
 

 

ABSTRACT 

 

ARANGDAD, KIARASH. Photodegradation of Co-polyester Films: A Mechanistic Study. 

(Under the direction of Dr. Harold S Freeman and Dr. Ahmed El-Shafei). 

 

This study focused on characterizing the photodegradation mechanism of polymer 

films based on an aromatic copolyester known as PETG, which contains CHDM (1,4 

cyclohexanedimethanol), as well as Tritan, which contains TMCD (tetramethyl-1,3-

cyclobutanediol) to provide a better understanding of polymer structure-degradation 

relationship. In addition,  the effect of two commercial UV absorbers, Cyasorb 1164 and 

Cyasorb 3638, at different concentrations on degradation of copolyester films was 

investigated to identify the performance of Cyasorb 1164 (triazine-based) versus Cyasorb 

3638 (benzooxazin-4-one-based).  

Characterization of irradiated copolyester films and the resulting degradation 

products was conducted in this research by employing analytical methods such as Fourier 

Transfer Infrared Spectroscopy (FT-IR), Fluorescence Spectroscopy, UV/Visible 

Spectroscopy, Gel Permeation Chromatography (GPC), Liquid Chromatography Mass 

Spectroscopy (LC-MS), Time of Flight Secoundary Ion Mass Spectroscopy (ToF SIMS), 

Nuclear Magnetic Resonance (NMR) and X-Ray Photoelectron Spectroscopy(XPS). GPC 

analysis indicated an increase in the molecular weight distribution of irradiated films due to 

chain scission during photodegradation. The scission of C-O bonds of ester groups through a 

Norrish I reaction was supported by TOF SIMS and LCMS while NMR (COSY, HSQC, 

HMBC and 1H NMR) analysis showed hydrogen abstraction from the tertiary carbon of 

cyclohexane units. It is worthwhile to highlight that the hydrogen of the trans configuration 

in CHDM presented in PETG and Tritan, is lost due to hydrogen abstraction by primary free 



 

 

radicals. Free radical recombination and oxidation can produce photodegradation products. 

Photodegradation products (containing acid and alcohol end groups) were established using 

FT-IR, LC-MS and XPS analyses. TOF SIMS and LC-MS results indicate that C-O bond of 

the ester groups is the susceptible bond to cleave and forms a radical on PETG and Tritan. 

Fluorescence emission of photooxidized films demonstrated the formation of mono and 

dihydroxyterephthalate species. The subsequent oxidation of the polymer alkyl radical 

generates a hydroxy radical which can participate in free radical attack on the aromatic ring.  

Intramolecular rearrangement of Norrish II reaction is also responsible for the formation of 

carboxyl end groups. Photo cleavage following a Norrish Type II reaction on PETG seems to 

be the dominant reaction based on FT-IR, and XPS analysis results. A change in 

configuration from trans to gauche due to irradiation examined by FT-IR and XPS valence 

bands suggests the dominance of a Norrish type II photochemical reaction as a mechanism of 

degradation for PETG. FT-IR and high resolution XPS analysis confirmed that 

photodegradation mechanism of Tritan follows Norish Type I and Baeyer villiger 

rearrangement.  

The influence of two commercialy available UV absorbers on the photostability of 

PETG and Tritan films was investigated. The films without the UV absorber and films 

containing different concentrations (%w/w) of Cyasorb 1164 and Cyasorb 3638 were 

irradiated. FT-IR spectra of the irradiated PETG and Tritan films containing 10 % of Cyasorb 

1164 showed less change in intensity of the broad peak corresponding to OH group, 

compared to the films containing 10 % Cyasorb 3638 indicating that Cyasorb 1164 is a better 

photostabilizer. Consistently, XPS results showed that the decrease in the C/O ratio, due to 

photodegradation, was greater in films containing Cyasorb 3638 compared to that containing 



 

 

Cyasorb 1164. The superior performance of Cyasorb 1164 can be attributed to its strong 

overlap with the absorption of PETG and Tritan.  The energy differences between the 

HOMO, ground state oxidation potnetial, of the copolyemrs and Cyasorb 1164 is greater than 

those for Cyasorb 3638, which indicate more negative free energy dissipation in the former. 

Furthermore, Cyasorb 1164 goes through an excited state intramolecular proton transfer 

(ESIPT), which disspiates the energy effectively in a radiationless mechanism. On the other 

hand, Cyasorb 3638 may dissipate the absorbed radiation energy through ring-opening-ring-

closure mechanism, which can be ineffective in the presence of moisture, rendering the 

energy dissipation mechanism irreversible.  
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Chapter 1. Introduction 

Thermoplastic polyesters and copolyesters based on polyethylene terephthalate (PET) having 

unique properties such as higher glass transition and higher melting temperature, have a 

broad range of outdoor applications from agriculture, architecture to automotive sector. A 

derivative of PET containing cyclohexanedimethanol (CHDM) was produced by adding a 

third monomer into the polymer composition [1-4] or by melt mixing and solution casting 

PET with a cyclohexane based polymer [5,6]. Aromatic copolyesters known as PETG, which 

contain CHDM (1,4 cyclohexanedimethanol), and Tritan, which contain TMCD (tetramethyl-

1,3-cyclobutanediol), are of interest for outdoor applications. However, weathering based 

degradation due to prolonged UV exposure is limiting their outdoor lifetime. In some cases 

such as photovoltaic devices [7] and packaging products [8], exposure to light can cause a 

change in the molecular structure and properties of the product, including mechanical 

properties, loss of gloss and yellowing [9-13]. Consequently, a better understanding of the 

degradation mechanism using standard methods [14-20] is of great interest.  

The goal of the proposed research is to employ the fundamental principles of 

chemistry, photochemistry, molecular modeling and photophysics to characterize the 

weathering of PETG and Tritan in order to provide a viable approach to extending the 

outdoor application of these important polymers. Since it has been found from the literature 

review (Chapter 2) that Norrish type I and Norrish type II mechanisms [16-24] contribute to 

the weathering of polyester films, the first objective of this research is to characterize the 

effects of irradiation time on the photodegradation of these films and provide experimental 

evidence for the proposed mechanism.  
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The initial goal was met by irradiating films from 48 h to 240 h (at 48 h intervals in a 

weatherometer) and extracting the resultant films with a proper solvent in order to isolate the 

degradation products. The degradation products were characterized by several methods 

(Chapter 3), including Gel Permeation Chromatography (GPC), Liquid Chromatography 

Mass Spectrometry (LC-MS), Fourier Transfer Infrared Spectroscopy (FT-IR), RAMAN 

Spectroscopy, Fluorescence Spectroscopy, UV Visible spectroscopy, X-ray Photoelectron 

Spectroscopy (XPS), Time of Flight Secondary Ion Mass Spectrometry (ToF SIMS) and 

Nuclear Magnetic Resonance Spectroscopy (1HNMR , 13CNMR, HMBC, COSY and HSQC 

NMR).   

The second objective was to study the effects of polymer additives on 

photodegradation and also investigate the degradation of photostabilizers in irradiated 

polymer films (Chapter 4). This aspect of the study includes comparing the protecting effects 

of different commercial UV absorbers, Cyasorb 1164 and Cyasorb 3638. This work also 

involves the use of molecular modeling studies for a better understanding of degradation 

products and the energy transfer mechanisms.   

The PETG and Tritan films contain different levels (1, 5 and 10 %) of additives 

irradiated at 48 h intervals in a weatherometer. Weathered films were characterized based on 

quantitative measurements of photodegradation materials using GPC, XPS and ATR-FT-IR 

spectroscopy in order to compare the performance of different UV absorbers, triazine-based 

versus benzoxazinone based, at different concentrations.  

Photodegradation mechanisms of model compounds containing terephthalic acid 

units, based on 1, 4-cyclohexanedimethanol (CHDM) and tetramethyl-1-3-cyclobutanediol 
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(TMCD) were proposed according to results from XPS analysis (Chapter 5). Density 

Functional Theory calculations were performed to predict the degradation products, to 

explain the XPS spectra of model compounds and to understand reactivity of model 

compounds as well as possible intermediates and products.  
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Chapter 2. Photodegradation of Polyethyleneterephthalate-based 

Substrates 

2.1. Poly (ethyleneterephthalate) based co-polymer 

Polyethyleneterephthalate (PET) has been used in a broad range of applications, as a fiber in 

textiles or as a film in packaging and food containers. Aliphatic polyesters play a key role in 

packaging because of their enzymatic degradation and biodegradability [1].  Some specific 

properties of conventional polyesters such as polyethylene terephthalate or 

polybutyleneterephthalate require changes in order to improve processability. Melting point 

and glass transition temperature (Tg) of the polymer need to be modified to achieve superior 

heat deflection property for certain applications [2, 3]. The tendency of PET to crystallize 

needs to be carefully controlled to fulfill specific requirements of end products such as 

transparency, especially for thick films.  

 PET can be polymerized by terephthalic acid (TPA) or dimethylterephthalate (DMT) 

with ethyleneglycol (EG) through esterification and condensation processes. PET is highly 

sensitive to heat and oxidation, which can result in its discoloration, especially during melt 

processing. Undesirable byproducts of thermooxidative reactions can be controlled by 

different catalysts such as titanium-based or antimony trioxides (Sb2O3) [4,5].  Conventional 

PET exhibits some undesirable properties such as low moisture regain, poor dyeability and 

acquisition of static charge, which can be minimized via copolymerization with suitable 

monomers. Copolymerization of PET gives an opportunity to introduce specific units to the 

polymer chain backbone, alter the molecular mobility, and provide desirable properties, 

without significantly affecting the main general behavior of the homopolymer. 
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Copolymerization of PET by adding a wide range of mostly non-crystalline comonomers 

(diacid or diol) such as isophthalic unit [6,7], hydoxyethoxylated bisphenols [8], bis[4-(2-

hydroxyethoxy)phenyl]sulfone [9], 1,3-propanediol and 2,2-dialkyl-1,3-propanediols with 

diethyl and butyl ethyl as an alkyl side chain [10] were investigated.  Copolymerization of 

PET changes Tg and lowers its melting point and the rate of crystallization. The presence of 

isophthalic units in the copolymer changes the stress–strain curve and no melting temperature 

can be observed. It also changes the rate of crystallization of the copolymer (crystallization 

becomes difficult after long annealing time), depending on the percentage of polyethylene 

isophthalate (PEI) in the copolymer composition. Isophthalic acid interrupts the packing 

efficiency of the molecules, reduces copolymers’ crystallization ability, and by increasing the 

isophthalic content results in sharply dropping the melting temperature [11,12]. 

Copolymerization with poly(ethylene naphthalate) improves the gas barrier properties of PET 

[13] and also the degree of crystallinity decreases based on the concentration of polyethylene 

1,6 naphthalate [14]. Molding and bottle-blowing processes when making PET bottles could 

be improved by controlling the rate of crystallization of PET via incorporation of CHDM 

[15]. The modified PET copolyester based on poly(ethylene terephthalate-co-1,4 

cyclohexylenedimethylene terephthalate) is one example of an amorphous thermoplastic film 

without a melting point and with other unique properties such as good chemical stability and 

low yellowing. These properties can be influenced by the amount of incorporated 1,4-CHDM 

units which result in both aliphatic and aromatic shrinkable copolyester films that can be 

used for the production of containers. Highly amorphous PETG has high transparency and 

clarity due to the presence of bulky 1,4-CHDM groups in the  copolyester backbone [16]. 
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Although toughness, clarity and chemical stability of copolyester containing CHDM make it 

a very well-known commercial polymer, incorporation of other comonomers such as bis[4-

(2-hydroxyethoxy)phenyl] sulfone into the amorphous copolyester increases Tg and improves 

lipid resistancy [8]. A diverse range of applications of copolyesters containing CHDM 

includes food and medical packaging, molding resins for electronic components, sheeting for 

signage and point of sale displays and makes it commercially well developed [17].  

2.1.1. PETG and Tritan polymerization 

The polymerization of PET by direct esterification (TPA and EG monomers) occurs at a 

reaction temperature of 240-260 oC without a catalyst, which produces H2O as a byproduct 

[18-20]. On the other hand, transesterification with DMT and EG monomers has a reaction 

temperature of 170-210 oC, which produces CH3OH as a byproduct [21].  A 

polycondensation process could be completed by collecting EG (as a byproduct) at 280 oC 

and low pressure, which takes about 10 h in a reactor [19,22]. 

Poly (ethylene-co-1,4-cyclohexylenedinethylene terephthalate) or PETG is an 

aromatic copolyeter based on 1,4-cyclohexanedimethanol (CHDM) units. CHDM is 

manufactured by hydrogenation of terephthalic acid or dimethylterephthalate. Scheme 2-2 

shows that CHDM is prepared by a two-step hydrogenation process involving hydrogenation 

of dimethyl terephthalate (DMT) to give dimethyl-1,4-cyclohexanedicarboxylate (DMCD), 

followed by hydrogenation of the ester groups. Hydrogenation of DMT requires 480 bar and 

160-180oC in the presence of Pd as a catalyst, and the hydrogenation of the ester group in 

DMCD takes place at 40 bar and 200 oC to CHDM [23]. Copper chromite, copper oxide/zinc 

oxide, copper oxide/iron oxide, and copper oxide/aluminum oxide were reported as catalysts 
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for hydrogenation of ester groups [24]. CHDM is typically produced as a mixture of 

approximately 30/70 % of cis-trans isomers [23]. However, compounds having 25 mole 

percent trans-1,4-methanol substituted cyclohexane content were reported useful to make a 

polymer [25]. Preparing the desired trans isomer of CHDM can be achieved by heat 

treatment and centrifugation [26,27].  

 Random copolyesters of PET were prepared by different mol % of CHDM (Scheme  

2-1) or even any other compatible monomer units such as 2, 2, 4, 4-tetramethyl-1,3-

cyclobutanediol (TMCD) in esterification. Conventional synthetic methods as well as ring 

opening synthetic method (low melt viscosity and high reactivity of the cyclic compound are 

superior properties of ring opening method) are mentioned for copolymerization of PETG. 

Copolymerization of PETG can be achieved in the PET production line with an additional 

esterification reactor, where CHDM is produced and then loaded to the reaction vessel just 

before the polycondensation step. Scheme  2-1 shows 1,3- and 1,4-cyclohexanedimethanol 

(CHDM), terephthalic acid (TPA), ethylene glycol (EG) are used as a row material in 

polymerization of aromatic polyesters in order to achieve outstanding properties. 

          

Scheme  2-1. Dimethyleneterephthalate (DMT), terephthalic acid (TPA), 2, 2, 4, 4-

tetramethyl-1,3-cyclobutanediol (TMCD), 1, 4-cyclohexanedimethanol (CHDM) [28]. 

 

 

Scheme 2-2. Synthesis of 1, 4 CHDM from DMT [23]. 
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Copolyesters is produced by reacting cyclic diol with diacid (or any acid derivatives) 

with polycondensation at high temperature. Scheme 2-3 and  

Scheme 2-4 shows reaction at high temperature melt phase polycondensation of 

CHDM and DMT leads to introducing CHDM in a chain of aromatic homopolymer which 

was reported first by Eastman Chemical Company [30]. The copolyester has less than 50 % 

of 1,4-CHDM with random distribution of both cis- and trans- isomers. Rigidity and 

symmetry of the trans 1,4- cyclohexylene provide high melting point. The melting points of 

copolyesters derived from 1,4-cyclohexanedicarboxylic acids can be lowered by 

isomerization of the acids during the preparation of polyesters, isomerization can be 

controlled by different catalysts, e.g., titanium oxide give less isomerization compare to that 

of lithium hydroxide.  Replacement of benzene ring in terephthalic acid, which is planar and 

rigid, by cyclohexane ring (nonplanar) of 1,4-cyclohexanedicarboxylic acid can also alter 

isomerization [31].   

 

Scheme 2-3. Repeat unit of poly (ethylene -co-1,4-cyclohexylenedimethylene terephthalate). 
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Melt phase polycondensation of copolyesters containing CHDM has two steps [32]. 

First, esterification reaction takes place under pressure of 3 bar, 260 oC and 5 h. The 

reactivity of CHDM was reported to be about 2 times of that of ethylene glycol.  The second 

step is a polycondensation reaction in which oligomers react in about 90 min, to generate 

polymers at higher temperature of ~285 oC and under vacuum. A vacuum of 5 torr was 

applied slowly to avoid excessive foaming and to minimize oligomer sublimation, which was 

a potential problem during melt polycondensation [16]. 

Ring opening polymerization, which takes place at 300 oC is another option for 

polymerization.  Cyclodepolymerization of cyclic trimer of ethyleneterephthalate (80 mol %) 

and cyclic trimer of 1,4-cyclohexylenedimethylene terephthalate (70 mol%) produces 

poly(ethylene-co-cyclohexylenedimethylene terephthalate) copolyester with comonomer 

ratio of 90/10 and 10/90, respectively [33].  Ring opening polymerization has its advantages 

of controlling the content of cyclic oligoesters, use them as monomer, compare to step 

growth polycondensation. The plastisizing and nucleating properties of these cyclic 

oligomers produced in polycondensation are not desirable and make ring opening 

polymerization technique very unique.  The key point in this method is to synthesize cyclic 

oligoesters by the reaction of 1,4–CHDM with terephthaloyl chloride and separation of 

oligoesters by size (dimer to pentamers)  in the column. Ring opening polymerization is an 

appropriate method for the preparation of PET copolymers including CHDM, where structure 

and properties of end products are similar to conventional polycondensation methods with 

the benefit of better processing control on cycloester oligomers [34].  
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There are several kinds of copolyesters named poly (1, 4-cyclohexylenedimethylene 

terephthalate) based on the percentage of CHDM in polyester composition. Highly crystalline 

with high melting point copolyester produced by terephthalic acid, CHDM and EG with the 

1:1:1 ratio in the repeating unit. Copolyester can be modified by increasing ethyleneglycol 

part up to 50 % in order to achieve good clarity and impact resistance.  On the other hand, 

CHDM part can be increased up to 50 % in composition to produce PETG. Isophthalic acid 

or dimethyl ester of isophthalic acid was used to prepare copolyester modified by 50 % 

isophthalic units in composition [35-37].   

 

  

Scheme 2-4. Poly (ethylene-co-1, 4-cyclohexylenedinethylene terephthalate) with 50 

% CHMD units in composition [23].  

 

Copolyester of tritan was manufactured by Eastman Chemical Company based on 

dimethyl terephthalate (DMT) and 2, 2, 4, 4-tetramethyl-1,3-cyclobutanediol (TMCD). 

Depending on the end use of the plastic, the ratio of the monomers varies [38-40]. Scheme  

2-5 shows Cis/trans-2, 2, 4, 4-tetramethyl-1, 3-cyclobutanediols produced by pyrolysis of 

isobutyric acid to form dimethylketene followed by dimerization to form cyclic diketone. 

There are some catalysts, e.g., rhodium, for hydrogenation to achieve 98 % cis/trans-TMCD.  

 
Scheme  2-5. Synthesis of cis/trans 2, 2, 4, 4-Tetramethyl-1, 3-cyclobutanediol [41]. 
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Polymerization starts from secondary hydroxyl groups in TMCD with methanol 

production from transesterification (Scheme 2-6). The 1,4-butanediol copolymers were 

discolored where copolymers prepared using ethylene glycol were yellow and yellowness 

was reported to increase from 1,3-propanediol to ethyleneglycol.  

 

Scheme 2-6. Polymer including TMCD, R= (CH2) 2 or (CH2) 3 or (CH2) 4 or CHDM [41]. 

 

The crystallinity of copolyester is determined by the proportion of TMCD and also by 

the cis/trans-isomer ratio of TMCD in the composition. The copolymers were amorphous 

when cis/trans TMCD content (50/50 %) is about  40 up to 90 mol % of total diol. Glass 

transition temperatures (Tg) was reported higher than 100 oC for compositions containing up 

to 80 % TMCD. Melt strength of copolyester is improved by adding TMCD to CHDM based 

copolyesters. Accelerated weathering showed good resistance of 1,3-propanediol/ 

copolyterephthalate to yellowing under ultraviolet radiation [41]. 

2.1.2. Properties of PETG and Tritan  

Chemical structures and conformational features of aromatic phenylene ring containing 

polyesters play a key role in their physical and chemical properties. Copolymerization with 

other aromatic polyesters which has meta- or ortho-phenylene linkages significantly changes 

the chemical and physical properties of the resultant polymers.  For instance, meta-
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substituted ring in poly alkylene isophthalate hardly crystallizes compared to the 

terephthalate-based copolyester. The degree of crystallinity is low for 

polyethyleneisophthalate compare to terephthalate analogs.  Insertion of 1,4- CHDM, as a 

rigid cyclohexylene,  in the polymer chain produces a polymer with reduced melting and  a 

Tg [33,34,42]. Cis- and trans- isomer ratio of CHDM units influences the melting point of 

copolyester (Figure 2-1).  Melting point of copolyester decreases from 310 oC to 250 oC by 

increasing the cis ratio of CHDM, trans conformation showed 60 oC higher in melting point 

than cis conformation [31].  A copolyester containing a mixture of cis and trans (30/70) 

exhibits melting about 280 oC. However, melting in the range 100 to 200 oC is useful in 

molding compositions. Good heat-distortion temperature characteristics of this copolymer 

(averaged in two directions) is 210 oC where as in the case of polyethylene terephthalate a 

heat-distortion temperature (averaged in two directions) is 160 oC [43].  Solubility and 

density of polymers are also affected by the cis/trans ratio [44]. Amorphous copolyesters 

containing CHDM exhibits very low Tg’s of 80 °C comapred to colorless and transparent 

commercial polymers such as bisphenol A polycarbonate with Tg of 145 °C and poly 

(methyl methacrylate) with Tg of 100 °C [29]. 

Amorphous copolymer can be obtained by introducing up to 30 % of CHDM unit in 

copolyester. Lower crystallinity and lower orientation were reported for PETG compared to 

the homopolymer of PET [45]. Thermal behavior of polymer changes by introducing CHDM 

where it changes the ratio of aromatic to aliphatic units [23]. Crystallization rate of these 

copolyesters during the isothermal crystallization process first decreased (30 mol % 1,4-

CHDM) and then increased remarkably with the increase of 1,4-CHDM content up to 70 %. 



 

 

 

15 

 

Copolyester containing CHDM can be mixed with other polymers for improvement in 

processability (lower melting temperature) and physical properties (strength and modulus) 

[46,47].  

 

Figure 2-1. Effect of CHDM concentration on melting point of poly (ethylene -co-1,4-

cyclohexylenedinethylene terephthalate ) compare to polyethyleneterephthalate (PET) [17]. 

 

Motion of cyclohexane ring plays a key role in the mechanical properties of the 

copolymer. Mechanical properties of poly (ethylene-co-1,4-cyclohexylenedinethylene 

terephthalate )  such as elongation at break, modulus and ductile fragile transition are reliant 

on the percentage of CHDM in the copolyester composition [23]. Amorphous copolyester 

(very slow rate of crystallization) are formed with better molding characteristic, toughness 

and chemical stability than PET [29]. In general, PETG type copolyesters with their unique 

amorphous properties have good optical clarity and low color (glass like material).  

Introducing CHDM into the polymer causes lower heat resistance in the copolyester than that 

of PET, where methylcyclohexene and cyclovinylidene end groups originating from CHDM 

were formed during thermal degradation [48]. The permeability to carbon dioxide and 
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oxygen increases by increasing the vol % of 1,4–cyclohexanedimethanol in a copolymer 

compassion due to the effect of CHDM on the molecular packing in the copolymer. 

Molecular free volume is the difference between the total volume and volume occupied by 

the polymer molecules (both volume within the van der Waals radii and molecular 

vibrations). Free volume increases by increasing the concentration of CHDM in the 

copolymer [49]. Conformational changes of cyclohexane facilitate chain segments 

movement. Yield stress measured at different temperature (ranging from -40 to 60 °C) and 

strain rate (0.00036 to 0.22 s-1), decreases by increasing CHDM content in the copolymer 

[50]. 

2.2. Photodegradation 

2.2.1. Nature of radiation  

The Sun, as a source of outdoor radiation, has the spectral radiation distribution of a black-

body with a distribution of 6200 K. Luminance of the sunlight decreases by increasing air 

mass or even by decreasing the solar altitude; it is also dependent on the presence of gas 

molecules, water droplets, smoke and dust in the air. These are important factors with respect 

to light scattering by contaminants.  More than 40 % of solar radiation is in the wavelength 

range of longer than 800 nm which is not visible to human eyes. Visible radiation is in the 

range of 400 to 800 nm, which has enough radiation energy for initiating a photochemical 

process in colorants.  Radiation below 400 nm is mostly responsible for photochemical 

effects. For example, radiation of λ < 350 nm causes yellowing in polyester, radiation of λ > 

350 nm causes color fading [51]. 
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Measurement of the sunlight energy with pyroheliometer in joules cm-1 (ASTM 

E903) does not give information on the UV radiation intensity. Ultraviolet radiation is 

particular part of solar spectrum, which is divided into three parts. UV-C is characterized by 

wavelengths shorter than 280 nm, which is completely absorbed by the ozone layer before 

reaching the planet Earth. UV-B falls in the range of 280 and 320 nm, where 320nm enters 

the planet. The wavelengths of UV-A is in the range between 320 and 400 nm. The energy 

which reaches the surface of earth per unit area from direct solar radiation can be measured 

(radiant exposure = irradiance time) in the ultraviolet radiation range, which is comparable 

to the measurement of radiant exposure in an accelerated weathering system [51]. The energy 

of sunlight is inversely proportion to the wavelength as shown in Equation 2-1, where, h = 

Planks constant (6.626  10-34 Js), c = electromagnetic radiation velocity (ms-1), λ = 

wavenumber of a photon (m-1), υ = frequency of a photon (s-1) 

Equation 2-1 

 

Weak bonds such as N-N and O-O (Figure 2-2) are highly susceptible to break by 

solar energy, 50 % of the Sun radiation has sufficient energy to break these bonds, whereas 

C-H, C=C or even C-O bonds are not expected to break by Sun’s radiation. On the other 

hand, most of the polymers without impurities and additives do not absorb at wavelength 

longer than 300 nm, hence they are not greatly affected by solar radiation. Polymers 

containing carbonyl groups absorb near UV which can cause atmospheric photodegradation. 

Penetration of destructives UV inside the polymer changes the macroscopic properties of the 

polymer, which may lead to a loss in mechanical properties [52]. In polymers, presence of 
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additives including UV stabilizers, fluorescent whitening agents (FWAs), pigments and dyes 

would have significant effect on the aging of the polymer.  

 

Figure 2-2. Distribution of solar energy with bond strength of simple chemical bonds [53]. 

 

The bond dissociation energies made by thermochemical data for the model 

compound of ethyl benzoate showed that the primary scission reactions were estimated to be 

84 (PhCOO-C), 102 (Ph-COO) and 88 (PhCO-OCH) kcal/mol (Scheme 2-7). It can be 

related to PET structure and similar bond energy estimation for chain scission can be 

calculated.    

 

Scheme 2-7. Probable chain cleavage and radical formation on degraded 

polyethylenetherephthalate [54].  
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The altitude of the Sun at any hour of a day depends on the time of the day and year, 

the position of the planet Earth from which is observed and also declination of the Sun. There 

are some effective factors on UV radiation in outdoor condition such as the latitude, heat, 

mechanical corrosion (rain drops or freezing in winter), pollution and moisture. There is a 

significant effect of temperature on lifetime; few months in 30-40 oC is equivalent to two 

years at 10 oC of stabilized polycarbon type polymers for outdoor applications.  Various 

zones of the Earth has its unique weather condition; the climate of South Florida in Miami 

(25 o 28`N, 80 O 12` W, with specific exposure angle from the horizontal and extremely hot 

and humid climate) are the worst possible condition accepted based on photodegradative 

factors. Haze formation was higher in the Florida exposures compared to Arizona aging 

[17,51,55]. Humidity plays a key role in weathering of outdoor condition. Environmental 

water can also plays a major role in the polymer weathering because of swelling followed by 

a chemical reaction of water molecules with the polymers. PET can be hydrolyzed, hence 

surface moisture can play a key role, even presence of water reduce the Tg of the polymer by 

increasing chain mobility and it also increases the rate of degradation.  Photodegradation of 

polymer without water spray in Weatherometer provides higher color development but lower 

loss of number average molecular weight (Mn) [17]. 

2.2.2. Exposure condition with accelerated weathering devices  

Uncontrolled exposure to the light in outdoor condition because of pollutants (O3 and SO2), 

temperature, humidity, and varying light intensity, are outdoor exposure drawbacks.  Outdoor 

weathering conditions can be mimicked with chambers equipped with mercury, carbon arc, 

xenon arc and fluorescence tube sources.  Laboratory light sources are not perfect simulation 
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because the performance of outdoor condition and artificial devices are different depending 

on the material being tested and also distribution of UV radiation for sources different from 

the Sun [17,51,56]. There are several accelerated aging tests with testing standards (ASTMD 

1435, ASTMD 2565, ASTMD 4366, and ASTMD 4459) and testing devices designed to 

allow the prediction of polymers and plastics material behavior in working conditions. 

