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ABSTRACT: The aim of this work was to develop and optimize a direct solid state polymerization (DSSP) process on a micro

scale for alkyldiammonium-terephthalate salts. This was successfully demonstrated for the first time by the case of

tetramethylenediammonium-terepththalate salt (4T salt). The derived polymer (PA4T) presents interesting properties, but the

temperature-favored acid catalyzed cyclization of tetramethylenediamine (TMD) to mono-functional pyrrolidine and ammonia inhib-

its a high polymerization conversion. DSSP was performed in a thermogravimetrical analysis (TGA) chamber, and the continuously

monitored weight loss was correlated to polymerization conversion via the release of water, excluding any mass and heat transfer lim-

itations. It was found that the conditions under which the DSSP is performed and the morphology of the starting material affect

both the reaction rate and the product quality. The effect of the critical process parameters, namely vent size, heating rate to reach

SSP temperature, and reaction temperature were quantified by the observed mass loss and by 1H NMR analysis. It was noticed that,

besides the water formed by amidation, other volatile compounds were also released during the DSSP reaction, with main compo-

nent, the TMD. In particular, it was observed that conditions favoring the evaporation of TMD also favored a higher reaction rate.

The TMD loss was minimized by optimization of the aforementioned process conditions, leading to a more thermally stable and a

higher molecular weight final product. The thermal stability of the PA4T was found to be inversely correlated to the concentration of

carboxylic end groups present in the formed polymer. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43271.
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INTRODUCTION

Polyamides (PAs) are engineering thermoplastics with a wide

variety of industrial and commercial end uses. PAs can be classi-

fied into (a) aliphatic polyamides made from a,x-amino-acids

or from aliphatic diamines and aliphatic diacids, e.g. poly(cap-

roamide) (PA 6) or poly(hexamethylene adipamide) (PA 66),

(b) aramides having 85% or more of the amide groups directly

connected to two aromatic groups, and (c) semi-aromatic poly-

amides, such as PA XT, in which terephthalic acid (TA) is the

dicarboxylic acid.1–4

With increasingly stringent requirements in for example the

automotive and electronics industries, applications of aliphatic

polyamides are declining because of their poor dimensional sta-

bility and limited thermal properties. On the other hand, aro-

matic polyamides, such as poly(p-phenylene terephthalamide)

and poly(m-phenylene isophthalamide), are considered to be

high-performance materials due to their superior thermal and

mechanical properties. However, they exhibit extremely high

melting temperatures that lie above their decomposition points,

requiring special methods for their processing.5–8 To combine

the high melting temperatures and heat resistance of aromatic

PAs with the melt processability of aliphatic ones, semi-

aromatic polyamides developed rapidly in the past 20 years,8,9

with commercially available grades of poly(hexamethylene ter-

ephthalamide) (PA 6T) copolymers, such as Ultramid T (BASF)

(PA6T/6 copolymer with 6 5 caprolactam) and Zytel HTN 51

(DuPont) (PA6T/DT, copolymer with D 5 2-methyl pentam-

ethylene diamine).2,8

Regarding polymerization routes of the terephthalate-based

(co)polyamides, a melt process is often problematic or even

impossible, (e.g., PA6T, Tm � 3758C).1,4 The most common

polymerization methods are the reaction of diacid dichlorides

with diamines at low temperatures or direct condensation
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reactions in solution of aromatic diacids with diamines at high

temperatures.5 Further increase of molecular weight can be

achieved through applying a post solid state polymerization

(post-SSP) step on a low-molecular-weight prepolymer. Post

SSP is widely applied in industry for the production of aliphatic

polyamides and thermoplastic polyesters (e.g., PET, PBT).10–12

It has been also studied for the synthesis of PA 4T,13 PA 4I,14

co-polyamides PA 46/4T,15 PA 4T/6T,16 and terpolyamides.17,18

In a recent publication,19 the effect of prepolymer properties

(particle size and aromatic diacid composition) and SSP param-

eters (temperature, time, sweep gas flow rate, and steam content

of the sweep fluid) was thoroughly studied for the post SSP of

PA 4T/46.

