A0i + Ayt + Ay t?

+A3i'1nt+A4i'%> (17)

where Ay, Ay;, As;, As;, and A, are coefficients
which depend on the molecular species being con-
sidered.

The dependence of all the molecular species as
a function of the reaction time is shown in Figures
8—10. Solid and dashed lines represent curves for
the best fitting. The concentrations at each reac-
tion time given by these fitted curves for each of
the species are shown in Table IX; they represent
smoothed values.

Structures at Zero Time of Reaction

The mol/kg of each one of the molecular struc-
tures appearing just after the mixing of the reac-
tives can be estimated from the values given in
Table IX using a mass balance. To do this, it is
very important to take into account the fact that
we have not been able to detect any trace of o-
phthalic anhydride at the very beginning of the
polyesterification.

Neopentyl Glycol Balance

If we assume that neopentyl glycol (4.78; mol/kg)
produces the ring opening of all the o-phthalic
anhydride to give compound III, according to the
reaction represented by eq. (12), there are 1.39;
mol/kg of neopentyl glycol in the medium of the
reaction to continue the polyesterification. How-
ever, as can be observed in Table IX, the best
fitting for this species aa predicts a higher concen-
tration at the beginning of the process. Therefore,
we can assume that a small percentage of glycol
may simultaneously open two rings of two mole-
cules of o-phthalic anhydride to give the dimer
AE/ee/EA:

—e COCH
HOOC ~ COOCH, lccqzooc (18)

& * o
AE/ee/EA

This possibility is supported by the fact that
the best fitting of the dependence of the functional
groups P/ee/EA as a function of time predicts
1.179 mol/kg for the aforementioned chain-end
functional groups. If we assume that the EE/ee/
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Table VIII Molar Concentrations of Glycolic Units Which Are Linked to Chain-end o-Phthalate
Groups, P/ee/EA, and in the Middle of These Same Chains, EE/ee/EE, Which were Formed During
the Polyesterification Between o-Phthalic Anhydride (P, 3.38; mol’kg) and Neopentyl Glycol

(N, 4.78;, mol/kg) ([—COOH]/[—OH]) = 0.7 in Bulk at 200°C

[P/ee/EA], (mol/kg)®

[EE/ee/EE] (mol/kg)*

t [ae/EAT? [ee]®
(min) (mol/kg) (mol/kg) BC.-NMR  'H-NMR  Volumetry BC.-NMR  'H-NMR  Volumetry
04 2.01, 0.59¢ 1.18y 1.18, 1.18y 0 0 0
10 1.70,4 0.79, 1.064 1.11, 1.20, — — —
20 1.344 0.93; 1.04, 1.06¢ 1.18¢ — — —
30 1.104 1.09, 0.99, 0.97, 1.124 0.103 0.12; —
40 0.96, 1.224 0.845 0.845 1.02, 0.384 0.384 0.209
50 0.72¢ 1.40, 0.80, 0.86¢ 1.035 0.60, 0.54, 0.36;
60 0.62,4 1.544 0.75¢ 0.77; 0.88¢ 0.79, 0.775 0.66,
120 0.31, 1.85; 0.38g 0.463 0.60g 1.465 1.39, 1.244
180 —° 2.07, — — — — — —
240 0 2.18, 0.275 0.38¢ 0.500 1.909 1.80, 1.68,
360 0 2.25¢ 0.08, 0.22, 0.300 2.17, 2.03¢ 1.95¢4
540 0 2.34¢ 0 0.08, 0.15, 2.34, 2.26¢ 2.19,

Values deduced from the free acid concentration determined by 'H- and *C-NMR spectroscopies and by volumetry. EA and
EE: mono- and diesterified P, respectively. ae/EA: N monoesterified with P; ee: N diesterified with P (P/ee/EA and EE/ee/EE).

* Arithmetic averaging of all the experimental determinations.

b P/ee/EA] = [—COOH];.. — [ae/EA].
°[EE/ee/EE] = [ee] — [P/ee/EA].

4 At zero time of reaction, the molar values were estimated as explained in the text.
¢ Its estimation is not possible due to the smallness of the signal.