Developing a new test based on physical and mechanical properties of different polymers are 

common but may cause the complexity in the comparison of the products. The results of 

artificial weathering device can be comparable with Miami (Florida) outdoor weathering test  

[53].  In weathering laboratory testing devices, samples are mounted on a frame which 

rotates on the axis of device, an ultraviolet lamp can be positioned at the center of the device 

or the samples can be surrounded by a number of UV lamps. Samples are sprayed with the 

water for the required humidity and temperature range of 20-100 oC. Weatherometers are 

equipped with xenon with spectral energy distribution shown in Figure 2-3 (Atlas xenon-arc 

Weatherometer Model 600-WR with a Pyrex inner and a clear-glass outer filter) or carbon 

arc lams with spectral energy distribution shown in Figure 2-3 (Atlas carbon-arc Fade- 

Ometer FDA-R with a Corex D globe). Figure 2-4 shows the intensity of carbon arc above 

350 nm is greater than that of xenon arc in spectral distribution, so the differences between 

irradiation effect between these two lamps on the same films comes from the degradation 

effects of wavelength above 350 nm. The day light spectrum at the Earth’s surface and 

especially the ultraviolet part is variable depending on the presence of aerosols and clouds. 

Comparison of the SPD of the Sun irradiation and carbon arc lamp. Figure 2-5 showed that 
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carbon arc lamp has some UV light energy below the cut off around 300 nm wavelength 

(powerful damaging light energy).  

 

Figure 2-3. Spectral energy distribution of 6500 W Xenon arc lamp employed in Atlas 

Weatherometers (dot) , Noon summer sunlight at Chicago, Illinois USA solid line) [53]. 

 

 

Figure 2-4. Spectral energy distribution of sunshine carbon arc lamp employed in Atlas 

Weatherometer  (….) and Noon summer sunlight at Chicago, Illinois USA (-) (merged) [57]. 
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Photolysis of a polymeric material depends on the most active wavelength at which 

the photolysis reaction happens [58]. Generally, most of the damage occurs at the wavelength 

in the range 220 to 315 nm [59,60]. Wavelength of irradiation is the main factor in 

weathering devices. Irradiation at different wavelength 220 nm to 315 nm provides 

significant different changes [59]. On the other hand, presence of oxygen also plays a key 

role in photodegradation process. Exposure of polymer in the laboratory requires suitable 

condition as close as possible to the environmental outdoor condition, but usually higher 

irradiances were employed in the ‘Weatherometer [61].  For laboratory irradiation, the broad 

band 280–800 nm output from a 150 W high pressure Xenon arc lamp was filtered to reduce 

IR heating of the sample and also to remove short wavelength radiation [62]. Energy 

absorption by polymers at each wavelength is determined by different filters cut off  

(merged). It was reported that irradiation at 313 nm has a uniform absorption compared to the 

wavelength of light at 253 nm [64]. 

 

Figure 2-5. Emission curve of the light sources Xenon arc with Pyrex/clear glass filters (.-.-.-) 

Carbon arc with clean Pyrex globe (-----) and absorbance spectra of PET films (o) [60]. 
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Photolysis and photooxidation mechanisms of the irradiated films were studied with 

respect to deferent wavelength of irradiation and also the presence of oxygen during 

irradiation.  Polymer films of aromatic polyesters exposed to lower wavelength of 254 nm 

and 300 nm in presence and absence of oxygen [65].  PET films absorb light at wavelengths 

shorter than 325 nm [66] so exposure at 254 nm has intense effect on degradation of the 

polymer films such as PET [67].  

Several types of weathering instruments were used for plastic aging. Polymer film 

samples were exposed to UV light in ATLAS CI 3000 (Xenon fade-ometer with water cooled 

xenon arc lamp).  The instrument is equipped with rotating sample rack to maximize the 

uniformity of exposure over all specimens. There are filters available for different test 

methods as in Miami Test Method (Latitude 260 N, Annual UV 280 mj/m2, temperature 34 0, 

Average RH of 79 %). For xenon arc exposure weatherometer (Atlas Device Ci65), the 

irradiance of 340 nm with 63 0C temperature and 55 % RH controlled by water spray was 

performed on films [68].  

2.3. General mechanism of photodegradation (photophysical and 

photochemical process) 

 

Ionizing radiations by gamma rays, electrons, and UV on plastic materials with low doses 

were used for different applications such as sterilization (hospital devices) [69] or packaging 

(food irradiation) [70].  Irradiation with higher doses was also utilized for curing and cross-

linking of polymeric foams [71]. In these experiments, the test specimens were irradiated by 

γ –irradiation [72,73] at ambient temperature or specific temperature based on the aging 
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method. Irradiation effects depend on dose absorption by the specimens, which can be 

measured by dosimetry system (Harwell Red 4034 Perspex).  

 Photochemical and photophysical processes start by absorption of light by polymers. 

Excitation energy can be dissipated through a radiation or, a radiationless process or by 

energy transfer to other molecules. The excited molecule may undergo chemical changes if 

the energy is higher than the weakest bond energy in the excited atom. A photophysical 

process starts by light absorption in order to form an excited singlet or a triplet state. An 

excited singlet state is produced by absorption of photon that has enough energy to excite an 

electron from the ground state to the first excited singlet. An excited triplet state is formed 

via intersystem crossing through a radiationless transition from excited singelt to the triplet 

state. Higher triplet states formation is also possible when the lowest triplet state absorbs new 

photon through triplet-triplet absorption. The main important factor in stabilizing polymers is 

the energy dissipation through nondestructive mechanisms.  The life time of singlet (10-6-10-

15) and triplet (102-10-3) excited state (Table 2-1) should be long enough to form free radicals 

through dissociation process. Rate of absorption of energy and rate of polymer bond rupture 

(quantum yield as the number of polymer bonds rupture per photon absorbed) is critical to 

understand the nature of photodegradation. The rate of polymer bond rupture can be 

measured by the change in molecular weight as a function of exposure time (slope of the line 

from 1/Mn Vs exposure time).  Extinction coefficient as a function of wavelength from 

absorption curve can be used to calculate the amount of light absorbed as a function of 

wavelength [74]. Quantum yield of chain scission for PET at the wavelength of 253 nm and 

280 nm are 1.6  10-3 and 5 10-4, respectively.     
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Table 2-1. Excited state lifetime [53,75]. 

Photophysical process Lifetime (s) 

Excitation 10-15 

Internal conversion 10-11-10-14 

Fluorescence emission 10-6-10-11 

Intersystem crossing (Singlet to Triplet) 10-8-10-11 

Intersystem crossing (Triplet to Triplet) 10-11-10-14 

Phosphorescent emission  102-10-3 

 

Photochemical reactions including chain scission and crosslinking occur by excitation 

(singlet or triplet states) and activation of polymer macromolecules due to absorption of 

photon by photoinitiators such as ester carbonyl chromophores, carbonyl groups exhibit n- π* 

transition in the range of 300-360 nm.  Fast internal conversion from higher excited singlet 

states to the lowest excited singlet states determines the rate of formation of free radicals in 

the lowest excited singlet state. Any increase in the absorbed energy by polymer molecules is 

equivalent to the amount of energy of the absorbed photon. The energy of excited molecules 

is directly proportional to the frequency of radiation (plank constant).  Chain scission 

(photolysis) occurs when the energy of absorption exceed the bond energy of the polymer 

backbone. Photolysis provides some primary free radicals and several subsequent reactions 

after chain cleavage (radical recombination and hydrogen abstraction) are responsible for 

photodegradation and formation of breakdown products. Presence of oxygen plays a key role 

in the photooxidation of polymers which may also occur after producing free radicals [76]. 

Crosslinked chains of non-oxidative irradiated polymers was also formed by recombination 

of radical macromolecules. Photodegradation products are created with higher concentration 

at the surface (at first 35 microns from the exposed surface), where absorption of UV light 

takes place the most [77].  Strong absorption of UV light at specific wavelength and presence 
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of oxygen at the deeper level from the polymer surface (depends on polymer morphology and 

crystallinity) are both important factors in quantitative and qualitative studies of 

photodegradation [66]. 

 In general, three steps of initiation, propagation and termination need to be 

considered for photodegradation and specifically for photooxidative degradation. Formation 

of free radicals occurs in the first step (initiation) followed by the reaction of free radicals on 

the polymer with oxygen and also with secondary polymer radicals (propagation) which is a 

cause of chain cleavage. Reaction of different free radicals with each other is the last step 

(termination) of photodegradation.  

2.3.1. Intramolecular versus intermolecular energy transfer 

The primary process of energy transfer from ions to electrons for polymers in the solid state 

was not completely understood. The energy deposited along the ion path is extremely high 

(several hundred eV per Å ) compared to the energy of carbon-carbon bonds (a few eV), and, 

hence, it is sufficient to break bonds in the polymer backbone. Excited molecules of 

polymers, which can be considered as a donor and referred to as D* (such as excited 

carbonyl), can transfer electronic energy to acceptor molecules (A) through the 

intermolecular energy transfer and/or intramolecular energy transfer process. 

 

 

Excitation energy can be transferred when the absorption spectrum of an acceptor (A) 

overlaps with the emission spectrum of an excited donor (D*). There are several important 

factors such as the intermolecular distance between D* and A, relative orientation of donor 



 

 

 

27 

 

and acceptors, optical properties of the medium, physical states of medium (solid or solution) 

and formation of excimers and exciplexes in solution.  

- Excimer is a molecular aggregate formed between an excited molecule in the lowest 

excited state and a molecule in the singlet ground state. For polymers containing 

aromatic groups, excimer formation requires at least two aromatic groups such as 

PET can transfer energy through excimers formation.   

- Exciplex is a complex formed between an excited donor (D*) or excited acceptor 

(A*) and donor (D) molecules. Differences between donor ionization energy and the 

acceptor electron affinity is critical in the formation of exciplexes (ground state 

charge transfer complexes is formed when the differences is small). For example, 

photodecomposition of hydroperoxide groups occurs by energy transformation via 

exciplexes formation. 

Energy transfer process has two mechanisms of electron exchange and resonance 

excitation (dipole–dipole) energy transfer. Electron exchange energy transfer: when an 

excited donor (D*) and an acceptor (A) are close to be in molecular contact (10-15 Å), then 

electron clouds can overlap and move from D* to A. Resonance excitation (dipoledipole) 

energy transfer occurs, via dipole-dipole interaction, when the intermolecular distance 

between an excited donor (D*) and an acceptor (A) is in a range of 50-100 Å (greater than 

collisional diameter). 

Photodegradation of polymer includes several energy transfer processes: 

- Energy transfer to chromophoric groups in polymers.  

- Energy transfer from carbonyl (donor) to hydroperoxide group (acceptor) 
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- Energy transfer from excited chromophores (donor) of polymer to an acceptor 

(quenchers) such as UV stabilizers. 

- Energy transfer from the triplet state of the polymer to triplet oxygen, resulting in 

formation of singlet oxygen [53]. 

2.3.2. Initiation  

Absorption of UV irradiation by polymers containing chromophoric groups produces 

radicals. A carbonyl group is a common chromophore in the initiation step can exist in 

different forms including, ketone, amide, imide, cyclic lactone, cyclic lactam or ester group. 

The following reaction depicts a polymer going under UV irradiation in presence of O2, 

resulting the formation of polymer free radical and hydroperoxy radical.  

 

Hydroperoxy radicals react with each other to form hydroperoxide, and photolysis of 

hydroperoxide produces hydroxyl radical    , which may react with a polymer to produce 

free radicals in the backbone of the polymer.  

 

Equation 2-2. 
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2.3.3. Propagation 

Reaction of polymer radical (P.) with molecular oxygen produces peroxy radicals (POO.). 

Deep penetration of oxygen into the polymer surface can be determined by the morphology 

of the polymer, as it has its effect in the propagation process of photodegradation.  

Equation 2-3. 

 

Peroxy radicals undergo hydrogen abstraction to produce another polymer radical (P.) 

and polymer hydroperoxide (POOH).  

Equation 2-4. 

 

Energy transfer from carbonyl group (donor) to hydroperoxide group (acceptor) leads 

to the decomposition of polymer and the formation of polymer oxy radical (PO.) and 

hydroxyl radical (HO.). 

Equation 2-5. 

 

Hydrogen abstraction takes place from the polymer backbone by hydroxyl radical and 

oxy radical as shown in the following Equation 2-6.  

Equation 2-6. 

 

 

 

There are several reactions that oxy radical can undergo such as β-scission, formation 

of in chain ketone group, radical-induced hydroperoxide decomposition and reaction of two 

polymer alkoxy radicals [53]. Scheme 2-8 shows the potential reactions of oxyradical.  
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Scheme 2-8. Possible reactions of oxyradical. 

 

The immobility of free radicals in solid medium such as polymeric materials 

determines the propagation of these radicals along polymeric chains. Because of diffusion 

rate differences, the rate of free radical reactions through intermolecular processes is much 

slower compared to that in vacuum [74]. 

2.3.4. Termination 

Recombination of different radicals (Scheme 2-9) can create some crosslinking and linear 

structures. Presence of oxygen plays a key role whereas polymer radicals recombin mainly in 

vacuum conditions, and polymer oxyradicals recombination is dominant in atmospheric 

condition. The termination process is affected by radical mobility, especially in polymer 

matrix, concentration of radicals and chain mobility of the polymer.  
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Scheme 2-9. Radical recombination of termination process. 

 

2.3.5. Hydrogen abstraction  

Hydrogen abstraction occurs dominantly from tertiary carbon sites. It is also possible to 

abstract the hydrogen atom of secondary and primary carbon depending on the structure of 

polymer chain.  

Equation 2-7. 

 

 

Hydroxyl (OH) and hydroperoxy (OOH) groups can be produced by hydrogen 

abstraction of polymer alkyloxy and polymer peroxy radicals, respectively. 
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Equation 2-8. 

 

 

2.4. Photolysis and photooxidation of terephthalate and isophthalate-based 

polyesters 

Combination of UV radiation (the most important factor), moisture and heat can cause 

change in the chemical structure of copolymers. There are three possible cleavage positions 

in aromatic polyester such as PET in order to form some primary free radicals. The 

probability of breaking carbon –oxygen (dissociation energy84 and/or 88 kcal/mol)  is higher 

than carbon-carbon (102 kcal/mol) bonds [78]. After chain scission and free radical 

formation, hydrogen abstraction from the polymer backbone, oxidation, rearrangement and 

also termination reactions are all possible [76].  There are two different plausible pathways of 

photodegradation including Norrish Type I (photocleavage of the bond in α-position to 

carbonyl groups), and Norrish Type II, in whichthe hydrogen is transferred from γposition to 

the oxygen of the carbonyl, mechanisms are possible. In these reactions, some free radicals 

are generated which may directly react with oxygen (photooxidation) or they may participate 

in recombination to form some hydroxyl and acids end groups. Volatile photodegradation 

material produced by decarbonylation and decarboxylation (CO and CO2) were observed 

[17]. Chain scissions under oxidative conditions produce fluorescent material [59]. 

Penetration of oxygen plays a key role in both photodegradation pathways [77], where two 

aromatic rings (PEN) slightly increase the radiation resistance. On the other hand, increasing 

the length of the aliphatic chain (PBT) offers a higher probability for chain scission induced 

by radiation (β scission) [73].  
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Chemical architecture of aromatic polyesters plays a key role in the aging resistance 

of the polymers. The stereoregularity of polymers can also determine degradation effect 

where atactic material oxidizes more rapidly than isotactic [79]. Furthermore, polymer 

conformations also play a role in the susceptiability of polymers for oxidation and complete 

failure of the polymer. The mobility of the chain segments changes because of the effects of 

irradiation, where the oxidized region increases the amount of polar groups and 

hydrophilicity of the polymer in that region [80].  Polyesters based on isophthalic unit exhibit 

better weathering stability compared to terephthalic-based polyesters because of the lower 

absorption of UV light by the former. Photoinduced oxidation mechanism (Norrish type I) 

explains converting -CH2- in β-position to ester groups to anhydride groups. Isophthalic-

based structures shown to form less anhydrides (as photodegradation products), resulting in 

very slow chain cleavage [81]. Significant differences in aging time of 10,000 hours for 

isophthalic based and 1,000 hours for terephthalic based resulted in the same degree of 

degradation [82]. High chain flexibility and more favorable bond angles in diethylene glycol 

and isophthalate unit based polyesters promoted thermal degradation [83]. 

Comparison between PET and the PETG copolymer in case of photolysis but not 

photooxidation shows that the presence of cyclohexane ring have no significant effect on 

photolysis.  Penetration of light in copolyester containing cyclohexane is not the same as in 

PET, and the reason is the concentration of aromatic units as chromophores (absorption at 

350 nm) are less in copolyester due to the presence of cyclohexane units [30]. 

Photodegradation of PET and PETG by chemiluminescence measurement showed the effect 

of irradiation on changing the emission profile of the polymer. Chemiluminescence intensity 
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decreases by increasing the aging time in PETG type polymer.  It was reported that 

crosslinking determine oxygen penetration between initial and longer exposed samples, and 

the penetration of oxygen to create new peroxides will be restricted due to crosslinking for 

longer exposure periods [84]. 

 Physical properties of copolyester including CHDM such as tensile strength change 

after irradiation with respect to the mode of failure, ductile or brittle. There are some 

insoluble gel fractions after irradiation of polymer, which increase by increasing the 

crosslinking of chains after chain scission. The relation between scission and crosslinking 

can be determined by gel formation and also changes in molecular weights. The probability 

ratio of bond breakage between monomers per unit dose of radiation per unit mass to the 

probability that monomer units is involved in crosslinking per unit dose of radiation per unit 

mass was investigated [85]. It was shown that at lower doses of irradiation, a decrease in the 

molecular weight was observed due to chain scission, and an increase of the molecular 

weight (crosslinking) at intermediate doses followed by a moderate decrease of the molecular 

weight at the highest dose, which provides evidence for different mechanisms acting on the 

polymer during irradiation [73]. Photooxidation causes discoloration, which is measurable 

according to CIE recommendations for Hunter Lab using a D65 light source with 100 

observation angle. The b* value (yellow-blue) shifts to be more  positive (yellow) on 

weathered specimens (merged), and the yellowness can be estimated by the increase in the 

absorption at 400 nm of visible spectrum.  

There are variable analytical techniques to investigate chemical changes caused by 

UV irradiation of industrial aromatic copolyesters. The mechanism of degradation was 
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investigated based on observed experimental evidences.  Photodegradation products 

identified during degradation (outgassing and release of volatile degradation products 

investigated by GC-MS) provides critical information of degradation mechanism. The 

amount of both volatile (CO, CO2, H2, CH4, C2H6) [54] and nonvolatile decomposition 

products increases by increasing the exposure time [78]. End groups formation due to 

photooxidation [60] also delivers more detail of degradation mechanism.  Norrish type I 

photocleavage is an initiation step creating six different primary radicals of 

alkoxy, acyl, alkyl, carboxyl, formate and phenyl. Scheme 2-10 shows these radicals may 

undergo rearrangement, oxidation and/or hydrogen abstraction.  
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Scheme 2-10. Shows the big picture of free radical formation on PETG after 

photodegradation. 

 

 

2.4.1. Norrish type II 

The Norrish type II reaction occurs via intramolecular rearrangement reaction for aromatic 

and aliphatic esters [54] via a γ-hydrogen abstraction (Scheme 2-11). This reaction creates 

carboxylic acids and alkenes [87]. Carboxyl formation occurs with Norrish type II reaction 
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without any radical intermediate formation. There is no need for oxygen reactions and no 

further direct reaction propagation [17,17,88].  Benzoic acid formation  (1733 cm-1 FT-IR 

spectroscopy) and double bonds as end group formation  (1650 cm-1 ) were reported by FT-

IR analysis as an evidence for Norrish type II degradation mechanism.  

  

 

Scheme 2-11. Norrish Type II mechanism of photodegradation for PET. 
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2.4.2. Norrish Type I Photocleavage Producing Alkoxy and Acyl radicals 

Estimated bond dissociation energy in PET, calculated from thermochemical data formation 

of ethyl benzoate, for scission responsible for alkoxy radical and acyl radical is 88 kcal/mole 

[54]. Scheme 2-12 shows alkoxy radical (•O–CH2–) and an acyl radical (–C• = O) are formed 

by Norrish type I reaction.  It is the only mechanism of degradation in a polymer with 

absence of β-H in the backbone [89].  Alkoxy radicals abstract hydrogen and form a glycol 

end group, there is an evidence of broad band corresponding to hydroxyl group in FT-IR 

spectra. Phthaladehyde may be formed when acyl radical abstracts a hydrogen. There is also 

a possibility for acyl radical to participate in oxidation reaction in presence of oxygen to form 

phthalic acid end groups. The acyl radical can undergo decarbonylation and forms benzoic 

end groups.  

 

Scheme 2-12. Carboxyl end groups production is also possible through Norrish type I 

pathway. 
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2.4.3. Norrish Type I Pohotocleavage Producing Alkyl and Carboxyl radicals  

Estimated bond dissociation energy in PET (calculated from thermochemical data formation 

of ethyl benzoate) for scission responsible for Alkyl radical and Carboxyl radical is 84 

kcal/mole. Scheme 2-13 shows alkyl radical (•CH2-) can abstract hydrogen and form a 

methyl end group or it can get involved in oxidation reaction and form alkoxy radical. 

Carbonyl radical (O=C-O•) can abstract hydrogen and form phthalic acid end group.  Alkyl 

radicals produced on photolysis react with oxygen to form ROO. radicals, which react further 

to produce CO2 as the main volatile product of photooxidation. It was reported that the rate 

for reaction of hydrogen abstraction and decarboxylation are comparable [54,62].  

 

Scheme 2-13. Alkyl and carboxyl radical production through Norrish type I pathway. 
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2.4.4. Norrish Type I Photocleavage Producing Formate and Phenyl radicals 

Estimated bond dissociation energy in PET (calculated from thermochemical data formation 

of ethyl benzoate) for scission responsible for formate radical and phenyl radical is 102 

kcal/mole or 298 nm. The terrestrial sunlight cuts off is at about 295 nm, hence this cleavage 

is less likely to occur [54]. Scheme 2-14 shows decarbonylation of formate radical leads to 

the formation of alkoxy radical, and additionally decarboxylation may take place to produce 

alkyl radical. Formate end group can be formed by hydrogen abstraction of formate radicals 

(-O-•C= O). Phenyl radical (•C6H4–) may abstract hydrogen and form benzoic end groups.   

 

Scheme 2-14. Formate and phenyl radical production through Norrish type I pathway. 
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2.4.5. Photooxidation and Hydrogen Abstraction from Polymer Backbone 

Polymer free radicals, (free radicals produced through Norrish type I and II reactions, can 

abstract hydrogen from the polymer backbone. The most liable hydrogen atoms are located in 

α-position of the ester groups in polymer backbone, where it creates another macromolecular 

alkyl radicals (–C•H–O–C (O)–). Peroxyradicals as shown in Scheme 2-15 can be formed 

due to reaction of this radical with oxygen, and, hence, presence of oxygen plays a key role 

in these reactions. Oxygen permeability, which is a function of aromatic density [90] 

determines the evolution of radicals. Hydrogen abstraction of peroxyradicals produces 

hydroperoxides.  Iodometric method [91] showed hydroperoxide formation due to cleavage 

of O-O bond. Microalkoxy radicals, formed due to hemolytic fission of peroxides may 

convert to anhydride (O=C-O–C=O) through cage reaction. It may undergo β-scission 

reaction to form carboxyl radicals and aldehyde end groups. Microalkoxy radicals (C (O•) 

H–O–C (O)–) can also abstract a hydrogen to form hemiacetals. Hydroperoxide species 

formed during homolysis are primary intermediate in polymer oxidation and the degree of 

degradation can be measured based on chemiluminescence measurement. Oxidation has 

significant effect on the formation of fluorescence photodegraded materials [84]. It is 

possible to get methyl ester by hydrogen abstraction after scission of alkoxy radical. The 

radical can reacts with the phenyl ring to give a branched structure [54].  
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Scheme 2-15. Hydrogen abstraction from α-position of the ester groups. 

 

PETG copolymer including 1,4-cyclohexylenedimethylene units has tertiary carbon 

atom of cyclohexane units available for oxidation. Fast response of PETG for photooxidation 

reaction compared to PET is the evidence that the teriary carbon is the main responsible site 

for photooxidation [30].  

Scheme 2-16 shows photooxidation followed by hydrogen abstraction can form 

hydroperoxides. Hydroperoxides are photounstable, therefore homolysis of O-O produces 

alkoxy and hydroxyl radicals. Reaction of these hydroxyl radicals with phenol radical can 
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produce some hydroxyl terephthalic groups, which has fluorescence emission in the range of 

460-490 nm. Ring opening of cyclohexane through Norrish Type I reaction can form alkyl 

radical which can produce carboxylic acid structure after oxidization. Β-scission of 

macroalkoxy radical at the other side can open the cyclohexane ring and oxidization of this 

product leads to the formation of carboxylic end groups.  

 

Scheme 2-16. Hydrogen abstraction from tertiary carbon of cyclohexane ring. 

 

Mono and dihydroxyterephthalate compounds are produced when hydroxyl radical 

formed in the hemolytic dissociation of peroxide. These radicals participate in ring oxidation 
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reaction when another radical extracts a hydrogen and produces terephthalic ester radical.  

The discoloration of materials containing quinone structures (Scheme 2-17) is due to the 

oxidation of hydroxyterephthalate materials. It was reported that color formation due to 

thermal degradation starts with the hydroxylation of terephthalic ring with further oxidation 

and formation of conjugated chromophoric systems [92]. Quinone and diquinone formed 

during the photodegradation of PET was reported using UV-Visible spectroscopy [93].  

 

Scheme 2-17. Mono and dihydroxyterephthalate formation. 

 

2.4.6. Baeyer-Villiger Oxidation of Aldehyde and Ketones 

Baeyer-Villiger rearrangement is a chemical reaction in which esters are formed from a 

ketone or a lactone from a cyclic ketone using a peracid or peroxide.  In step a of the reaction 

depicted in Scheme 2-18 , under alkaline conditions, a nucleophilic attack by the negative 



 

 

 

45 

 

charge of –COO2
- takes place at the carbon of the carbonyl to form a tertiary alcohol 

intermediate, which undergoes rearrangement of bond cleavage and new bond formation, 

step b, to furnish a protonated ester and carboxylate.  

 

  

Scheme 2-18. Mechanism of the Beayer - Villiger oxidation of ketones. RM denotes the 

migrating group [94]. 

 

Baeyer –Villiger oxidation of several cyclic ketones such as cyclopentanone to 

valerolactone [95] and aromatic aldehydes in which aldehyde is transformed into a formate 

ester [96] have been reported.  Cyclohexanone reacts with H2O2 as the oxidant and 

transforms to caprolactone, which disintegrates in a mass spectrometer into two different 

fragments, each containing one oxygen atom.  
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Scheme 2-19. Baeyer – Villiger reaction of cyclohexanone to caprolactone with H2O2 [96]. 

 

Photodegradation of PET and PET including CHDM copolymer highlights: 

1. Based on the bond dissociation energies of ethyl benzoate, the photo-cleavages of  

O=C----O (88 kcal/mole) and O=C-O----C (84 kcal/mole) are more favorable than the 

photocleavage of O=C-O---R (R is aromatic ring)  (102 kcal/mole) [54]. 

2. Both Norrish I and Norrish II are responsible for photodegradation   

3. The primary radicals, oxy and peroxy radicals can abstract hydrogen from the 

polymer backbone. Further fragmentation of the polymer chain happens during 

oxidation process (β-scission).  

4. The most liable hydrogen atom in the polyester (PET) backbone is the α-position to 

the ester group. Norrish type I can also take place at different positions of an aromatic 

ester group based on the bond strength and also the photocleavage energy [59,60,98]. 

5. Tertiary carbon atom of cyclohexane unit is more susceptible to oxidization than the 

methylene groups in α-position. Fast photooxidation reaction for PETG compared to 

PET is the evidence for oxidation due to greater reactivity at the tertiary carbon [30] 
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6. Possible photodegradation products of PET have groups such as Ar-COO-CH=CH2, 

Ar-COOH, CO, CO2, CH3CHO, CH2-RCH-O-O-H.  

7. Presence of oxygen during irradiation of PET leads to enhanced formation of alkynes 

and CO2. [99]. The major volatile degradation materials were found to be acetaldehyde 

and 2-methyl-1,3-dioxolane [72].   

8. Degradation material such as mono and dihydroxyterephthalate were identified after 

irradiation of the copolyester [84,100]. 

9. Crystalline phase reduces the oxidative degradation by slowing the diffusion of 

oxygen in PET where it is conversely maximized in the case of PET based copolymer 

with CHDM, poly(1,4-cyclohexanedimethylene terephthalate-co-ethylene 

terephthalate) [73]. 

10. Photodegradation of PET based polymer shows that aromatic chains have greater 

resistance to radiation than aliphatic chains. Phenyl rings provide both intra- and 

inter-molecular protective effect [101]. 