Solid state polymerization has been also investigated directly on

polyamide monomers (direct SSP, DSSP), avoiding the high

temperatures associated with melt technology and minimizing

side reactions and thermal degradation.20–23 Polyamides are

unique in the sense that the monomers are a combination of

amine base and carboxylic acid groups, hence they crystallize as

salts. Accordingly, the monomers can often be transformed into

a polymer at a temperature lower than both the melting point

of the salt and the polymer, under flowing nitrogen, vacuum, or

high pressure24–29; in many cases, the reactions are topotactic

and the monomer crystals can be converted into polycrystalline

polymer aggregates, permitting the preparation of highly ori-

ented polymers.28,29 Regarding aliphatic polyamide structures,

examples involve the DSSP of salts for the preparation of PA

26,30 PA 210,30 PA 46,27,30 PA 66,20,23–25,27,28,31 PA 610,24,27 PA

126,25,30 PA 1210.24,27 In the case of aminoacids, zwitterionic

starting materials have been e-aminocaproic acid for PA 6,32

aminoenanthoic (PA 7), aminoperlagonic (PA9), and aminoun-

decanoic (PA11) acid.33,34 Regarding aramides, 4-amino-400-

carboxy-p-terphenyl acid35,36 and phenoxycarbonyl-a-amino

acid37 were solid state polymerized resulting in poly[4,400(p-

terphenylene)amide] and poly(p-benzamide), respectively. In a

recent study,38 the successful direct synthesis in the solid state

of modified aramides from aromatic dicarboxylic acids and aro-

matic diamines containing ether linkages was also reported.

Regarding the DSSP mechanism, polymerization is considered

to follow the nucleation and growth model, according to well-

known principles of solid state chemistry.20–23,31 During the ini-

tial stages of salts DSSP, the volatile diamine component, can

escape, e.g., hexamethylenediamine (HMD), as it has been

observed for the cases of PA66 and 610 salts and also of differ-

ent aromatic polyamide salts.39–41 In a study of Papaspyrides

et al.,40 the diamine loss was proven to precede the water for-

mation in the case of PA 66, resulting in defective surfaces on

the salt crystal and thus creating active reaction centers. Follow-

ing nucleation, the DSSP reaches a growth stage. Especially at

high reaction temperatures, a transition from solid to melt state

has been observed. This melting phenomenon has been

explained by Papaspyrides et al.10,11,20,27,30 by the formation of

lower melting hydrated regions, formed by the accumulation of

the by-product (water).

Among the studied DSSP examples, that of

tetramethylenediammonium-terephthalate (4T salt) has not yet

been examined (Figure 1), despite the fact that the relevant poly-

amide poly(tetramethylene terephthalamide) (PA 4T) presents

increased interest in terms of properties and performance. It is a

semicrystalline polyamide with a melting point around 4308C13,16

and it cannot be polymerized directly from tetramethylenedi-

amine (TMD) and terephthalic acid either by a melt or a solu-

tion technique. One problem is the temperature-favored acid

catalyzed cyclization of TMD to mono-functional pyrrolidine

(PRD) and ammonia (NH3). Especially PRD can act as a chain

terminator.13 Another problem relates to the high melting point

of PA4T, which is inside the thermal degradation temperature

window.16 The development of a DSSP technology can be consid-

ered as an interesting and promising route for the production of

high quality PA 4T, restricting side reactions and thermal degra-

dation in the polymer during its production.

Regarding the gas atmosphere, two existing approaches were

considered in the current work for applying DSSP on 4T salt:

(i) heating under continuous inert gas flow (open system),

where water removal and the inertizing of the reactor are

ensured at atmospheric pressure,42 (ii) heating in an inert gas

atmosphere (closed system) under overpressure, where the loss

of monomers, oligomers, and by-product is hindered41; the

pressure of the reactor gradually increases (autogenous system)

due to water formation. To promote conversion, in a second

step the pressure is released. After reaching atmospheric condi-

tions, the reactor is flushed by passing a stream of inert gas

through the system (1st approach).40,43 The autogenous method

provides a means of keeping the diamine monomers in the

Figure 1. Synthesis and polycondensation reaction of 4T salt.
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reactor, while providing effective removal of water in the second

step in order to favour conversion. Particularly in the 4T salt

case however, the latter approach cannot be successfully applied

due to chemical instability of TMD.

A thermogravimetric analysis (TGA) instrument was used as a

micro-scale DSSP reactor, in order to exclude heat and mass

transfer limitations. The DSSP progress was evaluated by con-

tinuous monitoring of the weight loss of the reacting mass,

which is correlated to the conversion to polymer via the release

of water. In addition, some diamine is also lost.40,44 Reaction

temperature (TDSSP), heating rate to the reaction temperature

(HR), and size of the opening in the reactor lid were systemati-

cally varied and derived products were analyzed. From the

results obtained, the objective is to define a DSSP polyconden-

sation mechanism of the 4T salt, suitable for proposing a

scaled-up DSSP process valid for a range of terephthalamide

salts.

EXPERIMENTAL PROCEDURE

Materials

Two morphologically different 4T salt grades were used as start-

ing materials for the DSSP reactions. Salt 1, received in the

form of fine powder, was prepared as described in previous

work of our group42 and was kindly provided by DSM Ahead

B.V. Salt 2 was crystallized from an aqueous solution and was

precipitated in the form of thick rectangular crystals by cooling.

SEM micro-photos on the herein used salts (Figure 2) reveal

that salt 1 consists of irregular particles of at most 0.3 3

0.2 mm2, while the dimensions of the single crystals of salt 2

were estimated at 3 3 4 mm2. Thermal and analytical charac-

teristics of the particular monomers, as determined by TGA/

DSC analysis and titrations, are given in Table I and Figure 3.

