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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO

RAD: 12­56629­  ­6
DEP: 2020  DIRECCION DE NUEVAS CREACIONES 
TRA: 11  PCT­PATENTE DE INVENCION CAPITULOS I Y II 
ACT: 519   PRESENTACION 

FECHA:  2013­07­25 18:11:58
EVE:  378  FASE NACIONAL INCLUIDO CAPITULO I 
FOLIOS:   5

Como resultado del Examen de Fondo realizado, con fundamento en el Artículo 45 de 
la Decisión 486 de la Comisión de la Comunidad Andina, se comunica:

1. Documentos estudiados  
                                         :

Descripción: Rad. N° 12-056629-00000-0000 04/Abril/2012
Reivindicaciones: Rad. N° 12-056629-00004-0000 15/Marzo/2013
Prioridades:    US      12/573,633 05/Octubre/2009

          
                              
2. Análisis de la Prioridad

Se acepta la reivindicación de Prioridad porque esta solicitud fue presentada dentro del 
plazo establecido  (Art.  9  D 486)   y  su  contenido  técnico  corresponde con el  de la 
prioridad reivindicada.

3. Objeto de la invención

De acuerdo con lo establecido en el numeral 1.2.2.2 del Capítulo Primero del Título X 
de la Circular Única para efectos del examen de patentabilidad, se tendrá en cuenta la 
tasa  pagada  por  el  solicitante  al  momento  de  comenzar  el  examen  para  las 
reivindicaciones adicionales; esto es que cuando la solicitud contenga más de diez (10) 
reivindicaciones y no se haya pagado la tasa complementaria, sólo se estudiarán las 
cubiertas por la tasa pagada.
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Se aceptan para estudio todas las 41 reivindicaciones presentadas (Fls. 4 a 13 del Rad. 
N°  12-056629-00004-0000)  porque  las  tasas  pagadas  cubren  en  su  totalidad  lo 
establecido en el numeral 1.2.2.2 del Capítulo Primero del Título X de la Circular Única.

Título de la solicitud: “Capa de color removible de protección para recubrimientos de 
uñas artificiales y métodos para ello” (Fl. 1).

El problema planteado en esta solicitud consiste en la necesidad de  suministrar  un 
recubrimiento para uñas de rápida curación y aplicación.

Para  resolver  este  problema  técnico,  la  solicitud  en  estudio  proporciona   una 
composición a base de esteres de celulosa y metacritalos etilénicamente insaturados 
para realizar polimerización tomando un fotoiniciador como iniciador de la reacción. 

El objeto  de la presente  Solicitud  se relaciona con la  Clasificación Internacional  de 
Patentes (CIP) C08F 251/02.

4. Reivindicaciones relativas a un uso o a un segundo uso  (Art 14 y 21 D 486)

El  uso como recubrimiento  para  uñas de la reivindicación 41 no es patentable,  de 
acuerdo con el Art 14.

5. De la Solicitud de Patente 

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones  1 a 6, 9, 12 a 14, 18 a 22 y 24 a 38 no son claras porque las 
expresiones  “al  menos”  y  “alrededor  de”  son  imprecisas,  por  lo  cual  no  permiten 
distinguir la invención del estado de la técnica.  Se sugiere sustituirlas por términos 
precisos o un rango concreto.

Las reivindicaciones 1 y 38 no son claras porque las expresiones “con la exposición a 
un acelerador de la polimerización, dicha composición polimerizable cura a una rejilla  
de material temoendurecible acrílico que tiene huecos definidos en ella” y “una porción 
de los huecos contiene el al menos un polímero soluble en un disolvente no reactivo” 
son resultados a alcanzar, lo que no está permitido, no define al  producto y/o método 
porque  la  invención  no  queda  definida  por  el  resultado  a  alcanzar,  puesto  que  la 
reivindicación incluiría no sólo la solución propuesta por el solicitante, sino todas las 
alternativas presentes o futuras que lleguen a ese resultado. Se sugiere remplazarla 
por las características esenciales estructurales que contribuyen a la obtención de ese 
efecto.

La  reivindicaciones  1,  15,  18,  21y  34  no  son  concisas  porque  las  definiciones  de 
monómero polimerizable por adición, polímero soluble, disolvente no reactivo, solvente 
no reactivo, met(acrilato) promotor de la adherencia, colorante, agente de reología y 
fotoiniciador, son géneros funcionales, se sugiere restringir la solicitud a una razonable 
generalización del tipo de compuestos que han sido sintetizados ó probados, es decir, 
que se encuentran debidamente sustentados.