11. The length of the aliphatic chain determines the chain cleavage probability. A higher 

chain length in PBT offers a higher probability for scission induced by radiation (e.g. 

β-scission). The presence of two aromatic rings, for example poly(ethylene 2,6-

naphthalene-dicarboxylate) (PEN), slightly increases the radiation resistance [73]. 

12. Gas Chromatography analyses of vacuum photolysis show higher CO and COOH 

than CO2, thus the initial photolytic reaction leads to the formation of CO and COOH 

end groups. Considering the expected energy of dissociation the production of CO 

follows the pathway of acyl and alcoxy radical followed by carbonylation of acyl 
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radical. The presence of air enhances the CO2 production during photooxidation, thus 

CO2 appears from later decomposition. The main initial reactions leading to the 

production of –COOH end groups follow Norrish type II pathway [54]. 

13. The increase or decrease in molecular weight show both chain scission and 

crosslinking during photodegradation [78]. 

2.5. Photostabilization of polymer with UV stabilizers 

UV stabilizers improve the longevity of the polymer material by controlling the irreversible 

chemical process of photodegradation. They may inhibit or delay derivative changes and also 

provides stabilizaation properties. The main goal is to not allow harmful radiation to be 

absorbed by vulnerable groups such as terephthalic units in aromatic polyesters. , On the 

other hand, this energy absorption would result in free radical formation and chain scission of 

the polymer. Protective processes can be achieved by eliminating the radicals using 

quenchers or by the deactivation of the excited chromophores. Photooxidation takes place 

during irradiation to produce hydroperoxides, some antioxidants (singlet oxygen quencher) 

can decrease the rate of oxidation. Several types of stabilizers such as UV screener, UV 

absorber, excited state quencher, free radical quencher, singlet oxygen quencher, antioxidants 

(limit oxidative change), hindered amines and carbon black (quenching and peroxide 

decomposition) have been used. UV screeners such as iron oxide, zinc oxide, titanium 

dioxide and carbon black, reflect the harmful span of the UV light. UV absorbers such as 

hydroxyphenyltriazine, hydroxyphenylbenzophenone, dissipate absorbed energy in the form 

of harmless energy (nondestructive form). The most major problem of good UV absorbers is 

that they might have poor photostability or tend to transfer energy to the polymer because of 
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long lived excited states. For excited state deactivation transition metal chelates can be used 

as quenchers.  Free radical scavengers inhibit the propagation step in the photooxidation 

process. The mechanism of hindered amine (termination of radicals) differs from UV 

absorbers since they are unable to absorb UV radiation [57].    

Durability of stabilizers in the polymers is determined by several factors such as 

physical loss (migration and volatility), chemical degradation, reaction with degradation 

products and chemical reaction with other additives. Degradation of UV stabilizers at lower 

temperatures, caused by light at a wavelength shorter than 350 nm, indicates that the type of 

matrix in which the stabilizer is dispersed has a significant effect on its durability. Fast 

degradation of matrix affects the durability of screening compounds. For instance, hydrogen 

bonding between the hydroxyl group of UV screening compound and carbonyl group in the 

polymer (PMMA) can change the efficiency of the UV stabilizers [102]. Photostabilization 

of the polymer with UV stabilizers strongly depends on polymer absorption and 

compatibility of the stabilizers with the polymer. Distribution of UV stabilizers in the 

polymer (measured by EPR and ESR) has been shown to change by the irradiation time 

[103,104].  

  The protective effect of UV absorbers is determined by the amount of absorbed 

energy and also the concentration of chromophores in the polymer. The extinction coefficient 

of stabilizers should be higher than that of the copolymer in order to absorb all of the incident 

UV radiation. The absorbed energy by the stabilizers will be transferred to the polymer as 

heat rather than harmful electronic energy transfer. The portion of the UV light not absorbed 

by the UV absorber is absorbed by the polymeric matrix, which can be the cause of the 
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damage to the polymeric material. Changing the properties such as discoloration, surface 

damage, haze loss or impact resistance are results of photodegradation [105]. Co-extrusion 

technology has been used for the development of weatherable copolyesters with a high 

loaded layer containing UV stabilizers. Coextruded sheeting of poly(ethylene terephthalate) 

modified with 1,4- cyclohexanedimethanol, (sheet thickness of 3 mm) with a cap layer (cap 

layer thickness of 100-125 microns) containing a high loading of an effective UV absorber 

was performed at zone set temperatures of 250 to 260°C [86]. Stabilizers can be also placed 

as a layer onto the films by extrusion coating, extrusion lamination, and calendaring 

processes. UV absorbing compounds are added about 0.5 weight % to about 5 weight % 

based on the total weight of the blend. The protective layer needs only to be 1 mil (0.025 cm) 

in thickness in order to screen 99% of the incoming UV light in solar radiation, but the 

thickness can be reduced by increasing the UV stabilizers concentration [106].  

2.5.1. Non-Fluorescent UV stabilizers 

Triazine compounds as non-fluorescing UV absorbers have the representative structure 

shown in Scheme 2-20, where R1, R2 and R3 are alkyl or aryl groups. They may be ortho or 

para substitution to the triazine ring. One or both of the two R1 or R2 groups may be 

hydrogen [106,107]. 

 

Scheme 2-20. Triazine based UV stabilizers 
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The absorption spectrum of Cyasorb 1164 shows high absorption at 290 nm and 350 

nm. The excited states can undergo a rapid internal hydrogen transfer and the reverse 

reaction (Scheme 2-21) is exothermic, producing heat which is dissipated through the 

polymer. Higher polar matrix (polymer) can disrupt some of the internal bonding to produce 

intermolecular hydrogen bonding with the polymer. On the other hand, free radicals 

produced by photooxidation of the polymer can abstract the hydrogen of the phenolic OH of 

the UV stabilizers [102]. 

 
Scheme 2-21. Hydrogen abstraction of Triazine UV absorber. 

 

2.5.2. Fluorescent UV stabilizer 

Hydroxy benzophenone based stabilizers (Scheme 2-22) can absorb almost any part of the 

UV spectrum. There are several important factors such as solubility, migration and 

compatibility which determines their applications. Absorption of energy by the keto form of 

hydroxyl benzophenone produces the corresponding enol form. Dissipation of energy returns 

the UV absorber to the initial keto form without changing the chemical composition, which 

explains the mechanism of energy dissipation for this class of UV absorbers. The excited 

states can undergo a rapid intramolecular proton transfer and the reverse reaction produces 

heat, which is dissipated through the polymer [102]. 
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Scheme 2-22. Energy dissipation by UV absorber. 

 

Scheme 2-23 shows a photostabilizer containing a cyclic imino esters and an aromatic 

nucleus. This type of photostabilizers exhibit excellent stability to heat and oxidation, which 

is favorable for protecting polymeric materials against UV light. The stability against heat 

(capability of melt mixing) or oxidation with excellent compatibility with various polymers 

are key points for the application of cyclic imino ester type stabilizers. Several stabilizers can 

be produced with variable functional groups, R1 may be alkyl, aryl, heteroaryl, halo, alkoxy, 

aryloxy, hydroxy, carboxy, ester and nitro or even hydrogen. The wavelength of absorption 

of these compounds may shift based on the functional groups attached to the cyclic imino 

ester. 

 

Scheme 2-23. Cyclic imino esters base in UV stabilizers. 

 

 

The UV stabilizer Cyasorb 3638 is a cyclic lactone with benzoxazin-4-one unit [108]. 

The preferred UV absorbers of this type of cyclic lactone include 2,2′-p-[phenylene-bis(3,1-
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benzoxazin-4-one), 2,2′-(4,4′-diphenylene)-bis(3,1-benzoxazin-4-one), and 2,2′-(2,6-

naphthalene)bis(3,1-benzoxazin-4-one). The most preferred UV absorber is 2,2′-P-

(phenylene)-bis(3,1-benzoxazin-4-one) [105,106]. It has been found that the migration of the 

stabilizers influences the chemiluminescence intensity, which could be a problem in the 

analysis [84,109]. 

 

Scheme 2-24. UV stabilizer based on benzoxazin structure. 

 

2.5.3. Antioxidant stabilizers 

The presence of oxygen during UV radiation is an important factor for chain reactions. 

Antioxidants reduce the oxidation rate by the reaction of reactive hydrogen atoms with free 

radicals (hindered amines, hindered phenols and aromatic amines) or by decomposition of 

hydroperoxides (sterically hindered amines, phosphites and phosphonates) to reduce chain 

branching [57]. Photodegradation of copolyester of poly(ethylene-co-1,4-

cyclohexanedimethylene terephthalate) without additives and stabilized with different 

antioxidants as radical scavenger and peroxide decomposer (Arganox 1790, Irganox 3114 

and Alkanox 28) has been compared by chemiluminescence analyses. It was shown that the 
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presence of antioxidant decreases the chemiluminescence emission compared with the free 

additive sample [84]. 

2.6. Practical characterization of photodegradation of weathered polyesters 

Weathering studies including degradation mechanism under different exposure conditions 

can be characterized using different analytical and spectrophotometric techniques such as 

LC-MS, photophysics including emission quantum yield and excited state dynamics, FT-IR, 

1H-NMR and HPLC (Table 2-2) [110,111]. Combining results from the aforementioned 

analytical tools can be a very powerful tool for quantitative understanding of the mechanism 

of photolysis and photooxidation.  X-ray photoelectron spectroscopy (XPS) was used to 

study the oxygen/carbon ratio of the degraded (thermooxidative) PET films. High resolution 

XPS scan indicated that the most probable chain scission position takes place in the polymer 

backbone. Polymer backbone chain scission followed by crosslinking produce a significant 

change in molecular weight of the polymer, which was studied by Gel permeation 

chromatography (GPC). Matrix assisted laser desorption ionization mass spectrometry 

(MALDI) and time of flight secondary ion mass spectroscopy (ToF-SIMS) were used for the 

characterization and analysis of polyesters and copolyesters end-groups. Images of 

morphological damages (crack formation) due to irradiation on polymer were observed by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).  Physical 

properties of irradiated polymer was studied by tensile strength, strain at break and molecular 

weight (number-average molecular weight), and differences between irradiated versus non-

irradiated polymer films.  
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Table 2-2. Photo and thermal degradation characterization summery of aromatic polyesters 

including polyethylene terephthalate and cyclohexanedimethylene terephthalate - co- 

ethylene terephthalate. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

 (Ravasio et 

al. 2007) [90] 

Copolymer 

poly(1,4-

cyclohexanedi

methylene 

terephthalate-

co-ethylene 

terephthalate) 

(PCT-co-ET), 

PET, PBT, 

PEN. 

Gamma 

irradiation,  

presence of 

oxygen  

Oxidized species, 

Alcohols, Acid groups  

 FT-IR , 

Viscosity 

measurements,   

, Positron 

annihilation 

lifetime 

spectroscopy 

(PALS),  

EPR 

measurements 

 (Yu and 

Huang. 2006) 

[112] 

 Poly(ethylene 

glycol-co-

cyclohexane 

1,4-dimethanol 

terephthalate) 

(PETG) 

Pyrolysis 

temperature 

650°C 

Acetaldehyde (ET unit 

scission), carbon 

dioxide, benzene, 

benzoic acid (ET unit 

scission) , 1,4-bis 

(methylene)-

cyclohexane (CT Unit 

scission) , 4-methyl-

benzaldehyde, and 4-

methylene-

cyclohexanemethanol 

(CT unit scission), 

Ethyl benzoate (ET 

Unit scission) 

TGA,DSC  + 

Mass 

spectroscopy 

(Buttafava et 

al. 2005) [73] 

PCT-co-ET, 

PBT 

 γ-irradiation 

presence of air 

using a 

gamma-

emitting source 

of 60Co 

  Viscosity, DSC 

(Komolprasert 

et al. 2003) 

[72] 

PET +  3% 1,4-

cyclohexane 

dimethanol 

(CHDM) and 

31% CHDM 

gamma or e-

beam 

irradiation  

Acetaldehyde and 2-

methyl-1,3-dioxolane 

GC- MS  
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Table 2-2. Continued. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

(Amari et al. 

2001) [48] 

 PET,PET+C

HDM 

  Vinyl end group for 

PET, 

methylcyclohexene 

and cyclovinylidene 

end groups for 

CHDM 

 1H NMR, 13C 

NMR, GC-MS 

(Norman S. 

Allen. 2000)  

[100] 

Poly(ethylene

-co-1,4-

cyclohexanedi

methylene 

terephthalate) 

(PECT) 

>300 nm, 

ambient 

conditions 

Mono and 

dihydroxyterephtalate 

Fluorescence 

emission 

 (Grossetête 

et al. 2000) 

[30] 

 PET-

modified 

copolymer of 

terephthalic 

acid, 

ethyleneglyco

l and 1,4-

cyclohexanedi

methanol  

Monochromat

ic irradiation 

254 nm- 365 

nm and 

polychromatic 

irradiation λ 

larger than 

300 nm.  

Carboxylic acid, 

benzoic acid, 

benzaldehyde end 

groups and double 

bonds species, 

formate groups. 

Acetic and formic 

acids.  

CO and CO2 volatile 

products. 

Terephthalic acid 

formation in HPLC 

showed chain 

scission on both side 

of terephathalate 

units.  

Monohydroxy- 

terephthalate 

compounds.  

FT-IR, HPLC, 

Fluorescence 

measurement.  
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Table 2-2. Continued. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

 (Fagerburg 

and 

Donelson. 

1999a) 

Poly( ethylene 

terephthalate) 

modified with 

1,4- 

cyclohexanedi

methanol 

340 nm with 

and without 

water spray 

  

 Color 

measurements 

CIE 

(HunterLab), 

GPC 

 (Fagerburg 

and 

Donelson. 

1999b)  

Polyethylenet

erephthalate 

modified with 

1,4-

cyclohexanedi

methanol 

Outdoor 

irradiation  

Hydroxyterephthalate  IR-ATR, GPC 

 (Fagerburg 

and 

Donelson. 

1997) [68] 

 Polyethylene 

terephthalate 

with 1,4 

Cyclohexane 

 295 nm and 

340 nm 

   Color 

measurement 

(yellowing) 

 (Gardette et 

al. 2014) [77] 
PET 

 300 nm 

Oxygen 

Anhydride, benzoic 

acid, double bond,  

 FTIR, UV 

VIS,DSC, 

Oxygen flux 

measurement. 

 (Aggarwal 

et al. 2012) 

[115] 

PET  80 MeV 

carbon and 

98 MeV 

silicon ion 

beam 

   UV–vis 

absorption, X-

ray 

diffraction , 

DSC 

(Leggett and 

Hurley.  

07/28/2009) 

[87] 

PET 254 nm  

Aldehyde formation. 

Monohydroxy 

substituted 

terephthalate. 

Aldehyde, and 

carboxylic acid 

XPS, Friction 

Force 

Microscopy 

(FFM) 

 (Fernando et 

al. 2009) [62] 
PET 

 280 nm to 

near 400 nm  

 CO2  formation 

during radiation 

 FTIR, UV-

Vis, DSC and 

XRD 
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Table 2-2. Continued. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

 (Fechine et 

al. 2004) [88] 
PET 

 Laboratory 

weathering 

chamber 290 

nm 

Carboxyl end groups. 

Monohydroxy-

terephthalate 

 FT-IR, UV 

Vis, 

Fluorescence 

spectroscopy, 

SEM 

(Jeon et al. 

2004) [70] 
PET 

γ-irradiation. 

(cobalt-60 

irradiator) 

Diethylene glycol  

GPC, 1H 

NMR, Oxygen 

permeability, 

DSC , TGA,  

(Steckenreite

r et al. 1997) 

[99] 

PET 

Ion irradiation 

with Kr (8.6 

MeV/u) and 

with MO (5.6 

MeV/u) under 

vacuum and 

in oxygen 

atmosphere 

Alkynes and CO2  FT-IR 

 (Edge et al. 

1995) [93] 
PET 

 Thermal 

degradation 

300 oC and 

280 oC  

Stilbene Quinone. 

Emission of oxidized 

PET at 400 (dimer 

emission) ,450 

(mixture of dimer and 

hydroxylated species) 

and 520 

(hydroxylated 

species) nm with 

excitation at 333 nm. 

2,6 ditertbutyl 

stilbene quinone. 

Acetaldehyde and 

formaldehyde  

Fluorescence 

and 

phosphorescen

ce excitation 

and emission  
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Table 2-2. Continued. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

(Friedrich et 

al. 1991) 

[116] 

PET 
Plasma 

radiation 

Ar-COO-CH=CH2, 

Ar-COOH, CO2 , CO, 

CH3CHO, Ar-COO-

CH2-CH2-OH 

XPS, SIMS, 

Mechanical 

strength 

measurement  

 (Allen et al. 

1993) [91] 
 PET 

  Irradiation 

wavelengths 

>300 nm  

Oven ageing 

90 oC under 

nitrogen 

Hydroperoxide 

formation during 

hydrolytic 

degradation 

Viscometry,  

Hydroperoxide 

analysis,  

 (Blais et al. 

1973)[117] 
PET 

Atlas Xenon 

weatheromete

r (Model 600-

WR) 

Carboxylic acid end 

groups.  

Mono and dihydroxy 

terephthalate group 

 IR –

ATR,TEM, 

Electron Beam 

Induced 

Fluorescence.  

 (Day and 

Wiles. 

1972a)[60] 

 PET 

 Carbon –Arc 

and Xenon- 

Arc 

(irradiation 

320 nm) 

 Alcoholic and 

Craboxylis acid end 

groups. Mono and 

dihydroxy 

terephthalate  

 IR –ATR, 

Fluorescence 

measurement, 

Intrinsic 

viscosity, 

Tensile  

 (Day and 

Wiles. 

1972b)[59] 

PET 

220,230,280,3

02,315 nm 

with different 

filter cut off. 

Less than 350 

nm / under 

vacuum  and 

presence of 

Oxygen 

 Hydroperoxide 

formation.  

 Carboxylic acid 

 IR –ATR 

Tensile 

strength, 

Molecular 

weight, 

Carboxylic 

acid end 

groups, 

Fluorescence 

emission 

 (Day and 

Wiles. 

1972c)[54] 

PET 

 225-420 nm, 

300-420 nm. 

Vacuum and 

air 

 CO, CO2, CH4, C2H6 

(volatiles), 

Carboxylic acid  

 GC-MS  
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Table 2-2. Continued. 

Literature 

Source 
Polymer 

Photodegradation/Thermal 

degradation 
Testing Method 

  

Irradiation 

Wavelengths/

Thermal 

Condition 

Degradation Products 
 

(Shultz and 

Leahy. 1961) 

[58] 

PET 310 nm   

Inherent 

Viscosity 

measurement, 

Optical density 

measurement 

(Osborn. 

1959) [74] 
PET 280 nm   

Molecular 

weight 

measurement 

(Marcotte et 

al. 1967) [64] 
PET 

253 nm  and 

313 nm  

Elimination of CO 

and CO2 

UV Vis, IR 

absorption 

Electron Spin 

Resonance 

(ESR), 

Solubility 

measurement 

 

2.6.1. Fourier Transfer Infrared Spectroscopy 

Nature of chemical bonds of polymers especially copolyesters, was studied (Table 2-3) using 

FT-IR. IR spectrophotometry is predominantly used for weathering study of polymers. 

Investigation of functional groups concentration such as C-O-C, C=O, CH2, OH and -

HC=CH2 was reported before and after UV irradiation in order to determine the 

mechanism(s) of photodegradation. Irradiation results showed a decrease in the band 

intensity corresponding to aliphatic and aromatic C-H stretching frequency with 

simultaneous increase in the intensity of the peak corresponding to a carbonyl of an ester of 

terephthalate-based polyester. These changes suggest chain scission at the ester groups 
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followed by ring substitution [118]. Based on the FT-IR results, degradation occurs at the 

surface of the irradiated copolyesters including those containing CHDM with a depth of 

about 75 µm [30]. Table 2-3 provides information from several FT-IR studies which were 

performed with respect to changes in the intensity of carbonyl and hydroxyl groups in order 

to evaluate the effect of UV radiation wavelength and exposure time. Although the 

absorption maximum shifts during the degradation process, there is good agreement among 

the assignment of absorption maximum that belong to each functional group with those in the 

literatures. FT-IR was also used for a crystallinity study of PET with respect to gauche/trans 

conformation changes of glycol unit [119]. Amorphization of the crystalline fraction of the 

polymer and scission of the main chain at the para position of disubstituted benzene rings are 

assigned to the bands at 1471 cm-1 and 1504 cm-1, respectively [99]. The major changes in 

FT-IR band of exposed PET versus the untreated one are at C=O stretching (1721 cm−1 for 

amorphous and 1716 cm−1 for semi-crystalline samples), ring in plane deformation at 

1410 cm−1, CH2 wagging at 1340 cm−1, ester at 1300–1000 cm−1 and ring C-H out of plane 

bending at 725 cm−1. Subtraction of FT-IR spectrum of unexposed sample from irradiated 

one shows negative (loss) and positive (creation) of peaks. Loss of carbonyl functional 

groups of ester (higher wavelength) and creation of carbonyl acid types (terminal carboxylic 

groups at lower wavelength) were identified due to photodegradation of PET. Acid 

production is responsible for the loss of ester peaks at 1300–1000 cm−1 and CH2 wagging 

mode of trans glycol groups at 1340 cm−1 with the breaking of CH2-O bond  [120]. 

Figure 2-6 shows FT-IR subtracted spectrum of irradiated and control samples for 

both crystalline and amorphous PET.  There is a negative peak (after subtraction of irradiated 
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and control) at 1340 cm−1 was well resolved correspond to the trans (T) mode. There is no 

significant differences between irradiated and control sample at 1370 cm−1 (gauche) which 

means both peaks were about the same intensity in the spectra of untreated and treated films. 

This suggests the dominance of a photochemical reaction that selectively affects trans glycol 

conformer, consistent with the trans (T) conformation requirement of Norrish type II 

transition state. Considering Norrish type II as a dominant process and comparison between 

peak intensity at 1042 cm−1 (gauche C-O asymmetric stretching) and 973 cm−1 (trans C-O 

asymmetric stretching) suggest photochemical preference of trans (t) form [120].  

 

Figure 2-6. Difference spectra produced by subtracting spectra of amorphous and semi-

crystalline PET films from those of the respective 8 J/cm2 UV treated ones [120]. 

 

 

Anion radical formation was studied in situ using electrochemical FT-IR 

spectroscopy of aromatic diesters. It was shown that diesters first reduced to anion radicals 

which are then decomposed to form carboxylate anions. A shift in the position of the O–C–R 

stretching band from 1120 cm−1 in the neutral ester to 1075 cm−1 for the anion radical was 

observed indicating weakening of the oxygen–alkyl bond in the anion radical. The C–C( O)–

O stretch in the ester at 1275 cm−1 showed no detectable shift in going from the ester to the 
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anion radicals. Breakdown of the anion radicals occurs via cleavage of the oxygen alkyl 

bonds rather than the oxygen carbonyl bond due to the weakening of the O–C–R bond that is 

noticeable in the IR spectra [121]. 

FTIR study of aromatic polyesters region from 3800-700 cm-1 indicates: 

1. IR spectra show the absorption bands at 3500-3100 cm−1 which are attributed to 

hydroxyl region for aromatic copolyesters. The peak at 3550, 3420 cm−1 corresponds 

to alcohol, and that at 3290 cm−1 to acid end groups [107]. 

2. Front surface of exposed PETG showed significant changes with exposure time. The 

broad band increase in hydroxyl region has also been found after irradiation of PET, 

PBT and PETG [30,59-61,110,114,117]. 

3. The rate of photooxidation on PET is lower than the copolyester containing 

cyclohexane [30].  

4. Carboxylic acid terminal group formation is evidence for the Norrish II 

photodegradation in PET [60, 122]. 

5. The absorption bands, at 3100–2800 cm−1 have been attributed to aromatic and 

aliphatic –C–H bond stretching. The intensity of the sp3 CH peak decreased due to 

irradiation of the copolyester [113].  

6. The formation of alkyne groups due to irradiation on PET resulted in a peak at 3294 

cm-1. The formation of alkyne groups was also confirmed by the simultaneous 

observation of the C≡C stretching vibration band at 2102 cm-1 [99]. 

7. The absorption band at 1720 cm−1 was attributed to the ester carbonyl bond stretching 

[4,83,123-125].  
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8. Peak broadening in the carbonyl region 1750 – 1650 cm-1 after irradiating PETG 

films was attributed to the formation of benzoic acid end groups (1733 cm-1) and 

benzaldehyde end groups (1702 cm -1) [30].  

9. The increased absorbance at 1650 cm−1 from the out-of-plane bending of C=C of the 

irradiated PETG indicates the formation of terminal double bond compounds, 

suggesting a Norrish II chain scission [30]. 

10.  After irradiation of PET, carboxylic acid type carbonyl stretching is observed at a 

lower wavenumber than the corresponding ester type carbonyl. Oxidation of 

terephthalate units to mono- and dihydroxyterephthalates would produce carbonyl 

frequencies lower than those in terephthalate esters themselves [113].  

11.  Broadening of the carbonyl peak (C= O) after irradiation, to give a shoulder at 1790–

1750 cm−1, indicates the formation of free C=O. 

12.  The evidence for double bonds has been found by the appearance of a small new 

band at 1652 cm-1, corresponding to the C=C stretching vibration of mono-substituted 

alkyl group and a cis alkyl disubstituted olefinic group. The bands of the mono-

substituted benzene appear at 1606 cm-1 and at 713 cm-1 and increase with irradiation 

time, and result in a chain break in the para position of the benzene in PET [99]. 

13. The absorption band at 1300-1100 cm−1 corresponds to the ester group C=(O)-O 

[4,123,124,126-128].  

14. The most obvious effect of crystallization is the decrease of peaks associated with the 

gauche conformers and the increase of those associated with the trans conformers, 

especially the CH2 wagging peak at 1340 cm-1 and 1124 cm-1 [123].  
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15. The bands at 1235, 1255, 1285 and 1307 cm−1 are assigned to the vibration of the 

ester group (-C-O-C=O) in the amorphous phase, and the broad band at 1255 cm−1 to 

the same group in the crystalline regions. The peak intensity decreases at 1248 cm-1 

and increases at 1277 cm-1 due to changing the crystallinity [127]. 

16. The absorption bands at 1180-950 cm−1 correspond to the methylene CH2-O group 

[4,120,123,126]. 

17.  The peak belonging to ester C–O–C bond was assigned at 1100 cm−1 (for the 

amorphous) and at 1120 cm−1 (for the crystalline) phase. The intensity of the band 

with a maximum at 1095 cm−1 decreases with time while that at 1120 cm−1 increases 

[128].  

18. The peak belonging to the C-O stretching vibration at 1180 cm-1 has been observed 

for PETG [30] and PBT [118,129] after irradiation and is attributed to the formation 

of a formate group.  

19. The peak at 730 cm-1 corresponding to the aromatic ring decreases after irradiation of 

PETG whereas the peak at 773 cm-1 belonging to the meta substituted ring increases 

due to irradiation of PETG [30]. The peak belonging to C-H of sp3 was shown to 

decrease due to irradiation of PETG [114]. 

20. In the range of m-disubstituted rings (800- 765 cm-1), a thin band appears with a 

maximum at 773 cm-1 [130]. Thermal degradation of PET and FTIR results of 

polyethyleneisophthlate showed changes in the C–H deformation in the 880 and 

823 cm−1 region thus the structure of the aromatic ring changed from 1,4 to 1,3. 

However, in PEI, the intensity of the band at 880 cm−1 was approximately the same 
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intensity as that of the band at 823 cm−1, where the band at 823 cm−1 was 

approximately four times more intense than the band at 880 cm−1 in PET. This was an 

indication that most of the aromatic rings in the non-volatile residue were 1,2,3 

vicinal trisubstituted [83]. 

21. The FTIR spectra of PET have the following key absorption bands at 

3446 cm−1 (C=O overtone), 2962–2877 cm−1 (C–H stretch glycol), 1720 cm−1 (C=O 

stretch), 1274–1253 cm−1 (ring ester in-plane mode, glycol O–C–H bending), 1134–

1072 cm−1 (CH2 twist or ring mode, ring ester in-plane mode), 725 cm−1 (ring C–H 

and C=O out-of-plane) [131]. 