Polyamide 66 salt was used as a reference material and is a

commercial grade by BASF (AH salz).

DSSP Runs

DSSP runs were carried out in a Mettler Toledo TGA/DSC 1

HT instrument, using 40 lL aluminum crucibles and nitrogen

as carrier gas, controlled to a flow rate of 25 mL min21. About

15 mg of dried 4T salt was placed in the crucible, which was

covered with a lid. The lid had a hole of either 50 lm or 2 mm

on top. The samples were inserted into the TGA chamber at

308C (T0), preheated to 1508C (T1) at a rate (HR) of

158C min21 and further heated up to (TDSSP) with several HRs

ranging from 0.5 to 208C min21. Finally, an additional isother-

mal step at TDSSP was applied for periods from 3 to 23 h. After

Figure 2. Morphology of 4T salts as observed by SEM. (a) Salt 1, (b) Salt 2.
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the isothermal step the material was cooled almost instantane-

ously to room temperature.

TGA/DSC Analysis

Coupled TGA/DSC measurements on both the 4T salt grades

and their derived PA4T products were carried out in a Mettler

Toledo TGA/DSC 1 HT instrument. Nearly 4–6 mg of salt or

polymer were placed in 40 lL aluminum crucibles and were

sealed with a lid having a hole on top. The 4T salts were heated

from 30 to 5308C with 108C min21, while polyamide products

were heated from 30 to 5508C with 208C min21. In both cases

nitrogen flow was controlled at 25 mL min21.

1H NMR Analysis
1H NMR spectra were received in a Bruker Advance 500 MHz

instrument and the solvent used was deuterated sulfuric acid

(D2SO4). In a typical spectrum of a PA4T sample, all character-

istic peaks can be assigned to hydrogen atoms in the polymer

chain and in the polymer end groups. This is shown with corre-

sponding numbers in Figure 4. To calculate the number

average molecular weight (Mn ), only the end groups are taken

into account, including [2PRD] and [2COOH]TA, i.e.,

Mn5 2x106

½2NH2�1½2COOH �1½2PRD�1½2COOH �TA
. End group concentra-

tions are calculated by the end group signal intensities relative

to the signal intensities of the polymer backbone and a detailed

example of the calculations used herein is given in Table II.

SEM Microscopy

Scanning electron microscopy (SEM) was performed with a

Hitachi Tabletop TM3000 microscope, with distance measuring

capability. The microscope is equipped with a high-sensitivity

Figure 2. Continued.

Table I. Thermal and Analytical Properties of 4T Salts

4T salt grades Tm (8C) DHf (J g21) Td (8C) [ANH2] (meq kg21) [ACOOH] (meq kg21)

Salt 1 287.5 524.3 287.9 7950 7950

Salt 2 298.7 532.7 299.8 7865 7868
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semiconductor BSE detector, and operated at 15 kV on the fila-

ment. Samples were coated with a Au/Pd coating using a Quo-

rum Technologies SC7620 sputter coater with a sputtering time

of 150 seconds at a current of 10 mA.

RESULTS AND DISCUSSION

Semi-aromatic polyamide salts containing terephthalic acid

(TA), and in particular 4T salt, exhibit a distinct thermal behav-

ior as explained in another article of our group.43 More specifi-

cally, a comparative DSC measurement (Figure 5) between a

commercial 66 salt grade and 4T salt reveals this particular spe-

cial melting behavior of TA-based polyamide salts.

Accordingly, 66 salt (Figure 5) shows a sharp endotherm peak

at 203.18C during DSC heating, which corresponds to the actual

melting of the particular salt crystal. By integrating the area

below the specific endotherm, energy absorption of 252 J g21

was recorded. Subsequently at 216.68C another endotherm is

observed which is related to the melt polymerization reaction of

the salt. This was further supported by the enthalpy value of

307 J g21 which corresponds well with the heat of vaporization

of water at atmospheric pressure, which is calculated as 310

J g21 per g 66 salt when fully converted to PA66 and water.

Therefore, it becomes evident that in the case of aliphatic salts,

like 66 salt, the crystal first melts and then reacts to polymer.

Nevertheless, both phenomena are clearly separated in time and

show a total enthalpy value of 559 J g21.

On the contrary, in the case of 4T salt (Figure 5) only one

endotherm at 287.58C was observed, with an enthalpy value of

587 J g21. Further, the polymer was retrieved from the crucible

without visible signs of melting. Therefore, it can be concluded

that in the case of TA-based salts the endotherm in the DSC

curve includes destruction of the salt crystal structure, polymer-

ization, water evaporation, crystallization of the formed poly-

mer, which all occur simultaneously.