EA structures are not instantaneously formed,
and therefore their initial concentration may be
considered equal to zero, we will have, theoreti-
cally, 0.59, mol/kg of AE/ee/EA structures. Fur-
thermore, according to eq. (12), a extrapolated
value of 2.01; mol/kg at zero time of the reaction
for ae/EA structure have been found. It is shown
in Table IX.

Therefore, from the initial 4.78; mol/kg of neo-
pentyl glycol, 0.59, mol/kg were consumed in the
formation of the AE/ee/EA structures and 2.01,
mol/kg in the formation of ae/EA structures. If all
this is right, 2.18;, mol/kg of unreacted neopentyl
glycol would have to remain in the reaction me-
dium. This quantity is still high with respect to that
predicted using the best fitting for this glycol.

o-Phthalic Anhydride Balance

With respect to the o-phthalic anhydride, 1.175 mol/
kg of the initial 3.383 mol/kg were consumed in the
formation of the dimer AE/ee/EA. Then, in the
reaction medium, it will remain hypothetically 2.204
mol/kg, from which only 2.01, mol/kg are consumed
to yield the monoester ae/EA. All these facts seem
to be indicative that probably there will exist also
an instantaneous process in which every molecule

of o-phthalic anhydride will consume two molecules
of neopentyl glycol, yielding approximately 0.19g
mol/kg of ae/EE/ea structures:

o -
Hoalc—c’:fcuzooc COOCHZ—‘?—CHZOH (19)
cH CH,

3
ae/EE/ea

According to the above, we may write the fol-
lowing scheme of reactions which also includes
the mass balance:

CHy

H ooocH,—<|:— CH,OH
m@ o

AEfea (2.0t moleskg)

Oy 0, 20 <
~or O c? CH; st o ¢ 20
@ + HOCH,~ € — CH,OH ———» Houic—(l:—cH,OOC COOCH:—('I—CHzOH + H,0 ( )
1 o
CHs w0°C ony iy

aa (1.78g moles/kg)
ae/ER/ea (0.19g moleskg)

+

il
HOOC O0OCH, — C—CH, 00C COOH

{
CI
N =478 moleskg %@S s @

£P =338 molesikg,
AR/ec/EA (0.59g molestkg )
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o-phthalic anhydride - neopentyl glycol
i 200 °C
13C-NMR and 'H-NMR / CDCl, / 23 °C

1.8
O BC-NMR methylic zone data
O '3C-NMR quaternary zone data
A BC-NMR oxymethylenic zone data
® 'H-NMR methylic zone data
1.2+ A "H-NMR oxymethylenic zone data

o
o

Distribution of aa structure, (moles/kg)

o
o

200 400 600
Time, (minutes)

Figure 8 Dependence of the free neopentyl glycol
(aa) concentration as a function of the reaction time ¢
in the polyesterification between o-phthalic anhydride
(P, 3.385 mol/kg) and neopentyl glycol (N, 4.78; mol/
kg) ((— COOHIJ/[—OH]) = 0.7 in the bulk at 200°C.
The experimental data were obtained from *C-NMR
(open symbols) and "H-NMR (full symbols) spectrosco-
pies recorded in CDCl; at room temperature (23°C).
The solid line represents the curve for the best fitting
with a correlation coefficient of R2 = 0.96,.

Similarly, we may also estimate the concentra-
tion of every structure for the first sample isolated
after 10 min of reaction. This is possible since
there do not exist any neopentyl glycol diesters in
the middle of the polymeric chains in growth, i.e.,
[EE/ee/EE] = 0. Therefore, according to the val-
ues which have been predicted by the best fitting,
which are shown in the second row of Table IX, the
mass balance can be finally expressed as follows:

(A) For neopentyl glycol, Z N = 1.569 mol/kg
as the structure of the aa type + 1.66, mol/
kg as ae/EA + 0.79; mol/kg as structures
ae/EE + 1.11, mol/kg as functional
groups P/ee/EA = 5.135 mol/kg.