22. Thermo-oxidative degradation of PET led to a broad band at around 3270 cm-1 

suggesting hydroxylation of terephthalate ring. This band is not present after heating 

under nitrogen, which suggests that hydroxylation occurs only when oxygen is 

present. Hydroxylation of the degraded PET samples is confirmed by the new peaks 

at 1371 cm-1 assigned to phenolic OH, and at 1174 cm-1 attributed to aromatic OH 

deformation. Change in substitution pattern of terephthalic ring of thermal degraded 

PET is observed at the region 840 and 880 cm-1 (C-H deformation of two adjacent 

hydrogens). Ethylene glycol linkage breakdown and the disappearance of the peak at 

1471 cm-1 are evidences for –CH2- deformation. The new peaks in the carbonyl area 

at 1734 cm-1 is attributed to ester group, and that at 1717 cm-1 from the keto group 

[92]. 
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Table 2-3. FTIR functional groups and corresponding wavenumbers for aromatic polyesters 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

Massa,Carlo 

Andrea. 2014 

[132] 

CH2 
wagging bands of glycol 

segment in trans 
1340 cm−1 

CH2 
wagging bands of glycol 

segment in gauche 
1370 cm−1  

 Lai et al. 2014 

[124] 

C=O  

  

 1715 cm−1 

(C=O)-O 1251 cm−1 

C-O  1099 cm−1 

 Badia et al. 2012 

[119] 

OH   Hydroxyl OH terminated  3548 cm−1 

C-C 
Ethylene  glycol 

CH2Asymmetric 
2962 cm−1 

  Ethylene  glycol CH2Symmetry 2903 cm−1 

C-H Glycol unit gauche 
1471 cm−1, 

899 cm−1 

  Glycol unit trans 
1466 cm−1, 

846 cm−1 

 Djebara et al. 

2012 [126] 

CH2 CH2 rocking (crystalline) 848 cm-1 

CH2  CH2 rocking (amorphous) 873 cm-1 

O–CH2  
Trans O–CH2 stretching 

(crystalline) 
971 cm-1 

O–CH2  
Gauche O–CH2 stretching 

(amorphous) 
1045 cm-1 

C–O–C  stretching of ester 1178 cm-1 

(C=O)-O 
stretching of ester  and  ring-

ester 
1247 cm-1 

O–C–H glycol bending  1269 cm-1 

CH2  wagging crystalline phase 1342 cm-1 

CH2 wagging amorphous phase 1368 cm-1 

C–C Ring stretching 1577 cm-1 

C=C  Ring stretching 1615 cm-1 

C=O   1723 cm-1 
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

 Chen, Ziyu .2012 

[128] 

C-H Aromatic stretching 3949 cm−1  

CH2 – 
Amorphous –Aliphatic stretching- 

cis 
2960 cm−1  

CH2 – 
Crystalline – Aliphatic stretching 

– trans 
3000 cm−1  

C=O Amorphous – Carbonyl stretching 1727 cm−1  

C=O Crystalline – Carbonyl stretching 1717 cm−1  

  Amorphous – ring stretching 1575 cm−1  

  Crystalline – Ring stretching 1558 cm−1  

CH2 
Crystalline – glycol CH2 – 

bending trans 
1472 cm−1  

CH2 Amorphous –CH2 – bending cis 
1458, 1452, 

1449 cm−1  

CH2 
Amorphous − Glycol - 

CH2 wagging, cis 

1370, 1338 

cm−1  

– CH2–

CH2  

Crystalline – Glycol – CH2–

CH2 wagging, tran 
1342 cm−1  

  
Amorphous – Ester group 

stretching cis 

1307, 1285, 

1255, 1235 

cm−1  

  
Crystalline – Ester group 

stretching trans 
1255 cm−1  

  Aromatic – 1, 4 substituted ring 
1175, 1120 

cm−1  

  
Amorphous –CH2– 

deformation cis 
1042 cm−1  

  
Crystalline – –C–O– 

stretching, trans 
962 cm−1  

  
Amorphous – Glycol – CH2- 

rocking, cis 
848 cm−1  

  
Crystalline – Glycol – CH2– 

rocking, trans 
790 cm−1  
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

Yang, Jinghui . 

2010 [4]  

OH O–H stretching of EG end group 3432 cm−1 

  Phenolic hydroxyl group 3290 cm−1 

C-H Aromatic C–H stretching 3060 cm−1 

C-H Aliphatic C–H stretching 2960 cm−1 

C=O Carbonyl stretching bands 1718 cm−1 

CH2 deformation band 1410 cm−1 

C(O)–O  stretching ester group 
12631124 

cm−1 

   1,4 aromatic substitution  
1040, 1020 

cm−1 

O–CH2  stretching of EG segment  974 cm−1 

  

 out of plane deformation of the 

two carbonyl substituents on the 

aromatic ring 

729 cm−1 

 Ladasiu 

Ciolacu,Calin 

Flaviu. 2006 [92] 

O-H Diethylene glycol end group 3428 cm_1 

O-H 
hydroxylation of the terephthalate 

ring 
3270 cm_1 

-O-CH2 Ethylene glycol 972 cm_1 

C=O Ester carbonyl  1732 cm-1 

-OH  Aromatic (phenolic) bending 1371 cm-1 

O-H Aromatic deformation 1173 cm-1 

  Ester link in backbone 972 cm-1 

 Lecomte and 

Liggat. 2006 [125] 

 C=O Ethylene terephthalate  1720 cm−1 

C(O)–O Ethylene terephthalate 1248 cm−1 

C=O Benzoic acid 1687 cm−1 

O–H Benzoic acid 947 cm−1 

C(O)–O Vinyl benzoate(stretch) 1265 cm−1 

C(O)–O Vinyl benzoate(bending) 1097 cm−1 

Vasiljeva, I.V. 

2006 [133] 

CH2 Deformations of CH2 units 1468 cm−1 

C-H Deformations of CH2 units 1500 cm−1 

OH Phenolic hydroxyl 
3600–3630 

cm−1 
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

Zhu,Zhengmao. 

2005 [120] 

C=O  Amorphous 1721 cm−1 

  Crystalline 1716 cm−1 

  Ring in-plane def (Amorphous) 1410 cm−1 

  Ring in-plane def (Crystaline) 1408 cm−1 

CH2 wagging (trans) 1342 cm−1 

  Ring ester 
12821120 

cm−1 

C-O 
Symmetric glycol C–O stretch 

(gauche) 
1099 cm−1 

C-H Ring C–H in-plane def 1018 cm−1 

  Ring C–H 725 cm−1 

   

Takahashi, 

Shuichi. 2004 

[134] 

C–O–C  

Ester 

1176, 1238 

and 1253 

cm−1 

Amorphous  
1044 , 1087 

cm−1 

 Singh,Nandlal. 

2003 [135] 

C-H CH2 group 2972 cm−1 

C=O   1700 cm−1 

C-O-C Ester 1013 cm−1 

CH2 Bending vibration of CH2 group 725 cm−1 

C-H Parasubstituted benzene ring 862 cm−1 

C–C para substituted benzene ring 1347 cm−1 

 Cole et al. 2002 

[123] 

CH2 Glycol moiety (bending) 
1453 and 

1471 cm-1 

CH2  Glycol moiety (wagging 
1370 and 

1340 cm-1 

C-CH Ring 1314 cm-1 

O-C-H Ester 
1270 and 

1100 cm-1 

C-O Glycole 
1043 and 972 

cm-1 

C=O Carbonyl 
1728 and 988 

cm-1 

 
  1504 and  

C-C Ring 1293 cm-1 

O-C-H Glycole 1271 cm-1 
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

 Holland and Hay. 

2002 [83] 

 OH 
Stretching of ethyleneglycole 

ends 
 3440 cm−1 

C-H Aromatic C-H 3060 cm−1 

C-H Aliphatic C-H 
2960 and 

2860 cm−1 

C=O Carbonyl 1730 cm−1 

-CH2- Deformation 1465 cm−1 

C(O)-O Ester (in Isophthalic) 1220 cm-1 

C(O)-O Ester (in Terephthalic) 1270 cm-1 

- 
Aromatic substitution (1,3 

Isophthalic) 

1165,1090 

and 1070 cm-1 

- 
Aromatic substitution (1,4 

substitution Terephthalic) 

1175,1120 

and 1020 cm-1 

O-CH2 Only present in DEG 940 cm-1 

O-CH2 
present in PET for ethylene 

glycol segment 
980 cm-1 

C-H 
Two adjacent hydrogen of 

aromatic ring 
850 cm-1 

 Grossetête et al. 

2000 [30] 

OH  Hydroxyl Alcohol 3465 cm−1 

C=O Carbonyl of ester Anhydride 1785 cm−1 

  Benzoic acid 1696 cm− 1  

  Benzaldehyde 1702  cm−1 

C=C Double bonds  1650 cm−1  

  Ring substitution 1611 cm−1 

C–O Formate 1180 cm−1 

R meta substituted rings  773 cm−1 

Dadsetan, M. 1999  

[136] 
C=O 

Ester 1716 cm−1 

Amorphous 1100 cm−1 

Crystalline 1340 cm−1 

Crystalline 1125 cm−1 

Fagerburg, D.R. 

1999  

OH Hydroxyl   

C=O Carbonyl 1700 cm-1 

  Aromatic ring 730 cm-1 

C-H C-H of SP3   
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

Casu and Gardette. 

1995 [129] 

OH Hydroxy  Alcohole 3485 cm-1  

  Hydroxy Acid 3260 cm-1 

C=O lactones 1770 cm-1 

  Carbonyl (Aromatic acid Dimer) 1695 cm-1 

  meta-substituted rings 1610 cm-1 

C-O  C-O of ester (Formate) 
1230 cm-1 

1150 cm-1 

 Rivaton, Agnès 

1994 [118]  

 OH hydroxyl region 3485 cm-1 

    3255 cm-1 

C-H Aliphatic 2963 cm-1 

  Aromatic 3052 cm-1 

  Ring vibration 1459 cm-1 

C=O Carbonyl 
1771. 1697, 

1610 cm-1 

  Ester 1716 cm−1 

  Formate 1182 cm-1 

  meta-disubstituted rings 773 cm-1 

  Benzoic acid 
1733,1696 

cm-1 

  Propionic acid 
1776,1717 

cm-1 

Tabankia, 

Mohammad H. 

1986 [137] 

OH Hydroxyl 3485 cm−1 

  
  

C=O Carbonyl 1700 cm−1 

C-O Ester 1207 cm−1 

  Formate 1174 cm−1 

 Boerio and Bahl. 

1976 [138] 

 C-C-(O)O 

and C-C-

C(O) 

Ring ester(bending) 
144 cm−1/133 

cm−1 

CC(O) and 

CCC(O)  
Ring ester (stretching) 

195 cm−1/193 

cm−1 

C=O  Carbonyl in plane 
273 cm−1/271 

cm−1 

 C-C-(O)O 

and C-C-

C(O) 

Overtone of  
289 cm−1/281 

cm−1 
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Table 2-3. Continued 

Literature Source 
Functional 

groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

Day, M. 1972  

O-H Alcohol 
3550,3420 

cm−1 

  Carboxylic acid 3290 cm−1 

O-D Alcohol 
2700, 2610 

cm−1 

  Carboxylic acid 2430 cm−1 

C=O Carbonyl 1710 cm−1 

 Miyake, Akihisa 

1959 [127] 

CH2 Bending 1453 cm-1 

CH2 Wagging (ethylene glycole) 1370 cm-1 

C-O Antisymmetric vibration 1042 cm-1 

C-O Symmetric vibration 1099 cm-1 

C(O)-O   1248 cm-1 

C(O)-O   1277 cm-1 

C-O   1337 cm-1 

Miyake, Akihisa 

1957 [139]  

 O-H      

C=O Free ester Carbonyl 1720 cm-1 

C=O 
Hydrogen bonded carbonyl 

groups 
1695 cm-1 

CH2- CH2-

O 
Trans 909,857 cm-1 

CH2- CH2-

O 
Gauche 899,870 cm-1 

   Benzene ring  875 cm-1 

 

 

2.6.2. RAMAN spectroscopy 

Raman spectrum of a compound reflects its molecular structure (conformation, interactions, 

and crystallinity). Table 2-4 shows wavenumbers for PET functional groups in Raman 

spectra. Raman spectrum gives good resolution of double bonds but lower intensity (based on 

polarization ratio) for groups such as carbonyl, C-H and O-H. Raman spectroscopy has been 

used for environmental stress cracking studies or changes in crystallinity (it is sensitive to 

perfectness of crystals).  
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Figure 2-7 shows polarized Raman spectra for three representative individual electro-

spun PET fibers in the 1575–1775 cm–1 spectral region. The presence of vinyl and acrylate 

groups in exposed films makes confocal Raman spectroscopy useful in weathering studies. It 

has been used to study the crystallinity changes in aged polyethylene. Raman was used to 

study the degradation of high density polyethylene [140].  

Raman analysis of dimethyl terephthalate and diethyl terephthalate combined with 

FT-IR spectroscopy and the peaks were assigned to the structure for each aromatic esters 

[138]. It can be used as a reference for peak assignments of polyethylene terephthalate based 

copolyesters. The 1616 cm–1 band is assigned to the symmetric C═C stretching of the 

benzene ring (the strongest in the Raman spectrum) was shown to be constant in position and 

bandwidth by increasing crystallinity. It can be used to study the substitution pattern on 

benzene rings. The peak belonging to the carbonyl group C=O appears at 1721, 1735           

cm-1 (amorphous) and 1726 cm–1 (crystalline). If the (C=O)-(C6H4)-(C=O) group is involved 

only in-phase vibration of the two C=O groups it would be Raman active.  

In amorphous PET the band is broad because the C-(C=O) group can exist in a 

number of rotational states around the C-C bond with respect to the plane of the benzene ring 

[141]. The carbonyl peak shifts and narrows due to increasing the crystallinity in PET. 

Carbon – Carbon bond of dialkyl benzenes -C-(C6H4)-C was assigned to the peak at 1195, 

1230 cm–1 [141].  

The intensity of the peak at 998 cm-1 attributed to O–CH2 of the ethylene glycol unit 

in the trans configuration increases by increasing the orientation whereas the peak at 886 cm-

1 decreases (gauche) by increasing the orientation. Increasing the peak intensity at 998 and 
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1095 cm-1 (trans) with a decrease at 1130 cm-1 (gauche) are evidences in support of gauche to 

trans conformational changes during the orientation. It was also reported that by increasing 

the orientation ring C-C bonds in the amorphous phase show a decrease in the peak at 1178 

cm-1 whereas the peak at 1187 cm-1 (C-C stretch in the crystalline phase) increases [142-

144]. Figure 2-8 shows FT Raman spectra of semi-crystalline PET and crystalline PET. 

 

Figure 2-7. The trans-gauche conformational vibration region at 900–1200 cm−1, trans bands 

at 998 and 1095 cm−1 and the amorphous band at 1130 cm−1 [143]. 

 

Figure 2-8. FT Raman spectra of semi-crystalline PET (A) and crystalline PET (B) [144]. 
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Table 2-4. Wavenumbers for PET functional groups in Raman spectra. 

Literature 

Source  
Title 

Function

al groups 
Functional group assignments 

Wavenumber 

(Cm-1) 

 Richard-

Lacroix, 

Marie 2012 

[142] 

 Orientation and 

Structure of Single 

Electrospun Nanofibers 

of Poly(ethylene 

terephthalate) by 

Confocal Raman 

Spectroscopy 

C=C  - 1616 cm–1 

C=O - 1725 cm–1  

- 
Combination of C═O and ring 

ester C–C 
795 cm–1 

O–CH2 ethylene glycol unit (trans) 998 cm–1 

- - 1096 cm–1 

- - 1030 cm–1 

O–CH2 Gauche conformer  886 cm–1 

Lesko,C.C.C

. 2000  [143] 

Experimental 

determination of the 

fiber orientation 

parameters and the 

Raman tensor of the 

1614 cm−1 band of 

poly(ethylene 

terephthalate) 

C=O Amorphous phase 
1721,1735 cm–

1  

C=O Crystalline phase 1726 cm–1  

O-CH Ester glycol (trance) 1410 cm–1  

O-CH Ester glycol (gauche) 1412 cm–1  

O–CH2 Ethylene glycol unit (trans) 998 cm–1 

- Trans conformation 1095 cm–1 

- Gauche conformation 1130cm–1 

C-C Ring (crystalline phase) 1187 cm–1 

C-C Ring (amorphous phase) 1178 cm–1 

-  Dialkyl benzene (Tranc) 1281 cm−1  

Purvis,J. 

1976 [141] 

Molecular orientation 

in poly(ethylene 

terephthalate) by means 

of laser Raman 

spectroscopy 

C=O (C=O)-(C6H4)-(C=O) 1732 cm–1  

C=C 
stretching vibration of the 

benzene ring 
1616 cm–1  

C-O   1286 cm–1  

C-C -C-(C6H4)-C (dialkyl benzenes) 
1195,1230 cm–

1  

- Ring-ester stretching vibration 857 cm–1  

- benzene ring vibration 632 cm–1 

Ellis,G. 

1995 [144]  

FT Raman study of 

orientation and 

crystallization 

processes in 

poly(ethylene 

terephthalate) 

C(O)-C trans –Terephthalate-trans  1097 cm–1  

  Aromatic ring 1117 cm–1  

    1084 cm–1  

    1066 cm–1  

O–CH2 Gauche ethylene glycol segment 885 cm–1  
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2.6.3. Fluorescence Spectroscopy  

Fluorescence measurements of polymers is a useful technique for identification of absorbing 

and emitting species and has the advantage of determining fluorescence efficiency. It is very 

helpful for understanding the stabilization mechanism in order to select best quencher for 

specific excited states. Fluorescence spectroscopy was used in the aging study of PET for 

characterization of the photodegradation products and also determination of the performance 

of UV stabilizers. Chemiluminescence was used to identify luminescent species that cause 

yellowing of PET. The production of fluorescent species on the surface (both face and back 

side of the film) of the UV irradiated PET film was characterized by fluorescence 

spectroscopy by excitation at 340 nm [60,98]. Irradiation of PET changes the PET 

chromophore and the emission spectrum of irradiated PET shows a decrease in peak intensity 

at 370 nm (excimers) and at 390 and 410 nm (dimers). The peak at 460 nm (Figure 2-9) 

belongs to the emission of excited monohydroxylated compounds [88]. The emission spectra 

of PET copolymers such as PET/PEN (poly(ethylene naphthalate)-co-poly(ethylene 

terephthalate)) [88] and PECT (poly(ethylene-co-1,4-cyclohexanedimethylene terephthalate) 

[84] films before and after exposure show significant differences. The emission spectra of 

PET/PEN shifts to 475 nm compared to PET at 460 nm. Photodegradation of copolyesters 

including cyclohexane compounds produces some intermediate hydroxyl radicals. Photolysis 

of hydroperoxides followed by substitution reaction can form mono and 

dihydroxyterephthalate groups. The emission bands at 450 nm and 550 nm for 

dihydroxyterephthalate and at 380 nm and 460 nm for monohydroxyterephthalate have 

previously been reported (Scheme 2-25) [100,145].  
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Figure 2-9. Fluorescence emission spectra of PET films [66].  

 

 

 

Scheme 2-25. Fluorescent mono and dihydroxyterephthalate formation on PET after 

photooxidation [100]. 
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2.6.4. UV /Visible spectroscopy 

UV/visible spectroscopy is a viable technique for identification of functional groups in 

polymer chains. Absorption spectra of irradiated polymer films show differences with respect 

to specific units in polymer backbone compared to the polymer films without irradiation. 

Absorption bands from 300 nm to 500 nm for irradiated polybutyleneterephthalate (PBT) 

increase as a function of exposure time due to appearance of yellow discoloration of 

irradiated polymer film film [130,  146]. UV spectra of PET film have maximum absorptions 

below 330 nm (Figure 2-10 and Figure 2-11) corresponding to aromatic ester carbonyl 

groups [62]. Solutions of phthalate esters and dimethyl phthalate have similar absorption 

maxima thus these functional groups are the chromophores responsible for PET absorptions 

[64]. Figure 2-10 shows UV–visible spectroscopy of PET films arising from different 

exposure times and displays increases in absorption for a wide range of wavelength (310–360 

nm) due to the presence of aromatic hydroxylated species produced during the 

photooxidation of PET PET [66,  30]. Absorption about 400 nm occurs for the exposed 

sample indicative of the slight yellowing [110]. Figure 2-11 shows PET containing a UV 

stabilizer which strongly absorbs UV at wavelengths below 350 nm and has the protective 

effect of preventing the formation of chromophoric groups in the main chain of PET that 

absorb UV radiation strongly at 310 nm [88]. 
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Figure 2-10. UV–visible spectra for PET films at different exposure times arising from the 

presence of aromatic hydroxylated species produced during the photooxidation of PET 

[66].  

 

Figure 2-11. Absorption spectra for PET films in the presence and absence of a UV stabilizer 

[88].  
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2.6.5. X-Ray Photoelectron Spectroscopy (XPS) 

 

Quantitative determination of oxygen, carbon and also heavier elements on the surface of 

polymers is possible by analysis of the energy of emitted electrons close to the sample 

surface. X-rays penetrate many microns into materials and X-ray absorption by an atom 

results in ejection of an electron from the tightly bonded core levels or even weakly bonded 

valence levels. The number of electrons that escape and their kinetic energy are 

simultaneously measured [67] and the intensity of photoelectron emission is analyzed as a 

function of energy [147]. The relative content of the carbon peak in XPS changes 

significantly in different chemical bonding environments, which can generate molecular 

information concerning the site modification or even photooxidation changes. Surface 

modification of polymers, especially PET, has been studied widely using XPS [148,149].  

Modification by plasma creates some peroxy ester and peroxy acid groups, leading to shifts 

to higher binding energies and a high resolution XPS peak for oxygen [116]. In addition to 

surface modification, changes in crystallinity of the PET can also be analyzed by XPS. 

Crystalline to amorphous ratio of the polymer (PET) can be measured by XPS where C1s of 

the glycol component (C-O in high resolution) shifts by 0.04 eV relative to carboxyl group 

(C=O in high resolution) due to a change of trans component of the crystalline structure to 

the gauche conformation [150,151].  XPS is also used broadly for investigation of chemical 

changes due to aging with respect to distinguishing between carbon of esters and acids of 

irradiated PET films. Surface oxidation plays a key role in weathering studies of the polymer, 

so evaluation of the carbon/oxygen ratio can provide critical information pertaining to the 

understanding of the photooxidation process. Survey and high-resolution scan spectra of C1s 
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and O1s peaks have been obtained. The C1s spectrum exhibited four major bonding 

environments. Components were attributed to an ether (at 286.5 eV) and an ester (at 288 eV). 

[145] The O1s spectrum (sub peaks in XPS for PET) exhibited two main components, 

corresponding to the ether (C-O) and carbonyl oxygen (C=O) atoms where the ether 

component appearing at a higher binding energy than the carbonyl (Table 2-5). Valence band 

spectra can be used to highlight the changes in the polymer surface.  It is helpful for 

understanding the mechanism in which modification or degradation happened [152]. Valence 

band spectra can be used to highlight the changes in the polymer surface.  This is helpful for 

understanding the mechanism in which modification or degradation of the product occurs 

[152]. Valence bands of PET show different spectral components representing 

photoionization from molecular orbitals. O2s bonding with the range of 24-31 eV binding 

energy and O2s antibonding with the range of 12-24 eV binding energy have been attributed 

to the carbonyl groups. Changes in conformation due to crystallization of a polymer chain 

have an effect on valence molecular orbitals [153]. C2p, O2p and H1s with the range of 8-12 

eV binding energy have been shown to increase in amorphous PET. A prominent peak at 20-

15 eV for the amorphous PET was also noted compared to the crystalline one. The peak in 

this region belongs to several molecular orbitals, including those involved in the C-C, C-O 

and C-H bonds of the glycol segment. The binding energies of these orbitals may shift when 

going from trans- to gauche-glycol conformation giving an increased intensity in this region 

for the amorphous PET [150]. CH2-CH2 bond originate binding interaction of C2py atomic 

orbitals where bonding interaction between O2px and C2px orbitals produces O-CH2 (about 10 

eV) bond in the trans conformation. Glycolic segment conformational modification around 7 
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eV on the binding energy O-C-C-O bonds have been observed by changing from crystalline 

to amorphous PET. The origin of the broadening of the peak at the binding energy of 6.5 eV 

valence band in PET when the torsion angle changes from 180o (trans) to 60 o (gauche) can 

be understood on the basis of the calculated electronic structure of the model molecule and 

particularly of the O-CH2-CH2-O moiety.  In the trans form, the CH2—CH2, bond originates 

from the binding interactions between the C2p, atomic orbitals, while bonding interactions 

between the O2p, and C2p, orbitals give rise to the ether O-CH2 bond [151]. Plasma treatment 

provides additional peaks at 286.7 (C—OH) and 288.1 eV (—C=O) groups compared to the 

main three peaks of the original PET with a binding energy of 284.7 (C—C), 286.4 (C—O), 

and 288.7 eV (O=C—O) for these groups in the chain. Although the —C—O— peak at 

286.1 eV decreases, the —OH peak at 286.7 eV exhibits an increasing trend with plasma 

treatment exposure time [154]. Plasma treatment with 0.2 keV and 2.5 keV argon ion has 

been found to decrease the O/C ratio of PET from 0.37 to 0.25, 0.04 respectively. The ester 

bond was broken first. The oxygen 2.5 keV ion bombardment had a similar effect to that of 

the argon ion bombardment; where the ratio of O/C was decreased [131]. 

XPS analyses of the thermal degradation of PET show that, as the temperature is 

increased, oxidative functionalization decreases [155]. Thermal degradation in PET shown in 

Figure 2-12, indicates a decrease in the O/C ratio in the C 1s glycol and carboxyl components 

relative to the aromatic component upon heating. After 10 min of heating a new peak appears 

at 286.9 eV which is associated with the formation of phenolic hydroxyl groups. Besides the 

phenolic OH, new carbonyl groups (represented by the peak around 288.5 eV) can be 

observed on the surface [92].  
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Figure 2-12. Changes in C1s areas of C-C/C-H from the terephthalic ring and C-OH 

(phenolic), with heating time [92]. 

 

After irradiation of PET, the intensity and the shape of the Cls peak indicates the 

appearance of more -CH2-OH as an OH end group (286.1 eV), Ar-C-OH (287.5 eV) and also 

higher carboxyl content (289 eV) whereas the peak at 285 eV belonging to the aromatic C-H 

is shown to become narrower [116]. The most significant irradiation effect on the survey 

spectrum was reported to be the appearance of a new peak, corresponding to a carbonyl 

carbon atom, at a chemical shift of 287 eV.  A fraction of aromatic carbons undergoes ring 

hydroxylation and the amount of aromatic ring carbon atoms (peak at 285 eV in the C1s 

spectrum) decreases whereas the number of carbon atoms singly bonded to oxygen increases 

by the same amount. Carboxylic acid and aldehyde formation was reported to be due to ether 
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bond cleavage resulting in a decrease in the amount of C-C-O and an increase in C-C=O 

[87]. 

 

Figure 2-13. Comparison of the C1s peaks of different PET samples (a) unmodified (b) 96 h 

irradiation by Xenon lamp, (c) 10 h oxygen dc plasma and (d) 10 h oxygen rf plasma 
[116]. 
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Table 2-5. XPS assignment for the functional groups containing carbon and oxygen. 

 

2.6.6. Gel permeation Chromatography (GPC) and Size 

Exclusion Chromatography (SEC) 

Molecular weight changes measured by the GPC are used as an indicator of polymer 

degradation. There are two important factors in GPC analyses, column chemistry (column 

porosity) and mobile phase composition (flow rate, dissolution conditions, temperature and 

sample stability).  Although weathering influences the molecular weight, both chain scission 

Literature Source 

Groups Binding Energy(eV) 

C1s O1s 

C=O O=C-O CH2-O- 
CH2-

OH 

Ar 

C-OH 
C-C 

Ar 

 C-H 
C=O C-O 

Aliphatic 

C-OH 

 

Kormunda,Martin 

2010 [131] 

288.9   286.3     285 285 532 533.5   

Amor,S.Ben 2009 

[156]  
289   286.6       285 531.91 533.51 532.51 

Ardelean,H. 2005 

[148] 
287.3 288.7 286.2       284.7 531.4 533   

 Gupta,B. 2000 

[154] 
288.1 288.8 286.1 286.7   284.6         

Friedrich,Jörg 

1991 [116] 
289   286.6 286.1 287.5   285 531.7 533.4 532.8 

Chtaib,M. 

1991[152] 
288.6   286.16       284.6       

Clark,D.T. 1984 

[155] 
289   286.6       285 532 534   
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and crosslinking occur as a result of ageing. The degree of degradation related to molecular 

weight changes in UV exposed polymers and the molecular weight changes can be measured 

by GPC (number average molecular weight (Mn), weight average molecular weight (Mw), and 

polydispersity (Mw/Mn) can be measured by GPC [157]. It was reported that chain branching 

measured by Mw/Mn and chain scission measured by Mn can occur at a few micrometers (250 

μm) in the depth of the irradiated films. Combined results of GPC and color changes in 

irradiated films show that both chains scission (branching) and color formation happens at 

short wavelength of irradiation and that longer wavelengths are not capable of chain scission 

but result in some color formation [17,30]. GPC results for the UV irradiated PET films show 

a decrease in the number average molecular weight (the elution peak shifted to the lower 

molecular weight region with an increase in exposure time) with a broadening of 

polydispersity index due to the degradation of PET. In addition to the chain scission, some 

networking reactions (hydrogen bonding between polar functional groups or cross linking 

reactions) occur during the degradation [107,157]. Chain scission reactions and the formation 

of carboxyl end-groups during photodegradation on UV irradiated PET films are responsible 

for  a decrease in weight average molecular weight (Mw) of  the exposed PET from ∼ 47,000 

to ∼ 26,000 after 574 h exposure [66]. 