A DSSP procedure and the pertinent reaction parameters for

polymerizing 4T are examined below:

Defining the Proper Reaction Temperature Zone

Based on Figure 3, an endotherm peak was observed at 287.58C

for Salt 1, while the onset of the respective mass loss (Tonset),

which matches with the onset of the DSC peak, was found at

285.98C. Considering also that the monomers used are usually

characterized by high sensitivity to reaction temperature varia-

tion and in order to inhibit any possible degradation or transi-

tion to the melt state,38,45 the reaction DSSP temperature zone

was arbitrarily selected at about 30–408C below Tonset

(TDSSP 5 250–2608C).

The Effect of Covering the Crucible

Based on the above hypothesis regarding the reaction tempera-

ture, two different 4T samples of salt 1 were polymerized iso-

thermally for 3 h at TDSSP 5 2608C in the TGA chamber, by

preheating from 150 to 2608C with 1.38C min21, mimicking

heating rates of large-scale equipment. In the first experiment,

the crucible was covered with a lid having a 2-mm diameter

Figure 3. Coupled TGA/DSC curves of 4T salt grades 1 and 2, scanned

from 30 to 5308C with 108C min21.

Figure 4. 1H NMR spectrum of PA4T with interpretation of the peaks. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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hole, while in the second experiment the hole in the lid had a

diameter of just 50 lm (Figure 6). It seems that the lower

diameter hole in the lid resulted in reducing the total mass loss

at the end of the reaction (t 5 273 min) from 18.1 to 15.6 wt %

under otherwise identical conditions. Both samples however

exceed the theoretical mass loss of 4T salt (14.2 wt %) by 1.4

and 3.9 wt %, respectively, indicating that apart from water,

some volatile TMD (Tb
0 5 1588C) also escaped. These mass loss

values can be translated to 159 and 443 mmol TMD per kg of

salt for 50 lm and 2 mm holes, respectively, indicating that in

both cases an excess of acid end-groups should be expected,

which should be higher for the 2-mm crucible case.

Besides the apparent difference in TMD loss, also a difference in

the slope of the two TGA curves is observed, continuing during

the last hour of the DSSP process, when conversion is practically

completed (Figure 6). For Salt 1, the TGA curve for the crucible

with the 50-lm hole, reached a constant plateau after t 5 170

min, while in the respective 2-mm hole case the mass decreased

continuously already from t 5 150 min. Assuming that this con-

tinuing mass loss is related to the thermal stability of the poly-

mer formed, it seems that the slower reacting system polymerized

in the covered cup, has almost eight times higher thermal stabil-

ity, since the calculated slopes are 8 3 1024 wt % min21 and 6.3

3 1023 wt % min21 for 50 lm and 2 mm holes, respectively.

Furthermore, in the 2 mm case the reaction proceeds with 128%

higher speed compared to the 50 lm case, since t1/2, i.e. the time at

TDSSP required to reach 50% of conversion, was calculated at 15.4

and 35.2 min, respectively. A possible explanation for this phenom-

enon is that the vapor inside the crucible with the 50-lm hole was

more slowly refreshed than in the 2-mm cup, leading to a more

enriched atmosphere of TMD vapor thus delaying the DSSP initia-

tion. In contrast, in the 2-mm case, the formed TMD vapor is imme-

diately swept away by the nitrogen stream of the TGA chamber,

thereby lowering the TMD and water vapor pressure. Thus, a TMD

vapor seems to stabilize the 4T crystals and delay their reaction to

polymer, which starts with the destruction of crystals (nucleation

stage). Such stabilizing effects of volatile solvents surrounding a crys-

tal, when the same solvent is part of the crystal structure are generally

known by single crystal crystallographers.

Figure 5. DSC curves of 66 and 4T polyamide salts scanned from 30 to

3808C with 108C min21.

Table II. End-group Determination from 1H NMR Spectra of PA4T Products Derived from Salt 1 and 2

PA4T samples

End—groups Mn
a calculated by

end-groups[ACOOH]TA [ACOOH] [ANH2] [APRD]

meq kg21 meq kg21 meq kg21 meq kg21 g mol21

4T 1 50 lm 48 762 29 227 1876

4T 1 2 mm 75 934 13 154 1701

4T 2 50 lm 29 758 45 170 1996

4T 2 2 mm 466 884 31 132 1322

Mn is calculated from the equation Mn 5 2x106

½2NH2 �1½2COOH�1½2PRD�1½2COOH�TA
.

Figure 6. TGA curves of DSSP reaction of 4T salt. Comparative curves between different salts and 50 lm or 2 mm lid holes.
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In addition, 1H NMR analysis on the obtained PA4T products

used in order to verify the hypotheses and conclusions are

drawn from the aforementioned TGA data. Because of the high

accuracy obtained with only tiny samples of 5–10 mg, 1H NMR

is especially well suited for determining the chemical composi-

tion of the polyamides produced in a TGA reactor, since these

typically hold samples of 15 mg. Other analytical techniques,

like potentiometric titrations and/or solution viscosity determi-

nation generally require several grams of material.