(B) For o-phthalic anhydride, £ P = 1.66, mol/
kg as ae/EA + 0.79; mol/kg as ae/EE
+ 1.11, mol/kg as end-chain acid groups
P/ee/EA = 3.56; mol/kg.

These overall quantities indicated in the above
sections (A) and (B) are slightly higher than the
initial concentrations of 4.78; mol/kg of neopentyl
glycol and 3.383 mol/kg of o-phthalic anhydride
which have been put together at the beginning of
the polyesterification reaction. Such a difference
may be attributed to the existence in the reaction
medium of dimeric structures of the AE/ee/EA
and ae/EE/ea types.

If this is true, for instance, the mol/kg of neo-
pentyl glycol which are forming part of the AE/
ee/EA structures may be estimated by sub-
tracting the initial concentration of neopentyl gly-
col in mol/kg to the moles given by (A) (5.135 mol/
kg — 4.78; mol/kg = 0.35; mol/kg). Then, the
chain-end structures of the EE/ee/EA type may

o-phthalic anhydride - neopentyl glycol
200 °C
3C-NMR / CDCl, / 23 °C

w

ae/EE

N

O Quaternary zone data
O Oxymethylenic zone data
@ Quaternary zone data
]

Distribution of ae structures, (moles/kg)

1H g Oxymethylenic zone data
) o)
g aelEA
O L Aty - 1 .
0 200 400 600

Time, (minutes)

Figure 9 Dependence of the neopentyl glycol monoes-
ters (ae/EA and ae/EE) concentrations as a function
of the reaction time ¢ in the polyesterification between
o-phthalic anhydride (P, 3.38s mol/kg) and neopentyl
glycol (N, 4.78; mol/kg) ([—COOH]/[—OH]) = 0.7
in the bulk at 200°C. (O, ) Open symbols from the
monoester ae/EA. (@, B) Full symbols from the mo-
noesterified structure ae/EE. The data were obtained
from the (circles) quaternary and (squares) oxymeth-
ylenic regions of the *C-NMR spectra recorded in
CDCI; at room temperature (23°C). The lines are the
best-fitting curves: the solid line for a correlation coef-
ficient of R? = 0.985 and the dashed line of R2 = 0.99,.
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| 0-phthalic anhydride - neopentyl glycol
200 °C

N
T

3C-NMR data / CDCl, / 23 °C
"H-NMR data / CDCl, / 23 °C

Volumetric data / 23 °C
"3C-NMR data / CDCl, / 23 °C

'H-NMR data / CDCl, / 23 °C
Volumetric data / 23 °C

—

Distribution of ee structures, (moles/kg)
bEmeP>OO

0 200 400 600
Time, (minutes)

Figure 10 Dependence of the neopentyl glycol dies-
ters (EE/ee/EE and P/ee/EA) concentrations as a
function of the reaction time ¢ in the polyesterification
between o-phthalic anhydride (P, 3.383 mol/kg) and
neopentyl glycol (N, 4.78; mol/kg) ([—COOH]/
[—OH]) = 0.7 in the bulk at 200°C. Open symbols
represent data for diesters of the P/ee/EA type. Full
symbols represent data for diesterified structures
which are in the middle of the polymeric chains, EE/
ee/EE. The data were obtained from (circles) *C-NMR
and (squares) 'H-NMR spectroscopies recorded in
CDCl; at room temperature (23°C) and (up triangles)
volumetry. The solid line represents the best-fitting
curve with a correlation coefficient of R = 0.98,, and
the dashed curve, a correlation coefficient of R = 0.93;.

be estimated from the number of the chain-end
acid groups as

1.11, mol/kg (P/ee/EA)
— 2 X 0.35; mol/kg (AE/ee/EA)
= 0.405 mol/kg (EE/ee/EA)
On the other hand and similarly, we can calcu-
late the amount of o-phthalic anhydride forming
part of the ae/EE/ea-type structures from the o-

phthalic anhydride moles given by (B) and the
initial concentration of o-phthalic anhydride

(8.56; mol/kg — 3.383 mol/kg = 0.175 mol/kg).
Also, similarly, the moles of end structures of the
ae/EE/ee type can also be calculated using

0.79, mol/kg (ae/EE)
— 2 X 0.17g mol/kg (ae/EE/ea)
= 0.43, mol/kg (ae/EE/ee)

It is worth mentioning that the molar percent-
ages estimated as seen above are similar to those
obtained from the *C-NMR spectra in CDCl; and
DMSO-dg, within the experimental errors of the
own technique. This fact validates the concentra-
tions which have been previously estimated for
each one of the structures mentioned above. After
20 min of reaction, this type of estimation is com-
plicated because of the existence in the reaction
medium of structures of the EE/ee/EE type.