2.6.7. Gas and Liquid  Chromatography Mass Spectrometry (GC- MS and LC -MS) 

Liquid and gas chromatography interfaces with IR or mass spectrometry, as a qualitative 

detector, has been used in weathering studies. There are some volatile and nonvolatile 

degradation products which are identified by LC-MS and GC-MS. Photooxidation versus 

photolysis has been studied by GC and it has been reported that CO2 production is enhanced 
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as a volatile product when the irradiation of PET is performed in air instead of under vacuum 

[54]. In the case of PET containing CHDM, the copolymer thermal degradation was 

performed with GC analyses and the chromatogram of the heated sample showed two 

additional peaks which have molecular weights of 198 and 126 in mass spectral analyses. 

Those molecules were formed by ester cleavage between terephthalic acid and CHDM [48]. 

Nonvolatile materials produced by Gamma irradiation of polyethyleneterephthalate 

copolymer containing 3% and 31 % of CHDM were studied by High Performance Liquid 

Chromatography. The results of analysis of the copolymer for non-volatiles indicates 

degradation products such as terephthalic acid, mono-hydroxy ethylene terephthalic acid, bis 

(2-hydroxyethyl) terephthalate (dimer or linear oligomer), cyclic tris (ethylene terephthalate), 

1,4-cyclohexane dimethanol. Gamma-radiation has been found to significantly increase 

terephthalic acid, mono-hydroxy ethylene terephthalic acid concentrations in the copolymer. 

Gamma irradiation of PET copolymer did not produce any new detectable nonvolatile 

chemical where the major volatile degradation material were acetaldehyde and 2-methyl-1,3-

dioxolane. The concentrations of acetaldehyde has been found to increase after exposure by 

increasing the exposure time [72].  

2.6.8. Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS ) 

 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) provides chemical information 

of molecular structure on the polymer surface [158]. Polymer surface characterization and 

identification of additives on the surface of the polymer by TOF-SIMS can be done where 

mass spectra (positive and negative) are analyzed with respect to the polymer fragment ions. 
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Main fragment ions from the repeat unit of PET (dimer at mass 385 amu for positive and 383 

amu for negative) have been observed by a simple cleavage process followed by subsequent 

reactions. The appearance of additional peaks corresponding to the presence of additives on 

PET has been observed [159]. UV irradiation of PET induces carbonyl elimination and 

carboxylic acid formation which was studied by TOF SIMS. Cleavage of CH2-O bond 

through Norrish type II reaction may form the PET monomer mass peak at m/z 193. Ion 

bombardment causes dissociation at the weakest bond to form carboxyl and alkyl radical pair 

and also fragmentations leading to formation of m/z 149 and 105 mass peaks. Differences 

between the intensity of peaks belonging to irradiated and PET compared to the original PET 

suggest preexistence of some acid end groups due to UV irradiation on the exposed sample 

[160]. 

2.6.9. Wide angle X-ray Diffraction (XRD) 

 

Polymer crystallization can be achieved by heating above Tg and cooling very slowly or even 

by slow solvent evaporation of dissolved polymer. Orientation is also achieved through 

drawing of an amorphous polymer film due to attaining closer chain packing and restriction 

of chain mobility [19]. Thermomechanical history of the sample determines the crystalline 

(trans), non-crystalline (trans rich) and amorphous (gauche rich) properties of a polymer such 

as PET [62]. The crystalline state of PET has a planar conformation in which two carbonyls 

bonded to the benzene ring lie in the plane in trans arrangement with each other and with C-

O and C-C bands. Crystalline PET (trans conformation) has a torsion angle around the –CH2-
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CH2- bond in the glycolic segment which is equal to 160o. The amorphous PET has a 

conformation around the -CH2-CH2- link that is mainly gauche, the O-C-C-O dihedral angle 

value being close to 60o. Conformations of the ester groups in the terephthaloyl moieties are 

almost equally distributed between trans and cis forms [151]. The rotation of the carbonyl 

groups about the Caromatic-CO or CO-O bonds of glycol linkage can change the crystallinity of 

PET [120]. The transformation of amorphous to crystalline PET involves conversion of 

gauche (G) glycol conformers to trans (T) and also ordering of the terephthalate moiety 

through rearrangement of the carbonyl groups with respect to the benzene rings (rotation 

around the C-O bonds from gauche to trans) [123]. X-ray diffractograms of the PET film 

show the crystalline peaks (crystalline PET) and amorphous halo (amorphous PET). Figure 

2-14 shows diffractograms with weak sharp peaks near 17o and 25o of 2θ [16]. The intense 

peak at 26o is from the (100) planes and the shoulder at 23o is from the (110) planes of 

(triclinic) PET [62,124]. Copolymerization of PET changes the crystallinity of the polymer.  

The crystal lattice dimensions of PETG (PET containing CHDM) are distorted by the 

inclusion of comonomer units compared to PET lattice. The packing density of the PETG 

crystal is much smaller than that of the PET crystal [42]. PET copolymer including different 

percentages of CHDM shows perfect crystalline structure by increasing the isothermal 

crystallization temperature due to enhancing the motion of molecular chains [47]. 
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Figure 2-14.Wide-angle X-ray diffraction pattern of copolyester PETG (which contains 30 % 

of CHDM units) compared to PET shows three high-intensity reflections characteristic of the 

triclinic structure of PET, at 2θ values of about 17.0°, 22.8° and 26.2° [16]. 

 

A significant loss in crystallinity is induced by ion irradiation of polymers. The 

amorphization is monitored by the appearance of the specific bands of the trans and gauche 

ethylene glycol residue conformations. The intensity of the peak at 1340 cm−1 in FT-IR, 

which characterizes the trans conformation decreases due to the irradiation of the polymer. 

On the other hand, the integrated absorbance of the gauche conformation peak at 

1370 cm−1 increases in the exposed sample. This observation is a clear indication of the 

conversion of the trans ethylene glycol residue to a gauche form under irradiation [126]. PET 

samples with and without stabilizers were analyzed by X-ray Diffraction and a loss of 

orientation was observed after degradation. The magnitude of changes were lower for the 

films containing photo stabilizers because segregation effect during film production protect 

the noncrystalline region against degradation. Irradiation of films causes loss in X-ray peak 

intensities which was attributed to a decrease in orientation [161]. On the other hand 

molecules in an amorphous phase may be able to further crystallize if they are disentangled 
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or broken during degradation. Chemi-crystallization occurs by the scission of entanglements 

and tie chain molecules in a semi-crystalline polymer and results in higher crystallinity. The 

increase in crystallinity (change in crystalline lattice) and the change in morphology 

(spherulite destruction) are expected during photodegradation.  

2.6.10. Differential Scanning Calorimetry (DSC) 

Copolymerization of PET changes the crystalline behavior of the polymer. Thermal 

properties of polymers and copolymers have been studied by differential thermal analysis 

(TGA) and differential scanning calorimetry (DSC) [34]. It was shown that PET crystallizes 

faster than PETG copolyesters [162]. DSC analysis of the melt blends (melt mixing of PETG 

with another polymer) showed a single glass transition temperature for mixed copolymer 

which indicates a good miscibility between the two polymers in a mixture [163]. Thermal 

behavior analyses of PETG with DSC and TGA in copolyester with different amounts of 

CHDM shows that introducing 1,3/1,4-CHDM into the PET homopolymer can affect both 

melting temperature (no melting) and crystallinity (up to almost no crystallinity) [16,47].  

Introducing CHDM units in chains acts as a crystallization defect [32]. Thermogravimetry of 

cyclohexylene fraction of copolyester revealed the maximum decomposition rate above 

420oC which is started at 390oC.  DSC shows a small endothermic peak at 86.7°C for the 

polymer containing CHDM [112]. The melting peak is attributed to the crystals formed by 

crystallization in sample preparation and DSC measurement process. Melting peaks are 

observed in PET and PETG with 85/15 % of CHDM units (Figure 2-15).  

DSC can be used to study some aspects of thermal degradation and weathering. A 

decrease in melting point and a shift in glass transition due to UV irradiation has been 
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reported for various polymers [61,110,161]. Change in crystallinity during degradation 

provides critical information about the degradation process through crystalline and 

amorphous units. The crystallinity determined by DSC was altered during the weathering 

process. An increase in crystallinity in the early stage of degradation followed by a decrease 

in the later stage of degradation may be due to excessive modification of the molecule [157]. 

A decrease in the molecular weight increases the mobility of the macromolecules. Increasing 

radiation dose decreases the Tm of some PBT and PEA substrates by a few degrees because 

more defective crystallites are produced as a result of the irradiation.  A Tm peak does not 

appear for CHDM based copolymer and glass transition temperature Tg is shown to be 

independent of the irradiation dose [73]. 

 

 

Figure 2-15. Comparison of DSC results for polyesters (PET) and copolyesters (PETG): (a) 

second heating, (b) first cooling. Bottom: Comparison of DSC results for polyesters PETB 

and copolyesters PETGB: (c) second heating, (d) first cooling [32]. 
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2.6.11. Scanning Electron Microscope (SEM) and AFM microscopy 

Characterization of weathered polymers with respect to extent and morphology of damage 

during degradation has been investigated by microscopy techniques such as scanning 

electron microscopy (SEM) and atomic force microscopy (ATM). SEM results for 

polypropylenes of various crystallinity levels indicate that increased crystallinity polymer 

lowers the degradation rate [164]. Surface deterioration of the solar radiation exposed film 

(Polybutylene adipate-co-terephthlate) was examined by SEM and micrographs of the 

exposed side of the film showed more surface degradation compared to the unexposed side, 

as shown in Figure 2-16 [122]. SEM analyses of UV irradiated polyethylene terephthalate 

(PET) show changes on polymer surface due to photodegradation [165]. The reduction in 

ductility of the irradiated PET film has been studied by SEM on fractured surfaces of the 

films. SEM analyses show that the degraded layer causes the whole film to fail whereas after 

exposure the fractured surface show much less topography variations, which is typical of a 

fragile failure [88]. Characterization of weathered PETG copolyester (glycol modified 

copolyester containing 31 mol % of 1-4 cyclohexanemethanol with a thickness of 3 mm) was 

investigated by AFM. In macroscopic tests unstabilized specimens (polymer without any 

stabilizers) after 28 days of exposure to the weather showed brittle failure mode and the first 

few nm of the stabilized material had properties similar to the unstabilized copolyester 

specimens. It is worthwhile to mention that brittleness does not extend into the deeper 

surface layers [166]. 
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Figure 2-16. SEM micrographs of (a) solar exposed side and (b) unexposed side of PBAT 

film at week 4 at 2500× magnification; bars = 20 μm; arrows indicate regions of major 

surface deterioration [122]. 

 

2.6.12. Nuclear magnetic resonance spectroscopy (13C NMR, 1H NMR) 

NMR analyses give valuable information about the chemical composition and the 

microstructure of polymer chains. 13C-NMR study of copolyesters, as shown in Figure 17, 

provides valuable information about the distribution of the comonomers [9,6,34]. 1H-NMR 

spectroscopy has been used for the determination of chemical structure of polyesters 

containing aromatic rings (CH δ = 8.02 ppm), ethylene glycol unit (–CO–O–CH2–CH2–O–

CO δ = 4.70 ppm), and OH end groups (–CH2–CH2–OH δ = 4.02 ppm) [125,6,167].  1H 

NMR spectroscopy has been used to determine derivatives of both carboxyl (C(O)-OH) and 

hydroxyl (OH) chain ends of  poly(ethylene terephthalate) (PET) and PET based copolyesters 

(PETG) reacted with trichloroacetyl isocyanate (TAI) [168]. 1H-NMR spectra of copolymers 

such as PETG indicate differences in the chemical shift of each signal compared to those in 

PET [32,167]. The resonance signal occurring at 8.1 is ascribed to aryl protons whereas 1.2 
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and 2.1 ppm are ascribed to CHDM protons (Figure 2-17, Figure 2-18) . Two isomers (trans 

and cis) of cyclohexylenedimethylene groups give rise to the chemical shift at 4.3 and 4.2 

[169]. The doublet at 4.43 is due to the axial methylene group, whereas the more intense 

doublet at 4.32 arises from the equatorial methylene group. The signals at 4.43 and 4.32 

assigned for 1,4-disubstituted cyclohexane derivatives exist in axial and equatorial 

substituents [170]. Composition analyses of copolyesters containing poly (ethylene 

terephthalate-co-1, 4 cyclohexylenedimethylene terephthalate) by 1H NMR spectra has 

revealed that the composition of the resulting copolymer was in agreement with the 

theoretical composition of the generated polymer [16]. 

 

 

Figure 2-17. Chemical structures of the PETG characterized by 13C NMR and 1H NMR [34]. 
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 1H NMR analyses can be used to determine the aromatic to aliphatic proton ratio 

changes as a result of degradation. Thermal degradation studies of PETG and PET via 1H 

NMR show that methyl cyclohexane and cyclovinylidene end groups appear due to the 

degradation of CHDM units in PETG [48]. Vinyl end group have been identified in both PET 

and PETG after thermal degradation.  Vinyl end group formation has been proposed via 

Norrish type II mechanism [171]. Thermally degraded polymer containing CHDM shows 

chemical shifts for methyl protons in 1-methyl and 4-methyl-1-cyclohexene at 1.64 and 0.92 

ppm respectively [48]. Proton from OH end groups can be seen in 1H NMR spectra, given in 

Figure 18, at 3.89 ppm. A decrease in proton of ether linkage for the thermally degraded PET 

has been reported at 4.49 ppm  [92]. 
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Figure 2-18. 1H-1H-COSY spectrum of CHDM homopolymer shows the ratio of cis and trans 

CHDM was 3/7, based on differences in the peak intensity of the oxymethylene signals at 4.6 

(cis) and 4.4 (trans) [46].  
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3.1. Abstract 

The photodegradation of copolyesters based on 1,4-cyclohexanedimethanol (CHDM), 

tetramethyl-1, 3-cyclobutanediol (TMCD) and terephthalic acid units was investigated using 

various analytical methods. GPC analysis indicated an increase in the molecular weight 

distribution of irradiated films due to chain scission during photodegradation. 

Photodegradation products (containing acid and alcohol end groups) were characterized 

using FTIR, LC-MS and XPS analyses. The scission of C-O bonds of ester through a Norrish 

I reaction was supported via TOF SIMS and LCMS, while 1H NMR analysis showed 

hydrogen abstraction from the tertiary carbon of CHDM units in trans conformation. The 

subsequent conversion of the polymer alkyl radical to a hydroxy radical led to free radical 

attack on the aromatic ring. Fluorescence emission from irradiated films demonstrated the 

formation of mono and dihydroxyterephthalate species.  FTIR and XPS valence band 

analysis indicate conformational changes (Trans to Cis) on polymer chain due to 

photodegradation. While photodegradation products identified by TOF SIMS and LC-MS 

results indicate that the C-O bond of the ester groups is the susceptible bond to cleave 
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(Norrish type I), photo cleavage following a Norrish II reaction seems to be the dominant 

degradation mechanism based on FTIR, and XPS analysis results. 

3.2. Introduction 

The main inspiration for copolymerization of PET with cyclohexanedimethanol (CHDM)[1] 

or tetramethyl-1, 3-cyclobutanediol (TMCD)[2], is to improve specific properties of the host 

compound. This may be achieved by introducing cyclic diols as comonomers into the 

composition. Analogs of polyethyleneterephthalate (PET) exhibit enhanced chemical 

resistancy, good clarity and slow crystallization (modified Tg and Tm) [3-5]. These properties 

are produced by introducing 1, 4 cyclohexanedimethanol (CHDM) or 2, 2, 4, 4-tetramethyl-

1, 3-cyclobutanediol (TMCD) into the polymer backbone [6-11]. The extension of the 

resultant copolymer to outdoor applications necessitated a better understanding of weathering 

mechanism. Such studies would complement results from the photodegradation of PET using 

gamma [12,13]  and UV irradiation [14-19]. Photodegradation of PET has been investigated 

with respect to changes in properties such as tensile properties [17], crosslinking and 

discoloration [18], as well as characterization of degradation products [19,20] . 

Absorption of light by aromatic ester in the region of 220 nm [17,18] to 325 nm [21] 

can lead to the formation of primary radicals such as alkoxy, acyl, alkyl, carboxyl and 

formate through a Norrish I reaction [22]. Free radicals produced through Norrish I reaction 

have a dominant effect on the tertiary carbon atom of cyclohexane unit [23].  Intramolecular 

rearrangement through Norrish II reaction, on the other hand, is also responsible for the 

formation of carboxyl and vinyl end groups [24-27].  
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Qualitative and quantitative analyses of photodegradation products of copolyester, 

based on CHDM, were carried out using various analytical methods including FTIR  (for 

identification of carboxylic acid, benzoic acid, benzaldehyde, formate end groups and species 

containing double bonds) [13,23,28], color formation [29], gas and liquid chromatography 

mass spectroscopy (for identification of CO and CO2 volatile compounds and terephthalic 

acid) [30], DSC and TGA [31,32], viscosity measurement, and GPC [33]. 

In the present study two commercially available copolyester films, PETG and Tritan, 

were irradiated in a weatherometer and photodegradation products were studied by LC-MS, 

FTIR, UV-VIS and NMR spectroscopy. Results were coupled with advance surface 

characterization techniques such as XPS, TOF SIMS and fluorescence measurement. The 

results were used to help elucidate the photodegradation mechanism of PETG and Tritan 

copolymer films. 

3.3. Experimental  

3.3.1. Materials 

Copolyester films based on CHDM and TMCD were provided by Eastman Chemical 

Company (TN, USA). All solvents including chloroform, acetonitrile, HFIP, 1,1,2,2-

Tetrachloroethane-d2 were purchased from Sigma-Aldrich (USA). Mono and 2,5-

Dihydroxyterephthalic were purchased from TCI America (USA).  

3.3.2. Weathering and sample preparation 

An Atlas Ci3000+ Weatherometer (equipped with Xenon artificial daylight lamps) was used 

for simulation of outdoor aging. Exposure of films was conducted using the Florida (Miami) 
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testing conditions involving 0.55 W/m2 irradiance at 340 nm and the device was equipped 

with a borosilicate filter and operated at RH 50% and 43°C. Copolyesters films were exposed 

in the weatherometer for 48, 96, 144, 192 and 240 h. Polymer films were then cut to 3x6 mm 

size and placed in a 10 ml cell containing 13g glass beads. A Thermo Scientific Dionex ASE 

350 Accelerated Solvent Extractor (ASE) system was used for extraction of degradation 

products. Acetonitrile was used for the extraction of compounds in 3 cycles at 80°C over a 

period of 25 min for each sample. 

3.4. Measurment 

3.4.1. Measurment of extracted material from ASE  

Extracted compounds from the ASE were analyzed using liquid chromatography mass 

spectroscopy (LC-MS). The separation was achieved using an HP Series 1100 liquid 

chromatogram (LC) fitted with an Agilent SB-C18 (4.6×50 mm, 1.8 u) column. The initial 

conditions of the mobile phase were 97 % water (with 0.1% formic acid) and 3% methanol 

and the gradient elution reached 100% methanol within 15 min. Fluorescence properties of 

extracts (polymer films dissolved in HFIP/chloroform) were investigated using a Fluorolog-3 

spectrofluorometer (HORIBA Jobin Yvon Inc.) with separate excitations at 290 and 350 nm.  

3.4.2. Characterization of polymer film surface  

FTIR (ATR) spectra of the polymer films were recorded on a Nicolet Nexus 470 FTIR 

spectrometer (Thermo Scientific, USA). X-ray Photoelecton spectroscopy (XPS) was 

performed on the surface of polymer films by using an XPS/UVS – SPECS System equipped 

with a PHOIBOS 150 Analyzer (resolution of less than 1 eV) and X-Ray energy of 10-14kV 
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for AL/Mg. TOF-SIMS analyses were conducted using a TOF-SIMS V (ION TOF, Inc. 

Chestnut Ridge, NY) instrument equipped with a Bin
m+ (n = 1 - 5, m = 1, 2) liquid metal ion 

gun.  The chamber pressure was maintained below 5.0 × 10-9 mbar to avoid contamination of 

the surfaces.  An electron gun was used to prevent charge build up on the insulating sample 

surfaces. Fluorescence measurements of polymer films were performed at room temperature 

on a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.). UV–Visible spectra were 

obtained using a Cary 300 spectrophotometer. Molecular weight analysis on copolyester was 

performed by GPC analyses using MeCl2: HFIP (70:30) as the solvent and MeCl2: HFIP 

(95:5) as the mobile phase [34]. NMR spectra were obtained using Varian Mercury 400 MHz 

Spectrometer and Bruker 700 MHz Avance instruments. Samples (5-10 mg) were dissolved 

in 0.6 ml deuterated chloroform (CDCl3) and 1,2-dideutero-1,1,2,2-tetrachloroethane was 

used instead of chloroform as needed.   

3.5. Results and discussion 

3.5.1. Gel permeation chromatography  

The damaging effects of irradiation on copolyester films, with respect to a change in its 

molecular weight distribution, were determined by GPC analysis. Chain scission may be 

followed by radical attack including radical recombination, hydrogen abstraction and 

decarbonylation. These reactions would be responsible for changes in the molecular weight 

distribution of the irradiated films, which are also detected by GPC analysis. Table 3-1 shows 

the polydispersity index (PD) of copolyester has increased from 2.69 (control film) to 5.31 

after 144 h irradiation. The decrease in the number average molecular weight (Mn) and an 

increase in the weight average molecular weight (Mw) indicate irradiated films were 
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degraded. There are three possible sites of chain scission through Norrish I reaction. The 

carbon-oxygen cleavage may result in the formation of alkoxy (•O- CH2–) and acyl (–C•= O) 

radicals; alkyl (•CH2-) and carboxyl (O=C-O•) radicals; or formate (-O-•C= O) and phenyl R• 

radicals. Chain scission through Norrish I and II reactions during photodegradation is likely 

responsible for a decrease in the weight average molecular weight. 

 

Table 3-1. GPC analysis of control and irradiated (144 h) copolyester films. 

Sample  Mn
 Mw PD 

PETG control 14248 38277 2.69 

PETG irradiated 144 h   12228 64931 5.31 

Tritan control 10354 20556 1.96 

Tritan irradiated 144 h   8044 38898 4.84 

 

 

3.5.2. Time of flight secondary ion mass spectrometry (TOF SIMS) 

TOF-SIMS analysis was used to provide detailed information about the surface of the 

exposed and control copolyester films. Characteristic peaks of m/z 105, 149 and 193, as 

shown in Figure 3-1 were identified due to ion bombardment and dissociation at the weakest 

bond of C-O ester units. Chain scission at the CH2-O bond on one side and COO-CH2 from 

the other side of the terephthalic unit produces a mass peak of m/z 193. Carboxyl and alkyl 

radical pairs are formed as a result of chain scission through Norrish I reaction (Scheme  

3-1). Carboxylic end groups can be produced by hydrogen abstraction from the neighboring 

molecules. Mass peaks of m/z 149 and 105 are the possible fragmentation products from the 

next step, as previously reported for poly-(ethyleneterephthalate) [35]. A comparison of the 
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overlap spectra of control and irradiated films, given in Figure 3-1 (c) , shows a higher peak 

intensity at m/z 193 for the 144 h irradiated copolyester film.  

 

Figure 3-1. TOF SIMS possitive ion spectra of PETG films: (a) control, (b) 144 h irradiated, 

(c) overlap spectra of control (red) and irradiated (blue) films. 

 

Irradiation of polymer surface causes further chain cleavage which starts from the 

weakest bonds and forms lower molecular weight chains. Since ionization of lower 

molecular weight compounds is easier, a higher peak intensity at m/z 193 is observed for the 

irradiated PETG. TOF SIMS analyses indicate that the most probable chain scission reaction, 

from the three possible Norrish I routes is the C-O cleavage of ester resulting in the 

formation of carboxyl and alkyl radicals.   
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Scheme  3-1. Mass fragment ions responsible for characteristic peaks in TOF SIMS spectra 

of PETG. 

 

3.5.3. LC-MS analysis  

Liquid chromatography followed by mass spectroscopic analyses on extracted material 

(ASE) of copolyester films (control and 240 h irradiated) was used to obtain information 

about photodegradation products. The total chromatogram of irradiated sample in Figure 3-2 

shows the appearance of new peaks at retention times of 6.21, 10.85, 12.82, 12.90 and 14.63 

minutes. Mass spectroscopy measurement was used to provide possible molecular formulas 

for the photodegradation products as shown in Table 3-2.  
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Figure 3-2. Total chromatogram assessment of ASE extracts from PETG control (a) and 240 

h irradiated (b). Peaks appearing as a result of irradiation are shown with arrows. 

 

Table 3-2. LC-MS analysis of ASE extracts from 240 h irradiated copolyester. 

Retention time (minutes) Chemical formula Molecular weight a Chemical composition b 

6.21 C10H10O5 210.18 E-T 

10.85 C20H18O9 402.35 E-T-E-T 

10.93 C18H14O8 358.29 T-E-T 

12.82 C30H26O13 594.51 E-T-E-T-E-T 

12.82 C34H34O15 682.62 E-T-E-T-E-T-D 

a Calculated MW      

b E: Ethylene glycole, T: Terephthalic acid, D: Diethyleneglycole 
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LC-MS analysis indicate the extracted photodegradation products from the irradiated 

copolyester film contain acid and alcohol end groups.  The formation of carboxylic acid end 

groups as a result of irradiation has previously been reported [21,23,36]. Chain scission at 

O=C-O and C-O of ester group through Norrish I reaction, as illustrated in Scheme  3-2 can 

result in the formation of alkoxy (1), acyl (2) , carboxyl (3) and alkyl (4) radicals. Following 

the chain scission reaction, the alkyl radical (•CH2-) can abstract hydrogen and form a 

methyl end group, Scheme  3-2 (5), or it can get involved in an oxidation reaction and form 

an alkoxy radical. Carbonyl radicals (O=C-O•) can abstract hydrogen and form phthalic acid 

end groups, Scheme  3-2 (3). Appearance of new peaks in Figure 3-2 (b) is due to 

degradation materials with chemical formula C18H14O8 and C10H10O5 in Table 3-2 is 

validated by the degradation mechanism shown in Scheme  3-2. Moreover, decarboxylation 

may take place on this radical to form benzoic end groups shown in Scheme  3-2 (8). Alkyl 

radicals produced on photolysis can react with oxygen to form ROO• radicals which can 

react further to produce CO2 as the main volatile product of the photooxidation which has 

been already reported for PET [19] .  
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Scheme  3-2. Alkyl, alkoxy, acyl and carboxyl radical formation through Norrish type I 

reaction. 
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3.5.4. Fourier transfer infrared spectroscopy (FTIR) 

Figure 3-3 depicts the ATR-FTIR spectra of PETG in the 700 to 4000 cm-1 region which 

shows significant differences in the band intensity in the 3200–3500 cm−1 region. The OH 

peak intensity around 3400 cm-1 is increased due to irradiation of the film up to 240 h. The 

intensity of the peaks corresponding to hydroxyl region increased by irradiation time. This 

indicates the exposure time has an effect on the formation of carboxyl and alcohol end 

groups (photodegradation products). A probable chain scission of C-O in the ester groups 

through Norrish type I reaction followed by radical recombination reactions can result in the 

formation of acid and alcohol end groups (Scheme  3-2). On the other hand, chain scission 

through Norrish type II reaction is responsible for the formation of carboxylic acid end group 

(Scheme  3-3).  

 

Figure 3-3. Complete ATR-FTIR spectra in the 700 to 4000 cm-1 region for PETG: Control 

(a) and irradiated 48 h (b), 96 h (c), 144 h (d), 192 h (e) and 240 h (f). 
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The recombination of free radicals and primary macro radicals is more likely over 

higher irradiation periods (e.g. the intensity of band at OH region significantly increases from 

48 to 96h). Since radical recombination would prevent hydrogen abstraction or 

decarboxylation thus the amount of acid and alcohol end groups formed would be lower. A 

comparison of peak intensity differences in Figure 3-4 (a-b) and (d-e) supports the above 

hypothesis.   

 

Figure 3-4. FTIR spectra zoomed-in the 2700 to 3800 cm-1 region for PETG control (a) and 

irradiated for 48 h (b), 96 h (c), 144 h (d), 192 h (e) and 240 h (f). FTIR analysis 

demonstrates a decrease in peak intensity at 2850 to 3000 cm-1 region (CH stretching peak) 

for the exposed films. 
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Scheme  3-3. Carboxylic end group formation through Norrish Type II reaction 

 

The broadening of the FTIR peak between 1750-1690 cm-1 (Figure 3-3) 

corresponding to C=O stretching indicates the formation of free C=O which is attributed to 

benzoic or carboxylic acid end group formation. Increased absorbance intensity at 1612 cm−1 

may be due to ring substitution [27] and formation of hydroxyterephthalate compounds.  