The analytical data (Table III) calculated from the 1H NMR

spectra are completely in line with the assumptions made from

the TGA data above, and indicate that Mn values range from

1300 to 2000 g mol21 and are dependent on process parameters

as explained below. More specifically, the samples polymerized

in the crucible with the 2-mm hole show about 18.5% higher

acid end groups and about 55% lower amine ends than the

respective samples from the crucible with the 50-lm hole, veri-

fying that way that the difference in mass loss determined by

the TGA was correctly attributed to the higher TMD loss. In

addition, the samples from the cup with the 50-lm hole, shows

about 32% higher PRD content than the respective samples

from the 2-mm one, as it was assumed above, further lowering

the acid end-group content and offering a better thermal stabil-

ity to the polymer. Free TA was found 36% increased for the

sample delivered from the 2 mm case, created by the higher dia-

mine loss. However, the situation is complicated by the fact that

some free TA may also evaporate, even though it has a low

vapor pressure (about 117 Pa at 2608C).46 Based on the total

overview of the chemical composition of the two materials, the

calculated number average molecular weight (Mn ) is 9.3%

higher for PA4T derived from the 50-lm case.

Finally, turning to the thermal properties of the derived PA4T

products, the effect of the severe diamine loss is evident also in

this case. Accordingly, (Figure 7, Table IV) the polyamide prod-

uct from the 50-lm case, shows slightly higher values in Tm,

DHm, and Td, but lower residue compared to the respective

2 mm case. The differences are insignificant in this case, but

will be much more pronounced for the case of salt 2 below.

These data support aforementioned DSSP TGA and 1H NMR

results. Once more, it seems that when TMD loss is limited by

Table III. Calculations of End Group Concentration from 1H NMR Spectra

Peaks Formulas
*Molar mass (M)
(g mol21) H

Shift
(ppm)

Intensity
(I)

m 5 M*I/H
(g)

(1000*m/mtot.)/
M (mol kg21)

End groups
(meq kg21)

2 87.15 2 3.07 0.19 8.28 0.029 29

3a 70.15 2 2.01 1.46 51.38 0.227 227

4 132.16 1 86.15 5 218.30 4 7.88 56 2787.69 3.957 –

5a 149.14 2 7.81 4.92 366.88 0.762 762

6 166.13 4 8.18 0.31 12.88 0.024 48

Total mass (mtot.) 3227 Total end groups 1066

*MWTA 5 166.13 *MWTMD 5 88.15 *MWPRD 5 71.15 Mn (g mol21) 1876

Example given for sample 4T 1 50 lm.

Figure 7. Coupled TGA/DSC scan on PA4T products of salt 1 derived from 50 lm and 2 mm lid holes. (Scanned with 208C min21).
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lowering the diameter of the hole in the lid, then a subsequent

reduction of acid groups and/or free TA is achieved, resulting in

better thermal properties and stability of the final polyamide

material and reduced degradation side reactions.

The Effect of Salt Morphology

To further prove these first experimental observations consider-

ing salt 1 and comprehend deeper into the mechanism of the

DSSP of 4T salt, similar DSSP runs with varied hole diameters

of the lids on crucibles were repeated for salt 2, which consists of

much larger crystals (more than 10 times in diameter, Figure 2).

The TGA curves of salt 2 (Figure 6), show total mass loss values

of 15.8 and 20.5 wt % for 50 lm and 2 mm cases, respectively. If

the theoretical loss of reaction water of the 4T salt is subtracted

from these values, then the calculated TMD loss is 203 and 824

mmol kg21 of salt, meaning that the diamine loss is 44 and 381

mmol kg21 higher than in the previous case of salt 1. Further-

more, regarding the thermal stability of the formed PA4T after

t 5 210 min, similar weight loss behavior with the DSSP of salt 1

was observed. More specifically, the calculated slopes of the

curves were 1.2 3 1023 wt % min21 and 1.44 3 1022 wt

% min21 for the 50 lm and 2 mm cases, respectively, demon-

strating that the formed PA4T gets 12 times more thermally sta-

ble only by limiting the hole in the lid of the crucible. However,

this difference in thermal stability between the samples from 50

lm and 2 mm holes of the crucible of salt 2 products is even

higher than those of salt 1 reported above, associated with the

86.5% higher diamine loss calculated in this case (i.e., salt 2).

Turning to the rate of the DSSP reaction of salt 2, it seems that

in both 50 lm and 2 mm lid holes, the speed is almost the

same, since t1/2 was calculated at 51.1 and 51.7 min, respec-

tively. However, if we compare the t1/2 values of the two differ-

ent salts, the DSSP of salt 2 proceeds 47 and 232% slower than

salt 1 for the 50 lm and 2 mm hole cases, respectively. This

behavior can be attributed to a combination of two factors. On

the one hand, salt 2 shows about 118C higher endotherm peak

than salt 1, meaning that at the same TDSSP (i.e., 2608C) the

mobility of the end groups is lower for the case of salt 2, which

also explains the higher diamine loss observed. On the other

hand, the much larger particle size (or lower specific surface) of

salt 2 should inhibit the diffusion of water out of the system,

delaying that way the reaction progress.