KINETIC ANALYSIS OF EXPERIMENTAL
DATA

During the kinetic analysis, we are going to use
the following symbols:

x ester group concentration [—COO—] at
time ¢
a initial concentration
[—COOH]
initial concentration of alcoholic groups
[—OH]
order of reaction in acid groups
order of reaction in alcoholic groups
overall order of reaction (d = m + n)
n» overall rate constant of polyesterification
» correlation coefficient.

of acid groups

(o))

bl
SNS &F 3

For the kinetic analysis, we are going to follow a

procedure developed by Fradet and Maréchal.~*

The general equation rate can be written as
dx/dt =k, (@ —x)" (b —x)" (21)

and its numerical integration yields
X t
Gm,n(x) :f fm,n(x)°dx: f k'dt:k't (22)
0 0

where

frn(x) =1/[(@ —x)"(b —x)"]  (23)
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Table IX Smoothed Molar Concentration (mol/kg) Using a Least-mean-squared Procedure for all
the Species Which Were Detected in the Polyesterification Between o-Phthalic Anhydride (P, 3.385
mol/kg) and Neopentyl Glycol (N, 4.78; mol’kg) ([—COOH]/[—OH]) = 0.7 in Bulk at 200°C

t [aa] [ae/EA] [ae/EE] [P/ee/EA] [EE/ee/EE]
(min) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg)
0 1.78¢ 2.01, 0.396" 1.17, 0
10 1.564 1.66, 0.795 1.11,4 0
20 1.38;5 1.37; 1.124 1.05; 0.015
30 1.224 1.13, 1.38, 0.99 0.12,
40 1.09, 0.93; 1.57, 0.94, 0.31,4
50 0.98, 0.77, 1.715 0.89, 0.52;
60 0.88; 0.635 1.81, 0.84, 0.725
120 0.55 0.20, 2.05, 0.60, 1.37;
180 0.43g 0.06, 2.09, 0.42 1.62;
240 0.39;5 0.02, 2.12¢ 0.305 1.79,
360 0.37;3 0.00, 2.20, 0.15; 2.059
540 0.37, 0 2.205 0.05¢4 2.263

EA and EE: mono- and diesterified P, respectively. aa: free N; ae: N monoesterified with P (ae/EA and ae/EE); and ee:

diesterified P.
# Determined as was explained in the text.

To determine the kinetic equation which better
reproduces our experimental results [, x(¢)], the
problem is reduced to find the integral G,, .(x)
which is the best adjusted to a straight line pass-
ing through the origin and slope equal to %.

The calculation of the integral of a determined
function f(x) may be expressed by

b
f f(x)-dx =F(b)— F(a) (24)

where F'(x) = f(x). When F(x) is known, we
shall have resolved the problem by means of an
analytical integration. But, generally, F(x) is not
known and then the problem is solved by numeri-
cal integration approximating

b b
f f(x)°dxzf o(x)- dx (25)

where ¢(x) is a function of a known integral, gen-
erally a polynomial. On the one hand, Fradet and
Maréchal® used the method of trapezes® and, on
the other hand, Laporte et al.** used the method
of Simpson for the determination of the values of
the rate constant. In the present work, we use
the method of Gauss?®® because of its properties of
great accuracy and rapid convergence for a small
number of values of the function to be integrated
within the integration interval.

This method is based in the formula of the
quadrature of Gauss:

1 n
f f@)-dt =% A;-f(t;) (26)
-1 i=1

which ensures to us that, if we choose adequately
the abscissa #; and the coefficients A;, formula
(26) is exact for all the polynomials of degree
equal or smaller than 2n — 1.