In Figure 3-5 at the C-O ester region (1300–1000 cm−1) two shoulders are evident 

with the same absorption intensity, which represent the trans (1246 cm-1) and gauche 

(1261 cm−1) conformations. The trans and gauche conformations of glycol, with respect to 

CH2-O bond, are present at the same ratio in the control film. A comparison of the IR band of 

the control and 240 h irradiated films shows a loss in peak intensity for the trans mode at 

1246 cm−1. The Norrish II reaction occurs via intramolecular rearrangement and the 

abstraction of a γ-hydrogen from a cyclic intermediate. This reaction favors a six-membered 

ring conformation (Scheme  3-3) which requires glycol to be in a transoid conformation with 

respect to CH2-O bonds (Figure 3-5). A change in configuration from trans to gauche due to 
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irradiation (note the difference at 1246 cm−1 between irradiated and control film) suggests the 

dominance of a Norrish type II photochemical reaction as a mechanism of degradation.  

 

Figure 3-5. Conformational change (trans to cis) due to irradiation. FTIR spectra zoomed-in 

1180 - 1340 cm-1 region for PETG control (a) and PETG irradiated for 240 h (b). 

 

3.5.5. 1H NMR and 13C NMR   

Figure 3-6 shows the key protons along Tritan backbone. Chemical shifts at 0.4 ppm (H-1a in 

Figure 3-6) and 2.0 ppm (H-1e in Figure 3-6 ) are assigned based on the axial and equatorial 

hydrogens of CHDM in trans conformation whereas these protons appear at 1.2 ppm (H-1’a 

in Figure 3-6 ) and 1.4 ppm (H-1’e in Figure 3-6) in cis conformation of CHDM. The trans 

conformation of CHDM in Tritan shows the proton of tertiary carbon of CHDM at 1.7 ppm 

(H-3 in Figure 3-6) whereas this proton appears at 2.2 ppm (H-3’ in Figure 3-6) in the cis 
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conformation. The proton of tertiary carbon of TMCD in Tritan appears at 4.6 ppm and 4.8 

ppm for trans and cis conformation respectively. 

 

Figure 3-6. HSQC spectrum of Tritan. Carbon and proton relationship in the NMR spectrum 

is assigned for the tertiary carbon of CHDM in the trans conformation. 



 

 

 

129 

 

Figure 3-7 shows the key protons along the PETG backbone. Chemical shifts at 4.7 

ppm for ethylene glycol and doublet at 4.43 (cis) and 4.32 (trans) are assigned based on the 

axial and equatorial methylene substituent of CHDM. The trans conformation of CHDM 

shows the proton of tertiary carbon of CHDM at 1.8 ppm (H-2 in Figure 3-7) whereas this 

proton appears at 2.2 ppm (H-2’ in Figure 3-7) in the cis conformation.  

 

Figure 3-7. HSQC spectrum of PETG. Carbon and proton relationship in the NMR spectrum 

is assigned for the tertiary carbon of CHDM in the trans conformation. 
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Figure 3-8 and Figure 3-9 demonstrate the relative intensity of the peak belonging to 

the proton of the tertiary carbon in CHDM (the peak at 1.7 ppm and 1.8 ppm for the trans 

conformation in Tritan and PETG respectively) is lower for the 144 h irradiated sample 

compared to the control. A comparison of 1H NMR spectra of irradiated versus control films 

indicates hydrogen abstraction at the tertiary carbon atom of CHDM is more likely compared 

to that from the CH2 groups of ethylene glycol units in the polymer backbone. It is worth to 

highlight that the hydrogen of the trans conformation in CHDM is lost due to hydrogen 

abstraction by primary free radicals.  

 

Figure 3-8. 1H NMR spectra of PETG copolymers (a) Control and (b) Irradiated for 144 h. 

The peak corresponding to the proton of the tertiary carbon atom of CHDM is shown with 

the arrow. 
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Figure 3-9. 1H NMR spectra of Tritan copolymers (a) control and (b) irradiated for 144 h. 

The peak corresponding to the proton of the tertiary carbon atom in CHDM is shown with the 

arrow. 

 

Tertiary carbon atoms of cyclohexane units in the polymer backbone are susceptible 

to oxidation. Oxidation followed by hydrogen abstraction leads toformation of  

hydroperoxides, which are photo unstable and O-O scission produces alkoxy and hydroxyl 

radicals (Scheme  3-4). The hydroxyl radical may participate in a ring substitution reaction to 

form mono and dihydroxyterephthalate species (Scheme  3-5). The opening of cyclohexane 

ring may form alkyl radical which can produce carboxylic acid structures after oxidization. β 
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scission of macro alkoxy radicals can result in cyclohexane ring opening and the oxidization 

of product can lead to the formation of carboxylic end groups. 

 

Scheme  3-4. Alkoxy and hydroxyl radical formation due to hydrogen abstraction from the 

tertiary carbon of cyclohexane ring followed by oxidization. 

 

3.5.6. X-ray photoemission spectroscopy (XPS) 

The surface elemental composition of the copolyesters was determined by X-ray 

photoemission spectroscopy as shown in Figure 3-10. The high resolution scanning spectra 

of carbon and oxygen after fitting sub peaks for C 1s (Figure 3-10; a-d) and O 1s (Figure 

3-10; e-f) provide useful information about subgroups of C-C, C-O, C=O and C-H. Peak 

positions corresponding to each sub peak are provided in Table 3-3.  
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Figure 3-10. XPS survey spectra of PETG control film with carbon C 1s and oxygen O 1s 

peaks. High resolution carbon scan of PETG control (right top) with peak fitting C=O (a), C-

O (b), C-H (c) and C-C (d). High resolution oxygen scan for PETG control (right at bottom) 

with peak fitting C-O (e) and C=O (f). 

 

Table 3-3. PETG high resolution binding energies. 

Peak 1 C 1s Binding energy (eV) Peak 2 O 1s Binding energy (eV) 

(a) C=O 288.81 (e) C-O 533.90 

(b) C-O 286.71 (f) C=O 532.38 

(c) C-H 285.37 - - - 

(d) C-C 284.75 - - - 

1Assigned for peaks in Figure 3-10 (a-d) 

2Assigned for peaks in Figure 3-10 (e-f) 
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Characteristic signals of carbon C 1s (285 eV) and oxygen O 1s (532 eV) in the 

survey spectra of the control PETG film compared with those for the irradiated films are 

shown in Figure 3-11. The carbon/oxygen ratio (C/O) of 6.22 for the control film decreases 

to 4.8 and 3.63 by increasing the irradiation time from zero to 72h and 144 h respectively. 

The C/O ratio which is indicated by the slope of the arrowed line in Figure 3-11, decreases 

by increasing the irradiation time. 

The high resolution XPS carbon scan, given in Figure 3-12, indicates a major increase 

in the C=O sub peak, with a simultaneous decrease in C-C and C-H sub peaks due to 

irradiation. Intensity of the peak at 288.81 eV increases by increasing the irradiation time. 

The intensity of the peak at 284-285 eV decreases by increasing the irradiation time. Figure 

3-13 demonstrates a significant change (broadening of the peak) in the high resolution 

spectrum of oxygen due to irradiation up to 144 h. Sub peaks belonging to C-O single and 

C=O double bonds in the high resolution oxygen scan increase by increasing the irradiation 

time. In fact the high resolution carbon and oxygen scanning results for irradiated films 

consistently show an increase in C-O and C=O as a result of irradiation. The intensity of two 

sub peaks at 533.90 eV and 532.38 eV increases by increasing the irradiation time. The 

increased C=O peak as a result of irradiation supports chain scission and formation of 

carboxylic and aldehyde end groups due to photodegradation. The decrease in carbon content 

(the amount of aromatic ring carbon atoms at 285 eV) indicates the aromatic carbon 

undergoes ring hydroxylation whereby the amount of oxygen atom which is singly bonded to 

carbon increases simultaneously.  
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Figure 3-11. XPS survey scan of PETG control, and irradiated for 72h and 144 h. 
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Figure 3-12. High resolution carbon spectra of PETG control (a) irradiated 72h (b) and 

irradiated 144 h (c).  

 

Figure 3-13. High resolution oxygen spectra of PETG no additives control (a), irradiated 72h 

(b) and irradiated 144 h (C).  
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The intensity of the peak at 11-14 eV increases by increasing the irradiation time 

(control to irradiated 144 h). The increased peak at this region in the valence band for the 

irradiated film compared to that of the control, as shown in Figure 3-14 and Figure 3-15 

indicates a change from a trans to gauche configuration due to irradiation (note the change in 

binding interaction between C 2p atomic orbital).This is consistent with the configurational 

changes detected in FTIR supporting a Norrish type II reaction.  

 

Figure 3-14. Valence band spectrum of the PETG Control (a), 72h irradiated (b) and 144 h 

irradiated (c). 
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Figure 3-15. Valence band spectrum of Tritan control (a), 72h irradiated (b) and 144 h 

irradiated (c). 

 

3.5.7. Fluorescence spectroscopy 

The UV Visible spectroscopic measurement shows absorption of the copolyester film 

containing no additives at 285 nm due to the presence of aromatic ester carbonyl groups. 

Presence of photodegradation compounds after 144 h of irradiation can result in an increased 

absorption band at λ  300 nm. The absorbance spectra of irradiated and control films 

dissolved in chloroform are shown in Figure 3-16. 
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Figure 3-16. Absorbance spectra of PETG film containing no additives, dissolved in 

chloroform and irradiated for 240 h (a), and control PETG with no additives (b). 

 

Accelerated solvent extraction extracts from control and 144 h irradiated PETG and 

Tritan films are shown in Figure 3-17. Ultraviolet source behind the vials including 

degradation materials (ASE extracts) collected from irradiated PETG and Tritan shown in 

Figure 3-17 (b) and (d), show the extracts have fluorescence properties whereas extracts from 

control films depicted in Figure 3-17(a) and (c) do not show fluorescence emission.  

 

Figure 3-17. ASE extracted materials collected in vials from PETG film control (a), PETG 

film irradiated 144 h (b), Tritan film control (c) and Tritan film irradiated 144 h (d). 



 

 

 

140 

 

Some of the degradation products of irradiated PETG and Tritan demonstrate 

fluorescent properties as identified by their emission spectra with excitation at 350 nm. The 

emission λmax of the irradiated PETG is at approximately 460 nm which is significantly 

different from that of the control film with a λmax of approximately 390 nm. Figure 3-18 

shows the intensity of the emission spectrum increases by increasing the exposure time from 

48-240 h.  

 

Figure 3-18.  Emission spectra of the control PETG (a) and those irradiated for 48 h (b), 96 h 

(c), 144 h (d), 192 h (e), and 240 h (f) including the emission spectrum of 2,5 -

dihydroxyterephthalic acid (Top) 2 -hydroxyterephthalic acid (Bottom). 
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Hydroxyl radicals which are produced by decomposition of hydroperoxide (Scheme  

3-4) can subsequently react with the aromatic ring to produce hydroxyterephthalic groups 

(Scheme  3-5). The emission spectra of mono and dihydroxyterephthalic acids are shown in 

Figure 3-18 with emission λmax of approximately 460 nm. Hydroxyterephthalic groups which 

may be formed due to photodegradation of the irradiated copolymer exhibit fluorescence 

with emission λmax of 460 nm which is consistent with the emission of mono and 

dihydroxyterephthalic acids.  
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Scheme  3-5. Proposed formation of mono and dihydroxyterephthalate due to photooxidation 

of PETG. 
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3.6. Conclusion 

The high loss in the number average molecular weight and the increase in polydispersity 

index (Mw/Mn) of irradiated copolyester films, compared to the controls, is used to propose 

chain scission due to photodegradation on the polymer backbone. TOF SIMS analysis results 

supports chain scission at the C-O bond of ester groups resulting in the probable formation of 

alkyl and carboxyl radicals through a Norrish I reaction. 1H NMR integration shows a 

significant decrease in the relative intensity of the peak belonging to the proton of the tertiary 

carbon atom. UV/VIS data shows an increased absorption at 300–340 nm, likely due to the 

presence of aromatic hydroxylated species which exhibit fluorescence emission at 

approximately 460 nm. The emission spectra of the film before and after irradiation shows 

significant differences especially at 460 nm which is more consistent with the emission λmax 

of 1,4 dihydroxyterephthalic acid. The intensity of the emission peak increases with 

increasing the exposure time from zero to 240 hours. On the other hand, FTIR analysis 

indicated a decrease in the CH stretching peak in the 2850 to 3000 cm-1 range. A decrease in 

the aromatic carbon C-H due to hydroxylation of terephthalate units, as observed with 

fluorescence spectroscopy, is consistent with the high resolution carbon C 1s analysis in XPS 

and FTIR. 

The LC-MS analysis of exposed copolyester degradation products, formed through 

Norrish type I and II reactions, supports the formation of structural chains with acid and 

alcohol end groups. This is consistent with intensity increases in the OH region observed in 

the FTIR data and increased C=O and C-O peaks from the XPS high resolution oxygen scans 

of irradiated films. The high resolution oxygen O 1s scan showd an increase in C=O and C-O 
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with a broadening of the band which is attributed to chain cleavage at C-O of the ester groups 

in the polymer backbone.  

Intramolecular Norrish type II reaction favors a six-membered ring conformation, 

which requires glycol in a transoid conformation with respect to CH2-O bonds. Thus intensity 

differences in the peak at 1246 cm−1 supports a Norrish type II reaction. It was also shown 

via 1H NMR analysis that the proton of the tertiary carbon in the trans conformation 

decreases due to irradiation. A configurational change from trans to cis, due to irradiation, is 

also supported with the FTIR analysis and XPS valence band results which demonstrate a 

peak increase in the 8-12 eV (trans to cis) after irradiation.  
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4.1. Abstract 

The influence of two UV photostabilizers, Cyasorb 1164 and Cyasorb 3638, on the 

photostability of  PETG and Tritan copolyester films was investigated. Untreated films 

(control) and films containing different concentrations (5% and 10% w/w) of stabilizer were 

irradiated for 72 and 144 h. The resulting films were analyzed by attenuated total reflectance, 

Fourier transform infrared (ATR=FT-IR) spectroscopy, gel permeation chromatography 

(GPC) and X-ray photoelectron spectroscopy (XPS). Density Functional Theory (DFT) 

methods were used to explain experimental results and to understand the mechanism of UV-

stabilization at the molecular level. Results from the absorption and emission spectral and 

cyclic voltammetry analysis of polymer films and UV stabilizers are reported. FT-IR spectra 

of the irradiated films containing 10% Cyasorb 1164 showed less change in intensity of the 

broad peak in the range 3200–3500 cm−1, corresponding to OH group, compared to the films 

containing 10% Cyasorb 3638, indicating that Cyasorb 1164 is a better photostabilizer. 

Consistently, XPS results showed that the decrease in the C/O ratio, due to photodegradation, 

was greater in films containing Cyasorb 3638 compared to those containing Cyasorb 1164. 

GPC analysis shows an increase in the polydispersity index of irradiated films especially the 

films without UV stabilizer, due to chain scission during photodegradation. Average 

mailto:Ahmed_El-Shafei@ncsu.edu
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molecular weight differences between irradiated and control film containing Cyasorb 3638 

are higher than those for the films containing Cyasorb 1164. Absorption and emission spectra 

of extracted materials from control and irradiated films were almost identical for copolymer 

films containing Cyasorb 1164 whereas significant differences were observed for films 

containing Cyasorb 3638. Degradation products were observed in absorption emission 

spectra belonging to extracted materials after accelerated solvent extraction (ASE) of Tritan 

+ 10% Cyasorb 3638 where no degradation products were observed in materials after ASE of 

Tritan + 10% Cyasorb 1164. UV-absorption spectra of Cyasorb 1164 overlaps more with the 

absorption spectra of PETG and Tritan. The energy differences between copolyemrs and 

Cyasorb 1164 with respect to HOMO energy levels is higher than that for Cyasorb 3638.  

Similarly results from FT-IR, XPS and GPC analyse of the irradiated PETG and Tritan films 

clearly demonestrated that Cyasorb 1164 was significantly more effective than Cyasorb 3638 

in enhancing resistance to weathering. 

4.2. Introduction 

Photodegradation of polyesters includes a series of oxidative reaction, radical formation, 

radical attack, radical rearrangement through homolytic fission, and possibly dimerization 

through radical recombination [1,2], which give rise to the formation of photodegraded 

products such as hydroxyterephthalate groups [3,4], a singlet oxygen precursor, carboxylic 

acid, alcohol and vinyl end groups [5,6]. Kinetics of photodegradation of the exposed 

polymers can be followed by quantifying the carboxyl end groups [7]. Qualitative and 

quantitative analyses of photodegradation products using analytical techniques such as 

Fourier Transfer Infrared Spectroscopy (FTIR) [8,9,10], X-ray photoelectron spectroscopy 
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(XPS) [11,12] and gel permeation chromatography (GPC) [2,13] provide invaluable insight 

into the photostability and photodegradation of the polymer under investigation.  

 Introducing a high level of UV photostabilizers to polyester through a co-extrusion 

process was found to be useful in making highly resistant polymers to weathering induced 

changes [14-16]. It was shown that polymer longevity in outdoor applications can be 

enhanced by using UV photostabilizers [17,18], quenchers and radical scavengers [19,20,21].  

The main goal is to prevent harmful radiation from being absorbed by vulnerable functional 

groups in aromatic polyesters. The UV absorption of stabilizers depends on their chemical 

classes which include phenolic and nonphenolic structures with carbonyl oxygen acceptors 

such as hydroxybenzophenone [22], hydroxyphenylbenzotriazole [23,24], oxalanilide, 

triazine [25] and benzooxazinone. The absorbed radiation energy by a UV photostabilizer 

can either be dissipated in the excited state by a radiationless mechanism through 

phototautomerization via an excited state intramolecular proton transfer (ESIPT) mechanism 

[26,27] as in Cyasorb 1164 [28] or reversible ring-opening mechanism upon photoexcitation 

as in Cyasrob 3638. Scheme  4-1 showes that ESIPT exists in molecules that contain both 

acidic, (e.g., phenloic OH), and basic, (e.g., nitrogen containing heterocycles) sites 

[22,24,26]. Figure 4-1 shows the formation of the first excited singlet state (S1) due to light 

absorption. Considering UV absorbers with phenolic structure, acidity of the phenolic group 

in S1 is higher than that in S0. Increasing acidity promotes proton transfer to create a 

tautomeric species and form the first excited singlet states (S1′). The rate of proton transfer to 

heteroatoms is very fast (about >l011 s−1) [29].  The excited tautomer S1′ dissipates the 

excitation energy by a rapid internal conversion (IC) to form the ground state of the 
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tautomeric form S0′. The lifetime of the proton-transferred state S1′ is very short. Triplet state 

formation (T1 and T’1 in Figure 4-1) is also possible after excitation to S1 which is another 

pathway of energy dissipation. Proton jumps back (a reverse proton transfer) to form the 

original ground state S0 of the phenolic form which is the final phase of ESIPT. The 

transformation S0→S1→S1′→S0′→S0 [29] occurs on an ultrafast timescale (<40 ps) for 

highly photostable UV absorber molecules [30] so probability of chemical reactions in the 

excited state is reduced.  

 

Figure 4-1. Excited state intramolecular proton transfer (ESIPT) mechanism of UV absorber. 

S0, S0′ and S1, S1′=ground states and the first excited singlet states of the phenolic and 

tautomer form, respectively, T1, T1′=triple states, IC=internal conversion, ISC=intersystem 

crossing [29].  
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Scheme  4-1. Excited state intramolecular proton transfer (ESIPT) in UV photostabilizers 

containing hydroxybenzophenone, hydroxyphenylbenzotriazole, oxalanilide, triazine and 

ring oppening of benzooxazinone units. 
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Photophysical and thermodynamic properties of UV photostabilizers and polymers 

can play key roles in the efficacy of the photostabilizers and excited state energy dissipation 

through an energy transfer from the excited state of polymer to that of photostabilizer, which 

is thermodynamically favorable if the excited state of the former lies above that of the latter. 

The chemical structure and substitution play a key role on UV absorber properties and 

performances [31] for instance, pure aromatic ketones such as benzophenone have the 

longest wavelength of absorption (~345 nm) corresponding to  n→π* excitation whereas in 

hydroxylbenzophenone absorption of auxochrome does not shift to the long wavelengths 

suggesting (π →π* excitation) [32]. It was reported that the basicity of triazine ring 

compound is lowered by the substituents (the number of hydroxyphenyl groups, aryl or alkyl 

groups) which can affect the lightfastness of the stabilizer [32]. Most of the 2 hydroxyaryl 1, 

2, 5 triazines show proton transfer fluorescence. Introducing second and third aryl groups to 

the triazine ring which already has one 2-hydroxyaryl moiety reduces the quantum yields of 

proton transfer fluorescence [33].  

The performance of benzophenone type UV absorbers including discoloration of 

polymer and depletetion of UV absorber in polyethylene vinylacetate copolymer [34], 

polypropylene [35] and polyethylene [36] has been investigated. The protective effect of 

triazine type UV absorbers for controlling the weathering behavior of 

polyethyleneterephethalate has been reported [37,38] but has not been established for 

copolyesters. Although the rate of UV absorber loss in a polymer is dependent on the nature 

of polymer matrix, the effect of substitution on photostability of specific type of UV absorber 

is also important [39]. For example it was found that the photo-antioxidant ability is 



 

 

 

153 

 

enhanced by enlarging the conjugation system of the group bonded to the 2-hydroxybenzoyl 

carbonyl group [40]. Photostability study on PMMS shows that triazine type absorbers 

without methyl groups on the phenyl substituents are about 10 times more stable than 

analogues with methyl groups in the 2 and 4 positions (Cyasorb 1164) [41]. The presence of 

triazine type stabilizer effectively inhibits the surface photooxidation of polystyrene [42].  

Triazine type photostabilizers shows relatively better stability performance (lower rate of loss 

after weathering) in polymethylmethacrylate (PMMA) compared to benzophenone and 

benzotriazole stabilizers [43].  

 The absorption spectrum of a UV stabilizer containing triazine structure (Cyasorb 

1164) shows absorption maxima at 290 nm and 350 nm [44]. Once Cyasorb 1164 is in the 

excited state, it goes through an ESIPT wherein the proton of the OH group is transferred to 

the nitrogen atom (Scheme  4-1). The proton is transferred back to the phenol group, thereby 

returning the molecule to its original tautomer. The reverse reaction, going back to its ground 

state, is exothermic, producing heat which is dissipated through the polymer. Cyasrob 3638 is 

a benzoxazinone with absorption at 300, 314, 333, 348 and 365 nm. The mechanism of 

energy dissipation in Cyasorb 3638 is proposed to be ring opening-ring closure which is 

shown in Scheme  4-1. In the present study, the photostability of copolyester film samples 

based on PETG and Tritan were (Figure 4-2) studied in the presence of different 

concentrations of Cyabsorb 1164 and Cyasorb 3638 (Figure 4-3) using ATR FT-IR, XPS, 

GPC, photophysical and electrochemical properties.   
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Figure 4-2. Repeat unit of Tritan (a) and PETG  (b) 

 

Figure 4-3. Chemical structure of Cyasorb 1164 (a) and Cyasorb 3638 (b). 

 

4.3. Experimental methods 

PETG and Tritan films with and without 5 and 10% UV stabilizers (Cyasorb 1164 and 

Cyasorb 3638) were provided by Eastman Chemical Company (TN, USA). These films were 
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exposed in a weatherometer (Atlas Ci3000+ equipped with Xenon lamps) at intervals of 48 h 

up to 240 h.  AATCC TM16 (Miami) with 0.55 W/m2 irradiance at 340 nm, borosilicate 

filter, RH 50% at 43°C, was used for weathering. ATR -FT-IR spectra were recorded on a 

Nicolet Nexus 470 FT-IR spectrophotometer (Thermo Scientific, USA). XPS spectra of 

polymer films were recorded on a XPS/UVS – SPECS system equipped with PHOIBOS 150 

Analyzer (resolution of less than 1eV) and X-Ray energy of 10-14kV for AL/Mg 

spectrometer using Mg Kα. C-H bonds were set to a binding energy of 285eV [42]. 

Methylene chloride/ hexafluoroisopropyl alcohol (70/30) mixture was used for GPC analysis 

of copolyesters based on polystyrene standards. Samples were run at 0.1% (w/v) using an 

injection volume of 25 µL and a flow rate of 1 mL/min.  Degradation products from 

irradiated polymer films were isolated using a Thermo Scientific Dionex ASE 350 

Accelerated Solvent Extraction (ASE) system. Polymer films were cut to 3x6 mm size and 

placed in a 10 ml cell with 13 g glass beads. Acetonitrile was used for extraction in 3 cycles 

at 80°C for a period of 25 min for each sample. A cary 300 spectrophotometer was used to 

record the λ max of absorption of extracted materials. The fluorescence behavior of extracted 

materials was measured using a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc) 

on diluted solution with λ max of absorption about 1. The redox properties of films were 

obtained by drop casting from HFIP/Chloroform (30:70) solution onto a carbon electrode. 

The CVs were recorded in acetonitrile [45].  

4.4. Computational methods 

DFT calculations for the UV stabilizers and model compounds of Tritan and PETG were 

performed by using Gaussian 09 software package [46] at the B3LYP exchange–correlation 
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functional [47,48] and 6-31+G(d,p) basis set level. Geometries were optimized starting from 

different initial structures, which is followed by the frontier orbital analysis for the lowest 

energy structure [49]. Excited state properties and energy levels as well as UV-Vis spectrum 

were also calculated by using TDDFT methods with Coulomb attenuated B3LYP (CAM-

B3LYP) exchange–correlation [50] functional and the same basis set level which obtains a 

better agreement with the experimental excited state properties [51]. Natural bond orbital 

(NBO) analysis was performed to determine bond orders [52]. Chelpg method was used to 

determine atomic charges [53]. Solvent effects were evaluated by using the IEF-PCM model 

[54] in which the cavity is created via a series of overlapping spheres [55]. Calculations were 

conducted on the model compounds which are trimers, pentamers and heptamers to 

determine the suitability of the model compound oligomers used in calculations to represent 

the photophysics of real polymer chains. Optimized structures of photodegradaded PETG 

model compounds were also analyzed for density of states and compared with prisitine 

PETG model by using DMOL3 [56] software at BLYP/DNP+ [56] level to determine which 

possible degradation processes can give rise to the observed peaks in the XPS spectra.  

4.5. Results and discussion 

4.5.1. Gel prmeation chromatography (GPC) 

The damaging effect of irradiation on copolyester films, with respect to changes in molecular 

weight distribution (average molecular weight), can be determined by GPC analysis. Table 

4-1 shows that the polydispersity of irradiated copolyester, without stabilizer, significantly 

increases to 5.31 compared to that of the control sample with a PD of 2.68. Photodegradation 

leads to chain scission and the recombination of radicals (macroradicals) causes crosslinking. 
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These processes increase the polydispersity index (Mw/Mn). As a result of crosslinking, the 

weight average molecular weight (Mw) increases which means larger molecules with higher 

weight are produced due to photodegradation. A decrease in Mw indicates that the rate of 

simultaneous chain scission is higher than the rate of crosslinking.  Table 4-1 also shows the 

evolution of Mn and Mw for both copolymer films with and without UV stabilizers.  In 

general the presence of UV stabilizers lowers the rate of increase in weight average 

molecular weight (Mw) due to photodegradation. An increase in polydispersity (PDa) of 

copolyester film including Cyasorb 3638 after irradiation (PD=2.45 to PD=2.47) is 

noticeable compared to the PETG film including Cyasorb 1164 (PD=2.60).  Tritan film 

including 10% Cyasorb 3638 shows an increase in PD from 1.98 to 2.01 after irradiatin 

(Table 4-2). The weight average molecular weight (Mw) changes on this film after irradiation 

indicating that chain scission rate is higher than crosslinking. 

Table 4-1. GPC analyses of PETG films control and irradiated for 144 h including the 

number average molecular weight (Mn), weight average molecular weight (Mw) and 

polydispersity index(PD) 

Sample Name Mn
 Mw PD 

PETG No additives control 14248 38277 2.68 

PETG No additives Irradiated 144 h   12228 64931 5.31 

  Mn Mn
a Mw Mw

a PD PDa 

PETG + 10 % Cyasorb 1164 Control 5477 13256 33265 34468 6.07 2.60 

PETG + 10 % Cyasorb 1164 Irradiated 144 h 5465 13303 33438 34653 6.11 2.60 

PETG + 10 % Cyasorb 3638 Control 3006 11497 26248 28176 8.73 2.45 

PETG + 10 % Cyasorb 3638 Irradiated 144 h 3006 11463 26465 28403 8.80 2.47 

a:Excluding low molecular weight 
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Table 4-2. GPC analyses of Tritan films control and irradiated for 144 h including the 

number average molecular weight (Mn), weight average molecular weight (Mw) and 

polydispersity index (PD). 