The difference in chemical composition, as determined by 1H

NMR analysis (Table III), of the two PA4T products derived by

salt 2 was more pronounced than in the respective cases of salt

1 mainly due to the much higher TMD loss, which resulted in a

high free TA content of about 4 wt % for the 2-mm case of salt

2. The highest acid group content leads to the lowest calculated

Mn and also to the poorest thermal properties (Figure 8, Tables

III and IV). In contrast, the sample with the crucible having a

50-lm hole of salt 2 exhibits the highest amine ends content (45

meq kg21) and correspondingly the lowest total acid group con-

tent (787 meq kg21). In addition, PRD was 25% lower than the

respective covered sample of salt 1, leading to a 6% higher Mn.

This implies that either the PRD formation is less for the case of

salt 2, due to the stronger attachment of the diamine in a perfect

salt crystal, or that PRD bounds easier to the higher specific sur-

face of acid groups that the fine powder salt 1 provides.

The Effect of Heating Rate

Based on the findings regarding the use of the lid, five different

4T salt samples of salt 1 were polymerized isothermally at

2608C for 2 h in the TGA chamber with a lid with a 50-lm

hole on top, but in this case were preheated from T0 (e.g.,

1508C) to the final TDSSP (e.g., 2608C) with five different heat-

ing rates (HR) (e.g., 0.5, 1, 5, 10, and 208C min21) as shown in

Figure 9. The slopes of the TGA curves are parallel, indicating

the same reaction mechanism, but this variation in HR results

in a preheating stage lasting from 5.5 to 220 min. In addition, a

slight difference of 0.25 wt % in mass loss was observed

between 0.5 and 208C min21 preheating rates. This value seems

low, but if the high reproducibility (i.e., deviation of 0.02 wt %

in mass loss in five repeating runs) of the DSSP experiments in

Table IV. Thermal Properties of PA4T Products as Determined by

Coupled TGA/DSC Measurements from 30 to 5508C with 208C min21

PA4T
samples

Tm

(8C)
DHm

(J g21)
Td

(8C)
Residue
(wt %)

4T 1 50 lm 429.5 77.8 481.6 7.8

4T 1 2 mm 426.8 76.5 476.0 9.0

4T 2 50 lm 434.1 67.4 473.8 6.5

4T 2 2 mm 422.0 22.5 460.9 10.8

Figure 8. Coupled TGA/DSC scan on PA4T products of salt 2 derived from 50 lm or 2 mm lid holes. (Scanned with 208C min21).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4327143271 (8 of 14)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


the TGA is taken into account, then it is understood that it is

worthwhile mentioning. Moreover, 1H NMR analysis on the

derived PA4T samples reveals a clear correlation between the

end-groups of the products and the applied HR (Figure 10).

Accordingly, by increasing the HR from 0.5 to 208C min21,

[ANH2] is increasing 18.6% while [ACOOH] is decreasing by

4.3%. This should be expected, since by lowering the HR, the

material is exposed to a temperature range where reaction rates

are insignificant (e.g., 150–2408C) for a longer time, and volatile

TMD is lost through evaporation and/or cyclization to PRD,

leaving the remaining solid with an excess of acid groups. Con-

sequently, in order to further restrict the TMD loss high HR

should be applied. This is possible on the micro-scale of the

TGA reactor, where accurate temperature control is achieved

and heat and mass transfer limitations are virtually absent.

However, in larger scale reactors (lab autoclaves, semi-pilot or

plant reactors) HRs as high as 10 or 208C min21 cannot be

applied. Therefore a HR of 18C min21 was used in subsequent

experiments as a compromise between large and micro-scale

capabilities.

Effect of Reaction Temperature

Following the above optimizations of the lid and the heating

rate of the preheating stage, the effect of temperature on the

DSSP of 4T salt was also evaluated. The 4T salt samples were

polymerized isothermally, at five different temperatures i.e., 250,

252.5, 255, 257.5, and 2608C for 22, 14, 9, 6, and 2 h, respec-

tively, (Figure 11). All five samples were preheated to 1508C (at

208C min21) and then to each TDSSP with a HR of 18C min21.

The initial time (t0) of each experiment, is the time at which

the experiment begins (308C).