The abscissa ¢; turns out to be the roots of the
Legendre’s polynomials P, (¢), namely, P,(¢;) = 0.
The coefficients A; are obtained by solving the lin-
eal systems:

S At =2/(2n — 1)

i=1

zAi'tlzn71:0 (27)
i=1

To apply the Gauss’ formula (26) to a general
case, it is sufficient to carry out a change of vari-
able,

b n
f flx)-dx =[(a —b)/2]- Y A;-f(x;) (28)
a i=1

where

x = [(a +b0)2]+ [([a —bl/2)-t;] (29)
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where ¢; are the roots of the Legendre’s polynomi-
als P,(¢).

The application of the method of Gauss to our
function (22) has proved to be completely satisfac-
tory for all values of (m, n). We obtained a con-
vergency of the integral G,, ,(x) with a number of
experimental data equal or smaller than nine and
an error less than 1 X 10 8.

In this way, we calculated the numerical inte-
grals for the experimental points. To do this, we
varied m and n between 0 and 3 by 3 steps, i.e.,
we consider the cases in which m and n are inte-
gers or semi-integers according to the following
conditions:

0<m=<3 (30)
0<Xn=<X3 (31)
0X(m+n)=d=x3 (32)

To determine the best fitting, we gauged the
correlation coefficient 7, ,, by checking in each
case the goodness of the fitting by means of the
correlation coefficient of the data [¢, G,, ,(x)] and
the standard deviation S,, ,. When the reaction is
carried out under nonstochiometric conditions, as
in the present case, i.e., in excess of diol b > a, it
is possible to determine m and n, if we take the
precaution that the conversion is equal or higher
than 70% and the error of the titration is as low
as possible, i.e., below 1%.

As we already mentioned above, in the conven-
tional analysis of experimental data of a polyes-
terification, it is normal to use experimental data
obtained at low as well as at medium and high
conversions, contrarily to what is done in the clas-
sical kinetochemistry of small molecules where
analyzed are only experimental results for very
low degrees of conversion, namely, where the ini-
tial conditions of the medium does not undergo
any type of apparent change. In the kinetics of
polyesterification, possibly because its technologi-
cal interest and owing to the pioneering works by
Flory,® ® more attention has been paid to medium
and high conversions. For this, and for some other
reasons given by Fradet and Maréchal, ? it is nec-
essary to make use of very precise data at high
conversions. Thus, we are going to employ the
data of [—COOH] obtained directly by vol-
umetry.

The results of the present analysis are collected
in Table X. For illustrative purposes, we plotted
in Figure 11 our experimental results by kinetic

equations with the higher correlation coefficients
of 0.9990 (m,n =1, 2) and 0.9989 (m,n =, 0).
As can be easily appreciated, the experimental
data fit very well to both equations over the whole
range of conversions studied.

Clearly, therefore, the present series of experi-
mental data can be represented and described by
an overall rate equation of order three (I,
= 0.9990), or three-halves (I, , = 0.9989), or two
(I = 0.9979), ete. It is very sad to say that to
decide the order of the reaction and, consequently,
the mechanism we must use a correlation coeffi-
cient, which is practically identical except in the
three—four figure. This is a tremendous conclu-
sion of our analysis. We are going to give only
an example for the mechanism which shows the
higher correlation coefficient.

MECHANISM

At the present time, esterification reactions as
well as their reverse, i.e., their respective hydroly-
sis reactions, may be classified according to the
different prototypes which were proposed years
ago by Ingold.?*~3® According to the kinetic analy-
sis that we have done so far, the more plausible
orders of reaction, with a correlation coefficient of
I, 5 = 0.9990, correspond to an overall rate equa-
tion of order three, order one with respect to acid
group concentration, and order two with respect
to alcoholic group concentration (see Table X).
We may consider that alcohol dimers

2 —oH Ké [-0H]2 e [(lm Cl)_:l | (33)

in which
K; = [(—OH),1/[—OH ]} (34)
may participate in an esterification mechanism in

which the attack of the acid to the dimer is the
slow step of the reaction:

| gast
L = —coo— + —on+ mo  (35)