Sample Name Mn   Mw    PD    

Tritan No additives control 10354 20556 1.985 

Tritan No additives Irradiated 144 h   8044 38898 4.836 

  Mn   Mn
a  Mw    Mw

a    PD   PDa    

Tritan + 10 % Cyasorb 1164 Control 4342 10255 19435 20220 4.48 1.97 

Tritan + 10 % Cyasorb 1164 Irradiated 144 h 4224 9952 18872 19657 4.47 1.98 

Tritan + 10 % Cyasorb 3638 Control 2438 9947 18132 19682 7.44 1.98 

Tritan + 10 % Cyasorb 3638 Irradiated 144 h 2419 9493 17544 19036 7.25 2.01 

a:Excluding low molecular weight 

 

4.5.2. Fourier transform infrared spectroscopy (FT-IR) 

ATR-FT-IR spectra of Tritan films with and without the UV photostabilizer Cyasorb 3638 

were recorded in the range of 4000-700 cm-1 (Figure 4-4 a-c). Figure 4-4 d shows the FT-IR 

spectrum of Cyasorb 3638, and the peak at 1768 cm-1 corresponds to the carbonyl of the 

benzoxazine-4-one. The intensity of the carbonyl peak increases by increasing the 

concentration of Cyasorb 3638  from 5 to 10% in polymer films (Figure 4-4).  
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Figure 4-4. FT-IR spectra of Tritan films with no additives (a); Tritan + 5% Cyasorb 3638 

(b); Tritan + 10% Cyasorb 3638 (c); and UV stabilizer Cyasorb 3638 (d). 

 

In the polymer film containing Cyasorb 3638, the  intensity of the peak at 1768 cm-1 

decreases by increasing the irradiation time from 72 h to 144 h, which confirms the loss of 

the lactone form of the stabilizer and photodegradation of Cyasorb 3638 (Figure 4-5 and 

Figure 4-6). Furthermore, the intensity of the broad peak at 3400 cm-1 increasess as a 
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function of time, which is indicative of the increase in the OH group content in the irradiated 

film due to photodegradation.  

 

Figure 4-5. FT-IR spectra of Tritan no additives control (a); Tritan no additives irradiated 72 

h (b); Tritan no additives irradiated 144 h (c). Tritan + 10% Cyasorb 3638 (d); Tritan + 10% 

Cyasorb 3638 irradiated 72 h (e); Tritan + 10% Cyasorb 3638 irradiated 144 h (f). 

 

 

Figure 4-6. FT-IR spectra of PETG no additives control (a); PETG no additives irradiated 72 

h (b); PETG no additives irradiated 144 h (c). PETG + 10% Cyasorb 3638 (d); PETG + 10% 

Cyasorb 3638 irradiated 72 h (e); PETG + 10% Cyasorb 3638 irradiated 144 h (f). 
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FT-IR spectra in Figure 4-7 shows that the PETG and Tritan films containing 10% 

Cyasorb 1164 exhibited lower intensity in the broad peak at 3400cm−1 after 144 hr irradiation 

compared to that of the films containing 10% Cyasorb 3638, which further indicates that 

Cyasorb 1164 is a better photostabilizer than Cyasorb 3638.   

 

Figure 4-7. FT-IR spectra zoomed-in for PETG no additives (a); PETG no additives 

irradiated 144 h (d); PETG + 10% Cyasorb 3638 irradiated 144 h (c); PETG + 10% Cyasorb 

1164 irradiated 144 h (b); Tritan no additives control (e); Tritan no additives irradiated 144 h 

(h); Tritan + 10% Cyasorb 3638 irradiated 144 h (g); and Tritan + 10% Cyasorb 1164 

irradiated 144 h (f). 

 

4.5.3. X-ray photoelectron spectroscopy (XPS) 

The XPS spectrum of irradiated PETG and Tritan without additives shows that the C/O ratio 

decreases as a result of photodegradation. It was found that O2 percentage in copolyester 

films increases by increasing the irradiation time from 72 to 144 h. The slope of the arrow 
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between carbon C1s and oxygen O1s content, shown in Figure 4-8 and Figure 4-9 , increases 

as a function of irradiation time. The C/O ratio decreases due to photodegradation, and the 

rate of change is greater for PETG containing Cyasorb 3638 (Figure 4-8) than that for PETG 

containing Cyasorb 1164 (Figure 4-9). Similar changes on the C/O ratio due to 

photodegradation are demonstrated for Tritan films in Figure 4-10 and Figure 4-11, where 

the relative intensity of O1s peak to C1s peak increases by increasing the irradiation time and 

the rate of change is greater for Tritan containing Cyasorb 3638. 

 

Figure 4-8. XPS survey spectra of PETG + 10% Cyasorb 3638 control (a) irradiated 72 h (b) 

irradiated 144 h (c). 



 

 

 

163 

 

 

Figure 4-9. XPS survey spectra of PETG + 10% Cyasorb 1164 control (a) irradiated 72 h (b) 

irradiated 144 h (c). 
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Figure 4-10. XPS survey spectra of Tritan + 10% Cyasorb 1164 control (a) irradiated 72 h (b) 

irradiated 144 h (c).   
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Figure 4-11. XPS survey spectra of Tritan + 10% Cyasorb 3638 control (a) irradiated 72 h (b) 

irradiated 144 h (c). 
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Figure 4-12 and Figure 4-13 show high resolution XPS spectra of oxygen and carbon 

on polymer films that exhibit significant differences in the shape of C1s and O1s subpeaks 

following irradiation for 72 and 144 h. Figure 4-12 shows significant decreases in the 

intensity of C-C (284.75 eV) and C-H (285.37 eV) subpeaks with a simultaneous increase in 

the intensity of C-O (286.71 eV) and C=O (288.81 eV) subpeaks as a result of irradiation of 

PETG films contains Cyasorb 3638. There were no significant changes in the peaks 

corresponding to C1s in high resolution scan between control and irradiated PETG film 

conatining Cyasorb 1164 (Figure 4-12 d-f) while PETG film containing Cyasorb 3638 

showed strong changes (Figure 4-12 a-c) as a result of  photodegradation. Consistently, the 

high resolution XPS spectra of O1s of PETG films, with Cyasorb 3638, showed an increase in 

the peaks at 533.90 eV and 532.38 eV, corresponding  to C-O and C=O, respectively, as a 

result of irradiation. There were no significant changes in the peaks corresponding to O1s 

high resolution scan between control and irradiated PETG film containing Cyasorb 1164 

(Figure 4-13 d-f) while PETG film containing Cyasorb 3638 showed intense changes  

(Figure 4-13 a-c) as a result of photodegradation. 
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Figure 4-12. High resolution XPS sepctra of C1s in PETG film + 10% Cyasorb 3638(a); 

irradiated 72 h (b); irradiated 144 h (c); and PETG + 10% Cyasorb 1164 control (d); 

irradiated 72 h (e); and irradiated 144 h (f). 

 

Figure 4-13 High resolution XPS sepctra of O1s of PETG + 10% Cyasorb 3638 (a), irradiated 

72 h (b), irradiated 144 h (c) and PETG + 10% Cyasorb 1164 control (d) irradiated 72 h (e) 

irradiated 144 h (f). 
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A theoretical experiment using DFT method was conducted for PETG heptamer 

model compound and its different degradation products which include ketone formation at 

the cyclohexane dimethanol (CHDM) end group, hydroxylation of phenyl groups, alkene and 

acid formation by Norrish 2 degradation process, aldehyde and formate formation as shown 

in Figure 4-14 a. O1s and C1s peaks for PETG were calculated within 5-10% error range 

compared to experimental results for the binding energy values calculated by density of 

states analysis for the DFT optimized structures. An increase in the C-O and C=O peaks was 

observed for O1s density of states analysis for degraded products given in Figure 4-14 b. The 

sharp decrease in the C-C and an increase for C-O and C=O was observed similar to the 

experimental results shown in Figure 4-14 c. Different combinations of most possible 

degradation processes also gave the same result which validated the experimental XPS 

results. In addition to the same degradation processes, Tritan can also undergo cyclobutanol 

end group ring opening followed by the formation of lactone or hemiacetal derivatives in the 

excited states. This degradation process gave a similar result by losing one C-C bond in the 

cyclobutane and increasing number of C-O and C=O bonds by heterocyclic hemiacetal and 

lactone formation that also support experimental XPS spectra.  

 

 

 

 

 



 

 

 

169 

 

a  

b c  

Figure 4-14. (a) Degradation products for PETG oligomer (b) Theoretical O1s peaks for 

PETG model heptemer and degradation products (c) C1s peaks for PETG model heptamer 

and degradation products. 

 

 Figure 4-15 and Figure 4-16 show the C/O ratio of control versus irradiated PETG 

and Tritan films with and without Cyasorb 3638 or Cyasorb 1164. The data (Table 4-3) 

clearly showes that the change in the C/O was a function of the UV stabilizer and irradiation 

time. For example, the C/O ratio in PETG film containing no UV stabilizer was 6.22, and it 

decreased to 4.80 and 3.63 following 72 and 144 h of irradiation, respectively.  PETG films 

containing 5% Cyasorb 1164 showed a C/O ratio of 7, which decreased to 6 and 5 following 

irradiation for 72 and 144 h, respectively. On the other hand, significant drops in the C/O 
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ratio of PETG film containing 5% Cyasorb 3638 from 7.47 (control) to 4.89 and 4.47 were 

observed following 72 and 144 h irradation, respectively.  

 

 

Figure 4-15. The carbon/oxygen ratio of control and irradiated PETG films contains 5 and 

10% Cyasorb 1164 and Cyasorb 3638. 

 

 

Figure 4-16. The carbon/oxygen ratio of control and irradiated Tritan films containing 5 and 

10% Cyasorb 1164 and Cyasorb 3638. 
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Table 4-3. The carbon/ oxygen ratio of copolyester films including UV stabilizers Cyasorb 

1164 and Cyasorb 3638 versus irradiation time. 

Films Control Irradiated 72 h Irradiated 144 h 

PETG No additives  6.22 4.80 3.63 

PETG + 5% Cyasorb 1164  6.93 6.63 5.02 

PETG + 10% Cyasorb 1164  7.05 6.47 5.95 

PETG + 5% Cyasorb 3638  7.47 4.89 4.47 

PETG + 10% Cyasorb 3638  7.67 4.93 3.42 

Tritan No additives  7.23 3.86 3.04 

Tritan + 5% Cyasorb 1164  8.01 6.66 6.43 

Tritan + 10% Cyasorb 1164  7.83 6.99 5.64 

Tritan + 5% Cyasorb 3638  7.06 5.49 4.39 

Tritan + 10% Cyasorb 3638  8.03 5.08 4.05 

 

 

4.5.4. Absorption - emission spectra of UV photostabilizers and polymer extracts 

Figure 4-17 shows that λmax of absorption for Cyasorb 1164 is about 293 nm where as PETG 

and Tritan films show absorptions at 288 (λmax) and 297 nm respectively. Cyasorb 1164 

absorption maximum overlaps the absorption of polymer films whereas the λmax of 

absorption of Cyasorb 3638 is about 349 nm. This is more obvious in Figure 4-18 which 

shows the absorption of polymer films including stabilizers.  
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Figure 4-17. Absorption spectra of PETG containing no additives (a), Tritan no additives (b) 

UV stabilizers Cyasorb 1164 (c) and Cyasorb 3638 (d) recorded in HFIP/CHCl3. 

 

Figure 4-18. Absorption spectra of PETG containing no stabilizer, PETG + 10% Cyasorb 

1164 and PETG + 10% Cyasorb 3638 (left), Tritan no stabilizer, Tritan + 10% Cyasorb 1164 

and Tritan + 10% Cyasorb 3638 (Right). 
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Absorption and emission spectra of Cyasorb 3638 and Cyasorb 1164 dissolved in 

HFIP/CHCl3 were collected and are shown in Figure 4-19 The emission spectra was recorded 

by exciting at the λ max of absorption, which was350 nm for Cyasorb 3638. 

 

Figure 4-19. Absorption spectra of UV stabilizers collected in HFIP/CHCl3 (Left), and the 

emission spectra of UV stabilizers collected in HFIP/CHCl3 (Right). 

 

 

DFT and TDDFT methods were used to explain the UV stabilization mechanism of 

UV stabilizers. It was determined that ESIPT mechanism is the main UV stabilization 

mechanism for Cyasorb 1164 as proposed by the previous studies. Bond orders by using 

NBO method for the optimized structures at the ground and singlet excited state are given in 

Figure 4-20 A. ESIPT by S0→S1→S1′→S0′→S0 pathway was observed as the UV 

stabilization mechanism. Conformational and aromaticity changes were also observed in the 

substituted phenyl groups in the singlet excited states and triplet excited states. Different 

from singlet excited states, tautomerism was not observed for the optimized structures of 

triplet excited states by TDDFT methods. The ESIPT based UV stabilization mechanism 

observed repeatedly at every excitation to the first singlet excited. Atomic charges for the 
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Cyasorb 1164 are given in  Figure 4-20 B as another factor that explain the fast ESIPT 

process. Weak and polarized O-H bonds promote fast processes in the singlet excited states . 

The higher negative atomic charge on the N atom which H atom is transferred in the singlet 

excited state can explain the promoted proton transfer by increasing acidity. The last result 

that supports the UV stabilization by ESIPT process is the theoretical UV spectrum 

calculated for the first 30 singlet excited states given in Figure 4-20 C. Two different peaks 

observed in experimental UV absorption for Cyasorb 1164 can be explained by the two 

optimized tautomer structures given in Figure 4-20 A that gave different theoretical UV 

absorption peaks. 

A  

B C  

Figure 4-20. A) Bond orders for the optimized structures at ground state and singlet excited 

state B) Electrostatic potential fitted atomic charges C) UV absorption spectrum for the 

tautomer structures of Cyasorb 1164. 
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Bond orders based on NBO analysis for the ground state and singlet excited state of 

benzoxazinone type Cyasorb 3638 structure are given in Figure 4-21 A. Although a decrease 

in the bond order at the C-O bonds is observed, the ring opening-ring closure between the 

ground and excited state was not observed as clearly as the proton transfer and energy 

dissipation observed for Cyasorb 1164. Atomic charges given in Figure 4-21B indicated that 

C-O bonds are highly polar and susceptible to ring opening by heterolytic opening. In 

addition to possible ring opening, different aromaticity by changing bond orders along the 

rings were observed for optimized structures at different singlet and triplet excited states as 

given in Figure 4-21C. The single UV peak at 330 nm was calculated by TDDFT method for 

the optmized ground state UV absorption peak, as given in Figure 4-21 D. Spliting 

experimental peaks into five at 300, 314, 333, 348 and 365 nm, as given in Figure 4-18, can 

be explained by the different aromatic and ring opening structures shown in Figure 4-21C 

that present for Cyasorb 3638.  
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A      

B  

  C         D  

Figure 4-21. A) Bond orders for the optimized structures at the ground state and singlet 

excited state B) Electrostatic potential fitted atomic charges C) UV absorption spectrum for 

the optimized ground state structure of Cyasorb 3638. 
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The absorption spectra of extracted material from irradiated and control Tritan films 

containing 10% Cyasorb 3638 are shown in Figure 4-22. A comparison of the absorption and 

emission spectral shape in Figure 4-19 to that in Figure 4-22 clearly confirms the presence of 

Cyasorb 3638 in the extracted material for both irradiated and control samples at different 

concentrations.  

The absorption spectrum of extracted material from the control film in Figure 4-22 

shows that the intensity of the peak at 300 nm, which belongs to the π π* transition in 

Tritan, is lower than that of the peak at 350 nm, which belongs to the π π* transition in 

Cyasorb 3638. However, after irradiation for 144 h, the intensity of the peak at 300 nm was 

greater than that at 350 nm, which indicates significant photodegradation of Cyasorb 3638. 

Degradation products were observed in undissolved materials after ASE of Tritan + 10% 

Cyasorb 3638 while no degradation products were observed in undissolved materials after 

ASE of Tritan + 10% Cyasorb 1164.  

A comparsion of the absorption and emission spectra of Tritan in presence of Cyasorb 

1164 before and after 144 h irradiation, shown in Figure 4-23, clearly demonstrates the 

efficacy of Cyasorb 1164 as a UV photostabilizer.  
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Figure 4-22. Absorption spectra of extracted (ASE) material from Tritan + 10% Cyasorb 

3638 control and irradiated 144 h (left). Emission spectra of extracted material (ASE) from 

Tritan + 10% Cyasorb 3638 control and irradiated 144 h (Right). 

 

Figure 4-23. Absorption spectra of extracted (ASE) material from Tritan + 10% Cyasorb 

1164 control and irradiated 144 h (left). The emission spectra of extracted material (ASE) 

from Tritan + 10 % Cyasorb 1164 control and irradiated 144 h (Right). 
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The UV absorption spectrum calculated by TDDFT methods for trimer, pentamer and 

heptamer model compounds with methyl ester and glycol end groups synthesized by using 

cyclohexane dimethanol (CHDM) and tetramethylcyclobutanediol (TMCD) that forms Tritan 

polyester are given in Figure 4-24 A. Terephthalate aromatic ester group was abbreviated as 

T. All the structures including the ones with ethylene glycol (EG) in PETG gave maximum 

absorption peaks at 240-242 nm. Three important results were extracted from these results. 

First, model compounds with different chain length and different end groups the gave same 

absorption peaks and have similar photophysics that indicate our model compound approach 

is successful even for the trimer which can successfully represent our polymer structures and 

can be used in the calculations to understand degradation mechanisms. Second, the 

absorption peaks have a similar shape independent from the molecular structure of glycol. 

The reason that all aromatic esters have similar absorption peaks is that their HOMO and 

LUMO are all on the aromatic ester group as shown for CHDM trimer and pentamer 

examples in Figure 4-24 B. The third and most important result is the UV absorption peaks 

of aromatic polyesters are below 300 nm and has better overlap with the ground state 

absorption peaks of Cyasorb 1164. Cyasorb 3638 have multiple absorbtion peaks and all of 

them are over 300 nm that did not overlap with any absorption peaks of Tritan or PETG. 
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A  

    
T-CHDM-T (HOMO)  T-CHDM-T (LUMO) 

 
T-CHDM-T-CHDM-T (HOMO) 

B  
T-CHDM-T-CHDM-T (LUMO) 

Figure 4-24. A) Calculated UV absorption peaks of trimer, pentamer and heptamer model 

compounds of Tritan blocks. B) HOMO and LUMO of CHDM based trimer and pentamer 

model compounds. 
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4.5.5. Cyclic voltametry 

Reduction potentials of copolyesters and UV stabilizers can be induced by cyclic 

voltammetry (CV) anlysis. The redox potentials were converted to the corresponding energy 

levels with respect to the absolute HOMO energy level of ferrocene to be 4.8 eV. Cyclic 

voltammograms of the polymer films are shown in Figure 4-25. The electrochemical data 

indicate that UV stabilizers do not significantly perturb the LUMO energy levels of the 

corresponding copolymers since the reduction peak appears at ∼ - 2  V for all polymers. On 

the other hand introducing the UV stabilizers in the polymer causes a reduction in the 

electrochemical bandgaps (HOMO-LUMO band gap).  

 

Figure 4-25. Cyclic voltammograms of the polymer films including stabilizers. 

 

Comparative HOMO and LUMO energy levels estimated for copolyester films and 

UV absorbers are summarized in Table 4-4 and the representative band gaps are shown in 

Figure 4-26. Theoretical results for different blocks of PETG and Tritan as well as UV 

stabilizers have similar trends for energy levels as given in parenthesis in Table 4-4. The 

HOMO energy levels of PETG and Tritan are -7.26 and -7.21 eV respectively, while the 
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HOMO energy levels of Cyasorb 1164 and Cyasorb 3638 are -6.42 and -6.82 eV, in that 

order. The energy difference between copolymers and Cyasorb 1164 with respect to HOMO 

energy levels is higher than that for Cyasorb 3638. The most important result is that both 

experimental and theoretical results show that HOMO is on the UV stabilizers instead of the 

aromatic ester group when the UV stabilizer is added to the system in all cases. As an 

example, the calculated HOMO for the optimized structure of Cyasorb 1164 and 3638 with 

TMCD-T-TMCD model compound are shown in Figure 4-26 E and Figure 4-26 F which 

show that HOMO is no longer on the aromatic ester group and is placed on the UV 

stabilizers in the ground state with new calculated values of -5.61 and -6.34 eV respectively . 

LUMO for optimized Cyasorb 1164 and model compound pair is on the model compound 

with -3.07 energy whereas LUMO for Cyasorb 3636 and model compound pair is still on the 

UV stabilizer with -3.18 eV energy (Figure 4-26 G,H). These energy levels are in agreement 

with the experimental observations where HOMO levels of both stabilizers and LUMO level 

of Cyasorb 1164 is higher, LUMO level of Cyasorb 3638 is lower than that for both Tritan 

and PETG as given in Figure 4-26 a-d.  

 

Table 4-4. HOMO and LUMO energy level of polymer films and UV stabilizers 

Polymer-Stabilizers LUMO (eV) HOMO (eV) E00 (eV) 

PETG No Additives -3.22 

(EG:-2.47) 

(CHDM:-2.39) 

-7.26 

(EG:-7.59) 

(CHDM:-7.54) 

4.04 

(EG:4.72) 

(CHDM:4.75) 

Tritan No Additives -3.17 

(TMCD:-2.39) 

(CHDM:-2.39) 

-7.21 

(TMCD:-7.24) 

(CHDM:-7.54) 

4.04 

(TMCD:4.73) 

(CHDM:4.75) 

Cyasorb 1164 -3.11 

(-3.13) 

-6.42 

(-6.15) 

3.31 

(3.28) 

Cyasorb 3638 -3.54 

(-3.26) 

-6.82 

(-6.62) 

3.28 

(3.21) 
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e) f)  

g)    h)  

Figure 4-26. Energy diagram of PETG no additives (a), Tritan no additives (b), Cyasorb 1164 

(c) and Cyasorb 3638 (d). HOMO for the optimized structure of TMCD-T-TMCD and 

Cyasorb 1164 (e) HOMO for optimized structure of TMCD-T-TMCD and Cyasorb 3638 (f) 

LUMO for the optimized structure of TMCD-T-TMCD and Cyasorb 1164 (e) HOMO for the 

optimized structure of TMCD-T-TMCD and Cyasorb 3638 (f). 
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As a test case for UV stabilization, excited state calculations showed that Tritan with 

TMCD end group would have ring opened structures at the singlet excited states independent 

of the chain length when there is not any UV stabilizer as shown for the trimer, pentamer and 

heptamer in Figure 4-27 A. Previous studies in the literature also show cyclobutanone 

undergoes photochemical ring expansion to the cyclic acetal in addition to decarbonylation 

and cycloelimination reactions [57]. There were not any significant structural changes 

observed for EG and CHDM based model compounds in the singlet and triplet excited states 

except for small changes in the bond order and aromaticity. It should be noted that TMCD 

was also stable in the backbone without any ring opening in the excited states. Starting from 

different initial structures of TMCD-T-TMCD model compound with Cyasorb 1164 and 

3638, the lowest energy structures determined followed by TDDFT calculation for the 

excited state geometry optimization. It is determined that Cyasorb 1164 undergoes ESIPT 

mechanism in the excited state and ring opening was not observed in the model compound as 

given in Figure 4-27 B. Similarly, Cyasorb 3638 undergo bond order and aromaticity 

changes, whereas ring opening was not observed for the TMCD based model compound end 

group as given in Figure 4-27 B. Additional calculations were performed for different 

conformations of the model compound and UV stabilizer binary interactions other than the 

lowest energy conformation. It is found that the UV stabilization is independent of 

conformation and TMCD end group ring opening was not observed for all conformations 

when there is a UV stabilizer. This result means both Cyasorb 3638 and Cyasorb 1164 

successfully stabilize TMCD end group UV degradation.  
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A)  

B)               

C)              

Figure 4-27. A) The excited state structure with the end group ring opening for the trimer, 

pentamer and heptamer of TMCD based model compound. B) The ground and excite state 

structures for Cyasorb 1164 and TMCD-T-TMCD. C) The ground and excite state structures 

for Cyasorb 3638 and TMCD-T-TMCD. 
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4.6. Conclusion 

Both experimental and theoretical UV-absorption spectra showed that Cyasorb 1164 overlaps 

more with the absorption spectra of PETG and Tritan and also the energy level differences 

between copolymers and Cyasorb 1164 is higher than those for Cyasorb 3638. Analyses of 

irradiated copolyester films in presence of Cyasborb 1164 and Cyabsorb 3638 showed 

considerable changes in the peak intensity of the OH group at 3400 m-1 which was 

consistently greater in the case of the latter. High resolution XPS sepctra of C1s and O1s of 

PETG and Tritan in presence of Cyasorb 3638 showed significant differences between 

control and irradiated samples which is not the case for the films including Cyasorb 1164. 

This study confirmed that the excited state phototautomerization of Cyasorb 1164 via ESIPT 

mechanism is also validated by theoretical studies, and that it is more effective in dissipating 

the excited state energy than Cyasorb 3638 via ring-opening–ring closing. The energy barrier 

for ESIPT mechanism is much lower than Cyasorb that for 3638 ring opening was not 

observed clearly in the theoretical excited state calculations.  

The absorption emission spectra of extracted materials after ASE of irradiated Tritan 

+ 10% Cyasorb 3638 indicate the intensity of the peak at 300 nm was greater than that at 350 

nm, which indicates significant photodegradation of Cyasorb 3638. FT-IR analysis indicate 

that after irradiation for 144 h, in the polymer film containing Cyasorb 3636, the intensity of 

the peak at 1768 cm-1 decreases by increasing the irradiation time. These results indicate a 

loss of the lactone form of the Cyasorb 3638 due to photodegradation. In conclusion, both 

Cyasorb 1164 and 3638 decreases the photodegradation compared to pristine polyesters, 

however photodegradation of the Cyasorb 3638 was also identified with XPS in which the 
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change in C/O ratio was higher for the weathered copolyesters containing 10% Cyasorb 3638 

compared to the weathered copolyester withouth stabilizers.  
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5.1. Abstract 

The photodegradation of irradiated model compounds in the powder form, coded Tm-

CHDM-Tm and Tm-TMCD-Tm, where Tm refers to the methylester of terephthalic acid, 

CHDM refers to  1, 4-cyclohexanedimethanol, and  TMCD refers to tetramethyl-1, 3-

cyclobutanediol (TMCD), were analyzed using X-ray photoelectron spectroscopy. 

Photodegradation products were characterized by high resolution O1s and the spectra of 

irradiated model compounds showed a decrease in relative intensity of C-O compared to 

C=O peak. The percentage of C=O formation on irradiated model compounds changed in 

proportion to irradiation time which showed model compounds containings CHDM were 

slightly more UV stable than TMCD type model compounds. Photodegradation mechanism 

of model compounds was proposed according to XPS spectra. Density functional theory 

(DFT) calculations were performed to predict the degradation products, to explain the XPS 

spectra of model compounds and to understand reactivity of model compounds as well as 

possible intermediates and products. 
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5.2. Introduction 

Weathering of aromatic polyesters such as PET leads to structural changes in the polymer [1] 

as a result of chain scission and photooxidation. Chain scission through a Norrish type I 

process [2,3] and also intramolecular hydrogen transfer through a Norrish type II process [4]  

were investigated [5].  Photolytic and photooxidative degradation of modified copolyester 

containing CHDM with respect to color formation [6,7], molecular weight changes [8] and 

product characterization [9], was investigated. Photochemical ring expansion reaction on 

cyclobutanone was reported [10,11] which suggested a mechanism of ketone to ester 

conversion [12] through Baeyer Villiger rearrangement [13]. Photodegradation of model 

compounds containing TMCD can follow this mechanism of degradation to form new ester 

units in degradation products.  

X-ray photoelectron spectroscopy (XPS) has been used to study the surface chemical 

structure changes which are principally changes of absolute C/O intensity ratio on some 

modified polymers such as PET [14-16], poly(L-lactic acid) (PLLA) [17,18], 

polymethylmethacrylate (PMMA) [19] and also copolymers (blends of polycarbonate and 

acrylonitrile butadiene styrene) [20]. Depth analysis of chemical bonding states of polymers 

is determined by photoelectron mean free path of conventional XPS [21] instruments which 

can be enhanced using hard X-ray photoelectron spectroscopy [22]. C1s and O1s spectrum of 

PET changes due to ion bombardment which was carried out by XPS analysis [23].  XPS 

analysis of PET exposed to argon plasma [21] showed changes on oxygen contents (C-O, 

C=C-O and C=O bonds) [24]  due to reaction of scissed polymer bonds with oxygen. The 

oxygen loss (gaseous molecules CO and CO2) was recorded on irradiated (Source at 185 nm) 
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PET film [25] by XPS which is representing carbon to oxygen ratio changes due to formation 

of photodegradation material. Laser irradiation of PET leads to breaking of chemical and 

mainly the ester bonds. The disappearance of oxygenated carbon species on laser treated PET 

(at 193 nm radiation) was reported previously [26] where it was highlighted that C-O 

component is decreased more rapidly than C=O [27]. XPS studies of irradiated PET (excimer 

UV lamps 222 nm [28]) under atmospheric condition show an increase in the number of 

carboxylic carbon in relation to other carbon types. A similar conclusion with respect to 

increasing carboxylic acid and phenolic groups formation was reported on XPS analyses of 

electrical discharge treated PET [29].  