From the original TGA curves, plots of TDSSP vs. t1/2, total mass

loss and TMD loss are presented in Figure 12. t1/2 is defined as

the time between reaching TDSSP and the time at which 50% of

conversion is reached. The total mass loss is compared to the

theoretical loss of 4T salt (14.2 wt % in each case), and

[ANH2] loss is estimated as the amine end group deviation

from the theoretical mass loss normalized in meq kg21 of salt

[i.e., [ANH2]loss 5 20003(mf – mtheor.)/88.15], where mf is the

final mass loss of each experiment and mtheor. is the theoretical

mass loss of 4T salt (14.2 wt %). These three tools provide an

indirect measure of the reaction progress. Accordingly, tempera-

ture seems to be the dominant parameter in the DSSP of 4T

salt, since t1/2 was increased from 74.4 to 675.5 min (ca., 900%)

with a shift of 108C in TDSSP (from 260 to 2508C). Even with a

smaller shift of 2.58C (2608C to 257.58C) an increase of 91 min

(ca., 122%) in t1/2 was observed. This is in line with the high

thermal sensitivity of the DSSP observed in XT salts of longer

aliphatic diamines reported by Volokhina et al.34,44 However,

total mass loss decreases by 5.6% from 260 to 2508C. This indi-

cates that when the reaction proceeds at lower temperatures,

less TMD evaporates, which is shown in the plot of [ANH2]

loss vs. TDSSP (Figure 12). Accordingly, less TMD i.e. 379 vs.

Figure 9. TGA curves of 4T salt polymerized with different HRs between T0 and TDSSP.

Figure 10. Plots of end-groups determined by 1H NMR vs. HR between T0 and TDSSP.
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189 meq kg21 was lost when TDSSP was 108C lower. However,

this reduced TMD loss comes at a cost of 20 h of additional

reaction time.

Furthermore, from the experimental DSSP data at five different

temperatures, the estimation of kinetic parameters such as the

activation energy (Ea) and pre-exponential factor (A) of 4T salt is

also possible. Generally, the reaction rate of a chemical reaction

(or a general kinetic model) is expressed through eq. (1)47–49:

da

dt
5f ðaÞKðTÞ (1)

where a is the conversion of the reaction or in the case of TGA

data the normalized mass loss, calculated from the original data

using eq. (2), where mt is the mass recorded at any given time,

mi is the initial mass of salt and mf is the final mass reached at

the end of the end of the DSSP reaction.

a5
mi2mt

mi2mf

(2)

In addition f(a) represents a temperature independent function

of the mass loss and K(T) a function of temperature of the

Arrhenius type,

da

dt
5f ðaÞAe2 E

RT (3)

where A, E, T, and R are the pre-exponential factor, the activa-

tion energy (J mol21), the temperature in K, and the gas con-

stant (8.314 J mol21 K21), respectively. Hence, rate of change

of conversion can be expressed as follows;

da

dt
5f ðaÞAe2 E

RT (4)

A typical method suitable both for isothermal and dynamic

experiments is that of Friedman47 and when applied to eq. (4)

the following is derived:

lnðda
�

dt
Þ5lnðf ðaÞÞ1lnA2E=RT (5)

Plotting ln(da/dt) against 1/T, the slope yields the value of E/R

for any given a. Figure 13 shows this plot for five different iso-

thermal experiments. Consequently E can be calculated by mul-

tiplying the derived slope with the gas constant. The average

calculated activation energy is equal to 535.2 kJ mol21, but the

actual E values are shown in Table V and the variation of E

with conversion is shown in Figure 14. This increasing trend of

the activation energy values with conversion can be anticipated,

since in DSSP the starting material is the salt containing the

maximum possible number of end groups. As the reaction pro-

ceeds to higher conversions, the end groups are being con-

sumed, leading to prepolymer intermediates of increasing chain

length. In addition, this increasing dependence of E versus a,

reveals also a reaction in which competitive phenomena occur.52

Indeed this is valid in our case and in accordance with the

herein proposed mechanism of the DSSP of 4T salt: Diamine

Figure 11. TGA curves of 4T salt polymerized at five different TDSSP.

Figure 12. Calculated t1/2, mass loss and TMD loss by TGA data of different DSSP temperatures.
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evaporation takes place in the beginning of the reaction creating

nuclei, which constitute the active centers for promoting the

reaction.20,27,30,40 On the other hand, when the condensation

begins, water is formed, which is also evaporated. These two

phenomena can overlap, especially at low conversions (0–0.2),

where Figure 14 shows a wide shoulder at low conversion.

Furthermore, in order to calculate the rest of the kinetic param-

eters, such as A and K(T), it was assumed that the function f(a)

is equal to 1-a, which fits the obtained TGA data best. Then eq.

(5) becomes:

lnðda
�

dt
Þ5½lnð12aÞ1lnA�2E=RT (6)

which allows the extraction of the pre-exponential factor from

the intercept of the aforementioned linear plots. The obtained A

values are also shown in Table V, and an average estimation is

6.789 3 1051. Substituting the average values of A and E in eq.