The reaction rate equation is then given by
d[—coo—]/dt = k -[—COOH].P)H ‘Z—Lm“ (36)
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Table X Polyesterification Under Nonstechiometric Conditions and
Without An External Catalyst Between o-Phthalic Anhydride and Neopentyl
Glycol in Bulk at 200°C; Initial Concentrations®: Acid Groups [—COOH]

= 3.19; mol/kg and Alcoholic Groups [—OH] = 5.98, mol/kg

L.,
n [—OH]"
m,

[—COOH]™ 0 3 1 3 2 3 3
0 0.8428 0.8632 0.8823 0.9001 09163 0.9309 0.9439
3 0.9173 0.9340 0.9486 0.9612 09717  0.9803
1 0.9777 0.9862 0.9924  0.9966 0.9990
$ 0.9989 0.9979 0.9955 0.9921
2 0.9757 0.9694 0.9629
5 0.9301 0.9235
3 0.8846

Dependence of the correlation coefficients I, , on the different pairs of the tested values of
(m, n) in acid [—COOH] and alcohol [—OH]. The values for I,, , = 0.99 are indicated in the sha-

dowed background.

# Molar values determined from the initial concentrations which have been estimated by
extrapolation to zero time of reaction. These values are also shown in eq. (20).

and substituting the dimer concentration using
eq. (34), we get

d[— COO—1]/dt

=k-K;-[—COOH]-[—OHl%. (37)

If we assume that the alcohol dimer concentra-
tion is low with regard to the total reactant con-
centration measured, i.e.,

[_OH]free = [_OH]total (38)
we can finally write that
d[—COO—1/dt
= k.Kd.[_COOH]total'[_oH]%otal (39)

Several studies on the ethanolysis of acyl chlo-
rides in aprotic solvents have given place to kinet-
ics of order three, first order with respect to the
acyl halide and second order in ethanol.?*~*' The
apparent participation of two alcohol molecules
has been explained*"*? in terms of a “push—pull”

mechanism of the type postulated by Swain*® for
reactions of substitution. Later on, Kevill and
Foss** proposed an alternative mechanism in
which, for the overall reaction, the tetrahedral in-
termediate which is formed in the first place is
deprotonated or by a solvent molecule, giving a
two-order kinetics, or by a second molecule of eth-
anol to give a third-order kinetics. Both giving the
tetrahedric intermediate which supplies the
reaction products. Ross*® studied the reaction be-
tween benzoyl chloride and mononitrobenzoyl chlo-
ride with ethanol in acetone. He found that the reac-
tions are a mixture of second and third orders.
Ross*® rationalized his results assuming that the
transition-state determinant of the rate contains
the substrate, the nucleophile, ethanol, and an ac-
ceptor for the hydrogen bond. One adequate ac-
ceptor can be, for instance, another ethanol mole-

cule, an acetone molecule, or the chloride ion.
In our case, the activated complex would also
have the following structure:
o

—puieo |
5t
H

—— — COO— + — OH+ H,0

(40)

H .
é;{ ‘‘‘‘‘‘‘‘‘ c[>—- + —COOH ——»
J dimer slow
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Figure 11 (O) Open circles, plot of the reaction func-
tion of order three, order one with respect to acid con-
centration, and order two with respect to alcohol con-
centration against time ¢. (@) Full circles, plot of the
reaction function of three-halves order with respect to
the acid concentration against time ¢ for the polyesteri-
fication without external catalyst in nonequimolecular
initial concentrations of o-phthalic anhydride (P, 0.68
mol) and neopentyl glycol (N, 0.96 mol) ([—COOH]/
[—OH]) = 0.7 in the bulk at 200°C.

Equation (39) would be in agreement with the
experimental results found in the present work
as it has been made clear in the representations
made in Figure 11 and results given in Table X
as well as by some others that fulfill the conditions
imposed by the fitting to our experimental results.