It was shown that the cyclobutanone is susceptible to photochemical ring expansion 

to the cyclic acetal in addition to decarbonylation and cycloelimination side reactions [30]. 

This reaction was proposed to have a cyclic oxacarbene as an intermediate having the five-

membered ring structure [10,31]. Turro and Southam proposed that hemiaceta form an 

oxacarbene as a result of primary alcohol or water attack [32]. Ring expansion of 

cyclobutanone is a general excited state reaction in solution. It was also claimed that this ring 

expansion reaction occurs via the singlet excited state rather than the triplet state [32]. The 

photochemical reaction channels of cyclobutanone have been studied at the CASSCF level 

theoretically and carbene intermediate followed by cyclic acetal formation in the singlet 

excited state was validated [33]. The most crucial step for this reaction is biradical fromation 

in the first excited singlet state. It was observed experimentally that increasing biradical 

stability not only increases the efficiency of cyclic acetal formation, but lowers the 

efficiencies of competing decarbonylation and cycloelimination side reactions [10].  
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5.3. Experimental methods 

Model compounds containing CHDM and TMCD were irradiated in a photochemical reactor 

(Rayonet RPR 100) equipped with UV lamps to cover the 2537 A° - 5750 A° region. X-ray 

Photoelectron spectroscopy (XPS) was performed on powder samples by using an XPS/UVS 

– SPECS System equipped with PHOIBOS 150 Analyzer (resolution of less than 1 eV) and 

X-Ray energy of 10-14kV for AL/Mg. Survey and high resolution C1s, O1s spectra were 

recorded for each control and irradiated sample.  

5.4. Computational methods 

Scheme  5-1 shows the chemical structure of Tm-CHDM-Tm and Tm-TMCD-Tm model 

compounds used in the experiments and calculations. DFT calculations for these model 

compounds were carried out by using Gaussian 09 software package [34]  using the M06-2x 

exchange–correlation functional [35,36] and 6-31+G(d,p) basis set. 
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Scheme  5-1. Chemical structure of A) Tm-CHDM-Tm and B) Tm-TMCD-Tm. 
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6-2x was chosen as a DFT functional since it was determined that it gives better 

agreement with the binding energy for XPS spectra compared to M06L, M06HF, BLYP, 

MP2, HSE and B3LYP functionals [36-41]. Equilibrium molecular geometries were 

calculated, followed by the electrostatic potential surfaces, Fukui reactivity indices [42,43] 

and frontier orbital analysis [44]. Reactivity indices were determined on atoms, via the 

condensed approach, using finite difference approximation by using neutral, anionic and 

cationic atomic charges calculated by CHELPG [45] method according to the equations 

shown below for nucleophilic and electrophilic Fukui functions.  

=  

=  

q(N+1), q(N) and q(N-1) are the charge of the atom k with N+1, N and N-1 electrons. 

Radical reactivity indices are the average of nucleophilic and electrophilic Fukui functions 

for each atom. Gaussum 3.0 [46] software was used to analyze density of states to calculate 

theoretical XPS spectra. TDDFT calculations were used to calculate excited state optimized 

geometries of the model compounds 

5.5. Results and discussion 

XPS analysis determined atomic percentage of carbon and oxygen at the surface of control 

and irradiated model compounds. There were no significant difference between XPS survey 

and Valence band spectra of control model compounds containing CHDM (Figure 5-1) and 

TMCD (Figure 5-2) because of similar carbon to oxygen ratio of control model compounds 

(Table 5-1). The high resolution C1s and O1s spectra of model compounds were deconvoluted 

into sub peaks (C-O and C=O) using Casa XPS software curve fitting. Consistency of sub-
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peak shapes was controlled by adjusting FWHM (Full weight half maximum) constraints and 

position values. The quantification and curve fit data were consistent with the structure of 

trimers.  

 

Figure 5-1. XPS survey spectra of Tm-TMCD-Tm. O1s and C1s ratios change due to 

photodegradation.  
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Figure 5-2. XPS survey spectra of Tm-TMCD-Tm. O1s and C1s ratios change due to 

photodegradation. 



 

 

 

199 

 

Figure 5-3 shows significant changes in the shape of doublet in high resolution O1s 

spectra after irradiation. The relative intensity of the shoulder at ~ 533 eV for Tm-CHDM-

Tm and also Tm-TMCD-Tm decreased with increasing irradiation time whereas the intensity 

of the peak at  ~ 531 eV increased with irradiation time.  

 

Table 5-1. XPS elemental composition and high resolution O1s peak devolution of model 

compounds. 

Sample 

Survey 

Quantification 

at (%) 

O1s Binding energy 

(eV) 
FWHM(eV) 

O1s components 

Quantification 

at (%) 

C O C=O C-O C=O C-O C=O C-O 

Tm-CHDM-Tm 

 Control 
73.06 26.94 531.50 533.01 1.4 1.5 54.68 45.32 

Tm-CHDM-Tm 

Irradiated 48 h 
73.64 26.36 531.52 533.00 1.4 1.5 54.01 45.99 

Tm-CHDM-Tm 

Irradiated 144 h 
71.51 28.49 531.51 533.00 1.4 1.5 56.32 43.68 

Tm-TMCD-Tm  

Control 
73.85 26.15 531.53 533.08 1.4 1.5 50.69 49.31 

Tm-TMCD-Tm 

Irradiated 48 h 
72.90 27.10 531.49 533.1 1.4 1.5 51.54 48.46 

Tm-TMCD-Tm 

Irradiated 144 h 
72.74 27.26 531.52 533.01 1.4 1.5 53.52 46.48 
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Figure 5-3. XPS high resolution O1s spectra of model compounds including CHDM (left) and 

TMCD (right): (a) Control, (b) Irradiated 48 h (c) Irradiated 144 h. 

 

High resolution O1s spectra together with the sub peaks belonging to C-O (~ 533 eV) 

and C=O (~ 531 eV) are shown in Figure 5-4.  The relative intensity of C-O to C=O in 

control Tm-TMCD-Tm is also shown. The spectra of irradiated model compounds 

demonstrate a decrease in the relative intensity of C-O to C=O peaks (Figure 5-5) which 

indicates that photodegradation products mostly contain C=O and O-C-O groups. The 

experiment shows the C/O ratio decreases (Table 5-1) due to irradiation. It suggests that new 

oxygen containing groups were formed after irradiation which were responsible for a 

decrease in C–O peak (from 45.32 to 43.68 %) and the slight increase in C=O peak (from 

54.68 to 56.32 %). Figure 5-5 shows the C-O to C=O ratio changes in Tm-CHDM-Tm due to 

irradiation.  
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Figure 5-4. XPS spectra of O1s with sub peaks belonging to C=O and C-O components in 

Tm-TMCD-Tm control. 

 

 

Figure 5-5. XPS spectra of O1s with sub peaks belonging to C=O and C-O components in 

Tm-TMCD-Tm irradiated 48 h (left) and 144 h (right). 
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Figure 5-6. XPS spectra of O1s with sub peaks belonging to C=O and C-O in Tm-CHDM-

Tm: control (left), Irradiated for 48 h (middle) and Irradiated for 144 h (right). 

 

Figure 5-7 and Figure 5-8 contain XPS valence band spectra of control and irradiated 

Tm-TMCD-Tm and Tm-CHDM-Tm, respectively. Photodegradation effects on valence band 

were detected for model compounds in the region of 10-17 eV.   
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Figure 5-7. Valence band spectra for Tm-TMCD-Tm: Control (top), Irradiated 48 h (middle) 

and Irradiated 144 h (bottom). 
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Figure 5-8. Valence band spectra for Tm-CHDM-Tm: Control (top), Irradiated 48 h (middle) 

Irradiated 144 h (bottom). 

 



 

 

 

205 

 

Photodegradation of model compounds containing TMCD through a Norrish type I 

reaction (Scheme  5-2) led to degradation products having a cyclic ketone type structure. In 

the presence of peracid or peroxide (alkaline condition), nucleophilic attack by –COO-
2 takes 

place at carbon of carbonyl to form a tertiary alcohol intermediate. Baeyer-Villiger 

rearrangement including bond cleavage and new bond formation led to ester formation.  

 

Scheme  5-2. Photodegradation mechanism of Tm-TMCD-Tm. 
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Scheme  5-3 shows that hydrogen abstraction on a tertiary carbon atom of CHDM by 

primary radicals can induce an oxidative reaction at the tertiary carbon atom. Hydroperoxide 

forms as a result of oxygen addition and hydrogen abstraction. Hydroperoxide is not 

photostable and undergoes O-O homolyses to form alkoxy radical. Cyclohexanone can form 

as a result of β scission after formation of alkoxy radicals. Norrish type I reaction on 

cyclohexanone type structure leads to ring opening and formation of two radicals which are 

subject to oxidation.  
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Scheme  5-3. Photodegradation mechanism of Tm-CHDM-Tm. 
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TMCD model compound and its ketone based degradation product given in Scheme  

5-2 were used as a test case for theoretical XPS spectra calculations. M06-2x functional was 

found to give a better binding energy value for oxygen atom peaks calculated for O1s at 

around -535 eV for C=O and -536 eV for C-O with an error less than 1% compared to 

experimental results (Figure 5-9). Another outcome of these calculations with different 

functionals is that all the calculations gave similar peak changes for comparison of TMCD 

model compounds and their ketone based degradation product. A small increase in the area 

of C=O peak and a decrease in the C-O ester peak were observed for ketone products, 

independent of the DFT functional, which is in agreement with experimental results. Peak 

positions and their changes after degradation validated the theoretical method and 

calculations for XPS spectra used to predict degradation products. 

 

Figure 5-9. Theoretical XPS spectra calculated using different functionals. 
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Ten different degradation mechanisms were proposed for the degradation of CHDM 

model compounds given in Figure 5-10. These degradation mechanisms led to the following 

products: acid and alkene as a result of Norrish type II degradation, cyclohexanone and 

methyl ester. Further ketone degradation leads to the ring opening of cyclohexane, 

hydroxylated phenyl groups, acid and alkane end group, hydrolysis to acid and alcohol, 

methyl ester and alcohol, methyl ester and cyclohexane, aldehyde end groups, formate and 

phenyl end groups. 

 

Figure 5-10. Theoretical XPS spectra calculated for different degradation products of Tm-

CHDM-Tm model compounds. 
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Theoretical XPS spectra showed that cyclohexanone type structure as well as Norrish 

type I reaction of this cyclohexanone which is followed by ring opening and formation of 

oxidation products explain the increase in the C=O peak and decrease in the C-O peak 

observed experimentally. Calculated aldehyde end groups in the degradation process can 

explain changes in the XPS peak areas. It should be noted that the results presented here can 

explain the dominant degradation mechanisms but these do not exclude other potential 

degradation processes. However, ketone and its further degradation by ring opening and 

oxidation can satisfactorily explain the photodegradation process monitored via experimental 

XPS.   

A similar study was conducted to determine the possible degradation mechanisms of 

Tm-TMCD-Tm model compound by theoretical XPS calculations (Figure 5-11). In addition 

to similar degradation mechanisms proposed for CHDM based model compound, 

degradation products of Baeyer-Villiger rearrangement which lead us to the hemiacetal and 

its derivatives such as hemiacetal bonded to terephthalate, formate derivative of hemiacetal, 

lactone, and hemiacetal-aldehyde end groups were also examined.  
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Figure 5-11. Theoretical XPS spectra calculated for different degradation products of Tm-

TMCD-Tm model compounds. 

 

 

These calculations showed that ketone end group formation by Norrish type 1 

reaction resulted in chain cleavage, followed by Baeyer-Villiger rearrangement to form 

hemiacetal, its derivatives and lactone by cyclobutanone ring opening mechanism, and these 

give similar O1s peak changes for the carbonyl and ester oxygen observed via experimental 

XPS spectra. It was determined that Norrish I type reaction, cyclic ketone formation and 

further ring opening are the main photodegradation mechanisms for the cyclic alkane 

containing ester model compounds. This degradation is in agreement with the previous 
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experimental studies in which cyclobutanone was found to undergo photochemical ring 

expansion to the cyclic acetal in addition to decarbonylation and cycloelimination reactions 

[47-49].  

Fukui reactivity atomic sites and indices for electrophilic, nucleophilic and radical 

attack sites were calculated for model compounds and given in Figure 5-12. High reactivity 

is designated by green. It was determined that highest electrophilic attack sites are on the 

phenyl groups. The reactivity with respect to electrophilic attacks were on the different 

carbon atoms for TMCD and CHDM based model compounds. The highest reactivity for 

nucleophilic attack was found to be on the carbonyl groups, mostly on the carbonyl carbon. 

Reactivity for nucleophilic attack on the phenyl group was examined.  Radically reactive 

atomic sites were found to be mainly determined by electrophilic attack sites and have 

similar distribution over the model compounds. It was found that the most reactive sites are 

on the aromatic ester group while glycol groups are generally stable when they are in the 

backbone. In addition the carbon atom on the TMCD ring bonded to aromatic ester has a 

higher electrophilic and radical reactivity compared to that on the CHDM ring. Electrostatic 

potential surfaces and atomic charges determined by using ChelpG method (Figure 5-13 A 

and B) show that both electron rich parts and electron deficient atoms are on the aromatic 

ester group. Morover the electrostatic potential surface is more symmetric for the CHDM 

model compound. Highly positive atomic charge on the carbonyl carbon explain its reactivity 

with respect to the nucleophilic attack. Positive atomic charges on the TMCD cyclobutane 

ring are higher than those on the CHDM carbon atoms. One can expect lower reactivity for 
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the glycol groups and relatively higher reactivity for the aromatic ester groups in the ground 

state in agreement with Fukui reactivity indices. 

 

A)   

 

B)  

 

   C)  

 

Figure 5-12. A) Fukui electrophilic, B) nucleophilic, and C) radical attack atomic sites and 

indices for Tm-CHDM-Tm and Tm-TMCD-Tm model compound.model compound. 
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A    

 

B

 

C   

D   

 

E F  
 

Figure 5-13. A) Electrostatic potential surfaces, B) Atomic charges, C) Calculated isodensity 

of Frontier occupied molecular orbitals (HOMO), D) Calculated isodensity of Frontier 

virtulal molecular orbitals (LUMO) for Tm-CHDM-Tm and Tm-TMCD-Tm model 

compounds, E) HOMO-1 orbital and F) LUMO+1 for Tm-TMCD-Tm model compound. 
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HOMO and LUMO orbitals for model compounds given in Figure 5-13 C and D, are 

delocalized on the aromatic ester group which validates results indicating that glycol groups 

are generally stable compared to aromatic ester when they are in the backbone. Some 

reactivity for the electrophilic and radical attack on the TMCD ring as observed in the 

reactivity indices can be explained by the LUMO, HOMO-1 and LUMO+1 orbitals which 

partly are on the TMCD ring (Figure 5-13 to F).  

 These results are changed if chain cleavage via Norrish I type reaction occurs. As 

shown in Figure 5-14 A and B for theoretical dimer models, the end groups are highly 

reactive for the glycol rather than aromatic ester end groups. Hydrogen atoms are not shown 

for convenience. The theoretical structure reactivity of Tm-CHDM is given in Figure 5-14 A 

ehich shows the end group oxygen is reactive to radical attack. In addition to glycol oxygen, 

TMCD ring of Tm-TMCD is also more reactive compared to TMCD group of Tm-TMCD-

Tm with respect to free radical reactions as given in Figure 5-14 B. CHDM-T-TMCD 

theoretical model compound was optimized to compare CHDM and TMCD glycol end group 

reactivities. Calculations showed that the TMCD ring has higher radical reactivity compared 

to CHDM ring. In addition, TMCD alcohol end group oxygen is significantly more reactive 

compared to CHDM alcohol end group oxygen as shown in Figure 5-14 C. 



 

 

 

215 

 

A         

B  

Tm-CHDM      Tm-TMCD 

C  

CHDM-T-TMCD 

 

Figure 5-14. Fukui reactivity indices for radical attack of A) Tm-CHDM B) Tm-TMCD. C) 

Reactivity comparison against radical attack to CHDM and TMCD end groups. 

 

TDDFT calculations were conducted to determine excited state optimized geometries 

of model compunds. No significant changes were observed for the Tm-CHDM-Tm and Tm-

TMCD-Tm model compounds except some loss of aromaticity in the phenyl groups and non-

significant bond length changes for singlet and triplet excited state optimized geometries. 
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However, ring opening and diradical formation was observed for the singlet excited state 

optimized geometries of TMCD alcohol end group and TMCD ketone end group of Tm-

TMCD and Tm-TMCD-ketone which are Norrish I type reaction products as shown in Figure 

5-15A. High Fukui radical reactivity indices shown by green color observed for glycol and 

ketone end groups. The reactivity of aromatic ester decreases significantly and all the 

reactive sites are on the TMCD ring in the excited state. These results are in agreement with 

our XPS studies as well as previous studies which stated that excited cyclobutanone 

undergoes an efficient cleavage to produce the hypothetical 1,4-acyl-alkyl biradical [33,47-

50]. 

TMCD-T-TMCD and TMCD-T-TMCD-ketone theoretical models were also 

optimized at the singlet excited states by using TDDFT and reactive sites for optimized 

structures in the excited states are given in Figure 5-15 B. It was determined that one of the 

alcohol end groups undergos ring opening when both ends are TMCD alcohol end groups. 

However, ring opening and diradical formation was always observed for the ketone end 

group when one end is alcohol and the other end is ketone. In both cases, the opened ring in 

the end group was found to be highly reactive for radical attack and this decreases the radical 

reactivity on the aromatic ester compared to its ground state radical reactivity given in Figure 

5-15. 
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A    

 

Tm-TMCD      Tm-TMCD-ketone 

B   

 

TMCD-T-TMCD(opened ring)  TMCD-T-TMCD-ketone (opened ring) 

 

Figure 5-15. Fukui reactivity indices for radical attack of A) Tm-TMCD and Tm-TMCD-

ketone in the excited state, B) TMCD-T-TMCD (opened ring) and TMCD-T-TMCD-ketone 

(opened ring) in the excited state. 

 

Tm-CHDM-ketone structure which was proposed in the Norrish I type reaction 

mechanism was also optimized in the ground state and excited state (Figure 5-16 A). 
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Although there is a significant increase in the chain strain, which was monitored by increased 

bond lengths and decreased bond angles, ring opening observed for TMCD was not observed 

for CHDM-ketone using the molecular modeling method. The probability of ring opening is 

lower for CHDM end group compared to TMCD end group ketone which was also supported 

by previous experimental studies.  It should be noted that CHDM-ketone end group is still 

more reactive compared to CHDM alcohol end group. In addition, CHDM-T-TMCD 

structure with both ketone ends were modelled and it was shown that TMCD-ketone end 

group highly more reactive than CHDM-ketone end group (Figure 5-16B). 

A   

 

Ground state Tm-CHDM-Ketone              Excited state Tm-CHDM-Ketone 

B  

Ketone-CHDM-T-TMCD-Ketone 

Figure 5-16. Fukui reactivity indices for radical attack of A) Ground state and excited state 

Tm-CHDM-ketone, and B) ketone-CHDM-T-TMCD-ketone. 
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TMCD, TMCD-ketone intermediate and possible ketone ring opening reaction 

products (hemiacetal and lactone) were modeled as trimers with different end groups in 

theoretical models to compare their reactivities as given in Figure 5-17. It was found that 

TMCD-ketone is the most reactive structure. Hemiacetal structure is also slightly more 

reactive compared to alcohol end group. Lactone end group was determined to have the 

lowest reactivity among all. 

 

Figure 5-17. Reactivity comparison for radical attack to TMCD, TMCD-ketone and other 

degradation product end groups. 
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5.6. Conclusion 

As shown by the XPS high resolution O1s, spectra of irradiated model compounds containing 

TMCD and CHDM showed a decrease in relative intensity of C-O compared to the C=O 

peak. The percentage of C=O formation on irradiated model compounds changed in 

proportion to the irradiation time. Tm-CHDM-Tm model compounds were slightly more UV 

stable than Tm-TMCD-Tm. A very good agreement between the experimental XPS 

measurement and calculated (modeled) degradation products was demonstrated. 

Experimental results were explained by using DFT calculations on model compounds, 

intermediates and products. Possible degradation products and their potential effects on the 

XPS analysis results were discussed. Higher free radical reactivity observed for TMCD based 

model compounds were explained based on the ring opening susceptibility to free radical 

observed for cyclobutanol and cyclobutanone in the excited state.  Ketone end groups formed 

by Norrish I mechanism were determined to have higher radical reactivity compared to 

alcohol and methyl ester end groups. This radical reactivity enhanced even more as expected 

by biradical formation via ring opening in the singlet excited states. It was shown that the 

excited state structural changes such as strain on the rings and conformational changes that 

can be resulted in ring opening are important to understanding the photodegradation of 

polyesters containing cyclic glycols.  
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Chapter 6. General conclusions and future works 

6.1. Overal conclusions 

In the current investigation, the photodegradation of copolyetesrs and model compounds was 

studied. In the first part of this work, the photodegradation of PETG and Tritan films under 

accelerated weathering conditions using an Atlas Ci3000+ weatherometer, equipped with 

Xenon artificial daylight lamps) was conducted. Experimental results from different 

analytical methods helped elucidate and support the proposed photodegradation mechanisms.  

The significant loss in the number average molecular weight and the increase in 

polydispersity index (Mw/Mn) of irradiated PETG and Tritan copolyester films, compared to 

the controls, were used to propose chain scission due to photodegradation in the polymer 

backbone. Furthermore, the increase in Mw following irradiation can be attributed to chains 

crosslinking. Introducing CHDM units in copolymer composition was found to have a 

significant effect on the photodegradation of PETG and Tritan films. 1H-NMR integration 

showed a significant decrease in the relative intensity of the peak belonging to the proton of 

the tertiary carbon atom of CHDM in weathered copolyester films. A combination of various 

analytical methods was used to provide evidence of Norrish type I and Norish type II 

degradation mechanisms. Intramolecular Norrish type II reaction favors a six-membered ring 

conformation, which requires glycol in a transoid conformation with respect to CH2-O 

bonds. FT-IR intensity differences in the peak at 1246 cm−1 supported a Norrish type II 

reaction. Hence, it was determined that Norish type II was the dominant degradation pathway 

for PETG. However, TOF-SIMS analysis results supported chain scission at the C-O bond of 

ester, resulting in the probable formation of alkyl and carboxyl radicals through a Norrish 
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type I mechanism. The LC-MS analysis of degradation products, extracted from irradiated 

PETG films, supported the formation of structural chains with acid and alcohol end groups. 

This is consistent with the intensity increases in the OH region observed in the FT-IR data 

and increased C=O and C-O peaks from the XPS high resolution oxygen scans of irradiated 

PETG and Tritan films. The high resolution oxygen O1s scan showed an increase in C=O and 

C-O with a broadening of the band, which can be attributed to chain cleavage at C-O of the 

ester groups in the polymer backbone. An assessment of excitation–emission measurement 

on weathered PETG and Tritan films confirmed the presence of hydroxy terephthalic 

analogs, which exhibited emission max at approximately 460 nm. The emission spectra of the 

PETG and Tritan films before and after irradiation showed significant differences, especially 

at 460 nm, which is consistent with the emission λmax of 1,4 dihydroxyterephthalic acid. 

Furthermore, a decrease in the aromatic carbon C-H due to hydroxylation of terephthalate 

units, as observed with fluorescence spectroscopy, was consistent with the high resolution 

carbon C1s analysis in XPS and FT-IR. Photodegradation of PETG and Tritan films were 

shown to be time dependent, where the intensity of the emission peak increases with 

increasing the exposure time to irradiation from 0 to 240 h. It was also shown from 1H NMR 

analysis that the proton of the tertiary carbon in the trans configuration decreases due to 

irradiation. A configurational change from trans to cis, due to irradiation, was also supported 

based on the FT-IR analysis and XPS valence band results, which demonstrated a peak 

increase in the 8-12 eV (trans to cis) following irradiation.  

In the second part of this work, the effect of commercial UV stabilizers on 

photostability of weathered PETG and Tritan copolyesters as well as degradation of 



 

 

 

227 

 

photostabilizers was studied. PETG and Tritan films containing Cyasorb 1164 proved to have 

much higher photostability compared to the film containing Cyasorb 3638. The UV-

absorption spectrum of Cyasorb 1164 overlaps more with the absorption spectra of PETG 

and Tritan and also the energy level differences between copolymers and Cyasorb 1164 is 

greater than that Cyasorb 3638.  Analyses of irradiated PETG and Titan films in presence of 

Cyasborb 1164 and Cyabsorb 3638 showed considerable changes in the peak intensity of the 

OH group at 3400 m-1, which was greater in the case of the latter than the former 

consistently. High resolution XPS spectra of C1s and O1s of PETG and Tritan in presence of 

Cyasorb 3638 showed significant differences between control and irradiated samples which 

is not the case for the films containing Cyasorb 1164. This study confirmed that excited state 

photo-tautomerization of Cyasorb 1164 via ESIPT mechanism was more effective in 

dissipating the excited state energy than that for Cyasorb 3638, which is believed to dissipate 

the energy via reversible  ring-opening/ring closure. Absorption and emission spectra of 

extracted materials after ASE of irradiated Tritan + 10 % Cyasorb 3638 indicated that the 

intensity of the peak at 300 nm was greater than that of 350 nm, which indicated significant 

photodegradation of Cyasorb 3638. FT-IR of Tritan film containing 3636, following 

irradiation for 144 h, showed that the  intensity of the peak at 1768 cm-1 decreased by 

increasing the irradiation time. These results indicated the loss of the lactone form of 

Cyasorb 3638 due to photodegradation. Photodegradation of the stabilizer was also identified 

using XPS in which the changes in C/O ratio was greater in the case of weathered PETG and 

also Tritan containing 10 % Cyasorb 3638 than that weathered copolyesters without 

stabilizers.  
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After irradiation of model compounds containing TMCD and CHDM, the relative 

intensity of C=O peak (XPS high resolution) increased and the percentage of C=O formation 

in irradiated model compounds also changed as a function of irradiation time. Tm-CHDM-

Tm model compound was slightly more UV stable than Tm-TMCD-Tm. Photodegradation of 

model compounds containing TMCD undergoes a Norrish type I reaction, leading to 

degradation products having a cyclic ketone type structure. In the presence of peracid or 

peroxide, a nucleophilic attack by –COO-
2 took place at carbonyl carbon to form a tertiary 

alcohol intermediate. Baeyer-Villiger rearrangement including bond cleavage and new bond 

formation led to lactone formation.  A very good agreement between the experimental XPS 

measurement and calculated (modeled) degradation products was found.  Higher reactivity 

was observed for TMCD based model compounds.  

6.2. Recommendations for future work 

Photodegradation of PETG and Tritan showed some surface effects, mainly due to the 

absorption of UV light and oxidation. Degradation took place at the outermost surface layer. 

Therefore, it is worthwhile to study the depth profile of photodegradation in thick films by 

analyzing cross sections using SEM in future studies. In our case (thin films), proper sample 

preparation (microtoming) and further experiments on cross sections were not feasible due to 

unevenness of samples.  It will be very helpful to investigate the level of product degradation 

from the film surface as a function of oxygen content and light penetration and study the 

possibility of UV stabilizer migration as a function of irradiation time and chemical structure 

of UV absorbers. 
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FT-IR and XPS valence band results indicated that Norrish type II reaction was a 

dominant reaction in PETG containing ethylene glycol. Although the concentration of 

ethylene glycol in relation to CHDM in the polymer backbone composition played a key role 

in the weatherability of PETG, the properties of copolyester were also affected by 

copolyester composition. Investigation of PETG containing a lower concentration of ethylene 

glycol can lead to a better understanding of the effect of ethylene glycol on weathering of the 

copolyester with respect to Norrish type II reactions.  

According to 1H-NMR spectra, the trans configuration of CHDM in polymer films 

was more susceptible to photodegradation. To get more insight into the CHDM conformation 

effects on photodegradation, specific model compounds containing 100% cis CHDM or 

100% trans conformations need to be prepared and investigated with respect to 

photochemistry, photophysics, electrochemistry and photodegradation mechanisms involved. 

On the other hand, the tertiary carbon proton in CHDM is more susceptible to hydrogen 

abstraction. Hence, it is recommended to study the weathering of copolyesters containing a 

lower concentration of CHDM with respect to PETG and Tritan. 

 The photostability of PETG and Tritan containing two commercial UV absorbers 

was investigated, and it was shown that the excited state photo-tautomerization of Cyasorb 

1164 undergoes an excited state intramolecular proton transfer (ESIPT) mechanism, which 

was more effective in dissipating the excited state energy than that for Cyasorb 3638 via 

reversible ring-opening/ring closure. PETG and Tritan containing new UV absorbers, 

including phenolic structures with carbonyl oxygen acceptors, such as hydroxybenzophenone 
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and hydroxyphenyl benzotriazol should be studied and their performance should be 

compared to that of Cyasorb 1164 and 3638 to determine their effect on promoting 

weatherabiliy of copolyesters. 