(3) we obtain the Arrhenius function K(T) that describes the

DSSP of 4T salt:

K ðTÞ56:789310531e
264:367=T (7)

Total Assessment of DSSP Reaction of 4T Salt

In overall, the development of the DSSP process of 4T salt

showed that part of the TMD was lost, since in all cases mass

loss exceeded the theoretical one and all products have an excess

of COOH over NH2 groups. In fact, the herein results con-

firmed a previous work of Papaspyrides et al.,35 where the loss

of a less volatile diamine (HMD) preceded water formation and

was found necessary in order to create defects on the salt crystal

and thus initiate the DSSP reaction. Furthermore, through the

herein suggested technique, the escaped TMD amount can be

limited by adjusting the hole on the lid of the micro-reactor.

Subsequently, this system was driven to complete conversion by

an additional isothermal step at TDSSP, and the quality of the

PA4T formed was assessed satisfactory based by its thermal sta-

bility and lower COOH content. On the contrary, when the

DSSP was performed with a 2-mm lid hole, the higher TMD

loss resulted in higher COOH content. This resulted in low

quality polyamide with reduced thermal stability.

Last but not least, another very interesting issue is that by

applying this DSSP process on the 4T salt, the solid character of

the final product is retained throughout the process and no

transition to the melt is observed. This was evident macroscopi-

cally in all herein derived PA4T products, but also in the micro

level as it is shown by SEM pictures (Figure 15). Accordingly, it

is obvious that the individual 4T salt particles of both salt

grades (Figure 2) retain their initial general morphology and do

not show any agglomeration or sintering of the neighboring

particles. In higher magnification (Figure 15), holes, cracks, and

a slight quasi-melt transition could be noticed, but could be

attributed to the paths that reaction water created in order to

escape and are considered insignificant, since the outer particles

remain in tact.

Summarizing, this work focused on developing a total DSSP

process for the polymerization of 4T salt in the micro scale,

through an alternative nonisothermal technique for the first

time. Accordingly, unlike the typical isothermal DSSP processes,

the herein described cycle, consists of three stages:

i. preheating the starting material from ambient temperature

(i.e., T0 5 308C) to a temperature at which SSP is antici-

pated to have no influence on conversion (i.e., T1 5 1508C),

at a high rate (158C min21)

Figure 13. Friedman method, plots of ln(da/dt) vs. 1000/T.

Table V. Determination of Kinetic Parameters

a Ea (kJ mol21) lnA A

0.1 517.5 110.9 1.6 3 1042

0.2 525.8 113.3 1.5 3 1045

0.3 526.4 113.8 2.5 3 1045

0.4 526.8 114.1 3.7 3 1045

0.5 528.1 114.8 6.9 3 1045

0.6 531.6 115.9 2.1 3 1043

0.7 539.1 117.9 1.6 3 1039

0.8 551.1 121.1 4.1 3 1050

0.9 569.9 126.1 6.1 3 1046

Average 535.2 116.4 6.8 3 1051
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ii. heating from T1 to TDSSP under the faster possible heating rate,

in order to inhibit the formed TMD vapor to escape the system.

iii. heating the material isothermally at TDSSP. To limit further TMD

evaporation or cyclization, TDSSP should be the lowest possible.

Following this uniform process and by adjusting the proper

opening of the micro-reactor (i.e., crucible), polyamide 4T

products can be received retaining their initial solid character

throughout the polymerization course, avoiding thus completely

Figure 15. Morphology of PA4T products as observed by SEM. (a) PA4T from salt 1, (b) PA4T from salt 2.

Figure 14. Variation of Ea versus the conversion (a), from isothermal experiments at five different temperatures.
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any melt/solution prepolymerization step and operating under

milder reaction conditions. Accordingly, the herein described

DSSP process can be considered as a green technology, feasible

even at larger than TGA scale for a variety of terephthalamides.

CONCLUSIONS

The aim of this work was to develop and optimize a direct solid state

polymerization cycle (DSSP) of 4T salt in the micro scale of the TGA

reactor, excluding completely any solution/melt prepolymerization

step. More specifically, the DSSP procedure involved a preheating

stage from ambient to reaction temperature with different heating

rates and a final isothermal stage at the reaction temperature. As a

result, mild conditions were applied and resulted in polyamide 4T

grades with high polymerization rates and minimized thermal degra-

dation, observed as residual isothermal mass loss after polymeriza-

tion. A reaction mechanism was suggested, according to which the

loss of the readily volatile TMD is creating defects on the surface of

the salt crystal and thus accelerates the nucleation stage of DSSP.

However, the quality of the end product is dependent on the TMD

loss extent because it results in a high excess of carboxyl groups,

which favors polyamide degradation reactions. The diamine loss can

be limited through increasing the heating rate of the preheating step,

limiting the vent size, and reducing the reaction temperature, result-

ing in final products of higher quality, however the inevitable

temperature-favored cyclization of TMD to PRD inhibits a high

molecular weight build up. The herein suggested DSSP cycle was

proven feasible as a green polymerization technique for PA4T, and

can be expanded to other semi-aromatic terephthalamides.
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