DISCUSSION

So far, we have done a kinetic analysis of our data
and we have proposed a possible mechanism:

1. Thus, it is well known that to obtain true
and realistic kinetic data it is necessary to
have available experimental data for the
kinetic analysis obtained under standard
conditions, namely, (i) they have to be ob-

tained at conversions as low as needed to
not change the initial concentrations of re-
actives and (ii) the new products which
have been formed remain diluted in the re-
action medium in such a form, i.e., its con-
centration must be as low as possible, that
they do not disturb the conditions of the
medium as solvent, especially those con-
cerning polarity and the dielectric constant.
These two conditions are normally taken
into account in reactions carried out in so-
lution in classical kinetochemistry of small
molecules. In the bulk, reactives and prod-
ucts would form their own medium of reac-
tion and therefore it will be a medium
which is continuously changing in its prop-
erties. We must emphasize that if the reac-
tions were carried out in the bulk these cir-
cumstances of the conversion and composi-
tion of the medium would have be much
stricter, i.e., the requirements to obtain
valid kinetic data would have to be much
more rigorous. Probably, it would have to
work at conversions lower than 1-2%.

. However, a great number of polyesterifi-

cations have been studied at high conver-
sions and in some cases in the bulk. Re-
cently, the preparation of polyesters at
high temperatures was initiated, as in the
present case. One intends to know the ki-
netics and mechanism through the whole;
however, we would not forget that we are
dealing with a system in which the concen-
tration of reactives is changing in a contin-
uous form as well as the formation of the
products and also the conditions of the me-
dium of reaction. Consequently, the inter-
pretation of the kinetic data and their re-
spective mechanisms of reaction would
have to be made with a criterion quite dif-
ferent than those made in physical organic
chemistry. It would not be possible to make
comparisons with very simple systems,
namely, small molecule systems.

. Therefore, a kinetic and mechanistic anal-

ysis in the polyesterification reaction over
all the reaction process would be incorrect,
and it may only represent that the kinetics
or the mechanism are better adjusted with
the only criterion of a correlation coeffi-
cient at all, from the mathematic point of
view. We can be sure that the kinetics, and,
hence, the mechanism, in over all the range
of conversion of our experimental data, can
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be governed by a particular kinetic and its
mechanism from the point of view of the
traditional kinetochemistry. From the
practical point of view, polyesterification
reactions have been traditionally carried
out at high conversions, and probably for
this reason, a larger part of the experimen-
tal conditions are not correct to carry out
a correct analysis of these processes. This
is the reason of the great inconsistency of
the experimental results which we can find
in the literature when the data of polyes-
terification between diacids and glycols are
analyzed.

4. Independently of all of which we have said
in the above sections, there is another very
important factor concerning the quality of
the experimental results, namely, from the
point of view of how they have been ob-
tained analytically, i.e., how they have
been estimated in every case. On the one
hand, we must take into account the de-
tails with which the structures are ana-
lyzed, i.e., the sensitivity of the experimen-
tal technique to detect species and, on the
other, the accuracy with which these struc-
tures can be quantified in each case.

CONCLUSIONS

1. The structural analysis using *C- and 'H-
NMR spectroscopies of the samples iso-
lated as a function of reaction time has
made possible the determination of the
quantitative composition of each one of the
molecular species which are present in
each moment in the reaction medium.

2. In the present study and according to the
assumption made and confirmed by
Flory,”® we have assumed that the acid
group —COOH joined to the ring in the o-
phenylenic position as well as the —OH
groups from the oxymethylenic groups
joined to a carbon with two geminal meth-
yls —CHj; each possess the same reactivity
independently of the rest of the structure
where they are linked.

3. The experimental results have been fitted
to an overall rate equation for different or-
ders which are variable not only for the
acid concentration but also for the alcohol
concentration.

4. It seems very hard to decide, using a series

of correlation coefficients varying in the
three—four figure, which of them repre-
sents the overall process, i.e., from low to
medium and to high conversions. We rec-
ommend special care in analyzing kinetic
data and proposing a mechanism for such
systems. It is interesting to take into ac-
count the importance which may be played
by the medium of the reaction, formed by
the reactives and the products which are
being formed from them during the reac-
tion, in a process that can be the polyesteri-
fication reaction.
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