La  reivindicación  39 no  es  clara  porque  la  expresión  “forma  por  curado  una 
composición polimerizable” no está justificada en la descripción, pues se indicaría que 
por un proceso de polimerización se produciría una composición. Se sugiere realizar  la 
corrección necesaria.
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La reivindicación 41 no es clara porque indica el uso que puede darse a la composición 
reivindicada,  el  cual  no es una característica técnica que defina  a la  invención.  Se 
sugiere hacer la aclaración respectiva. 

La reivindicación 23 no es clara porque hace referencia a un producto, pero presenta 
características  técnicas  de  un  método  al  indicar  que  la  sílice  se  modifica  por 
polidimetilsiloxano. Al respecto no debe olvidarse que las reivindicaciones de producto 
y  de  procedimiento  son  diferentes  y,  por  ello,  deben  redactarse  de  manera 
independiente  en el  pliego reivindicatorio.  Sobre las mismas,  el  Tribunal  Andino de 
Justica ha dicho lo siguiente:

“El  objeto  de la  invención  de  producto  está  constituido  por  un  cuerpo  cierto 
destinado a llenar una necesidad industrial que el estado de la técnica aún no 
ha  satisfecho.  En  cambio,  el  objeto  de  la  invención  de  procedimiento  se 
encuentra conformado por “una serie o sucesión de operaciones que inciden 
sobre una materia (solida, liquida o gaseosa) que se encamina a la obtención 
de una cosa o un resultado”1.

6. Determinación del Estado de la Técnica

El  estado  de  la  técnica  se  determinó  con  base  en la  fecha  de  presentación  de  la 
solicitud de prioridad invocada, es decir, el 05 de octubre de 2009. 

Consultadas  las  fuentes  de  información  con  que  se  cuenta,  se  encontraron  los 
siguientes documentos que anticipan el objeto de esta solicitud.

Item Documento Título Fecha de Publicación

D1 US 5985951

“UV-curable nail coating 
formulations containing cellulose 

esters with ethylenically 
unsaturated pendant groups”

16/Noviembre/1999

D2 US 5785958
“Non-yellowing rapid drying nail 
polish top-coat compositions”

28/Julio/1998

El documento  D12  divulga  una composición  para  recubrimiento  de  uñas  a  base  de 
esteres de celulosa (Col. 1, líneas 13 a 21).

El documento D23 divulga  una composición para recubrimiento de uñas a base de 
acetato butirato de celulosa y metacrilatos (Col. 2, líneas 47 a 61).

7. Examen de Patentabilidad (Art 14 D486)

Novedad  (Art 16 D486)

La reivindicación 1 consiste en “Una composición polimerizable que comprende: (i) al  
menos un monómero etilénicamente insaturado, polimerizable por adición; (ii) al menos  
un polímero…” (Ver Fl. 4 del Rad. N° 12-056629-00004-0000).

Comparación de las características técnicas esenciales, con las del Estado de la Técnica:

Características esenciales D1 D2
Composición  polimerizable 
que comprende:

Composición polimerizable (Col. 
1, líneas 13 a 21).

Composición  polimerizable 
(Col. 2, líneas 47 a 61).

_______
1Otero Lastres, José Manuel. Ob. Cit. Proceso 129aIPa2007.
2http://worldwide.espacenet.com/publicationDetails/biblio?
DB=worldwide.espacenet.com&II=0&ND=3&adjacent=true&locale=en_EP&FT=D&date=19991116&CC=US&NR=598
5951A&KC=A
3http://worldwide.espacenet.com/publicationDetails/biblio?
DB=worldwide.espacenet.com&II=0&ND=3&adjacent=true&locale=en_EP&FT=D&date=19980728&CC=US&NR=578
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5958A&KC=A

Al  menos  un  mónomero 
etilénicamente  insaturado, 
polimerizable por adición

Se  polimeriza  por  adición  con 
grupos etilénicos (Col. 1, líneas 
13 a 21).

Se  polimeriza  con 
metacrilatos por fotoiniciación 
(Col. 2, líneas 47 a 61).

Al  menos  un  polímero 
soluble  en un disolvente  no 
reactivo

Se emplean esteres de celulosa 
(Col. 1, líneas 13 a 21).

Se emplea butirato acetato de 
celulosa (Col.  2,  líneas 47 a 
61).

Al  menos  un  solvente  no 
reactivo

Se  emplea  acetona  como 
solvente  (Col.  8,  líneas  15  a 
24).

Se emplea acetato y  alcohol 
como solvente  (Col. 2, líneas 
47 a 61).

De acuerdo con la tabla anterior, las características esenciales de la composición de la 
reivindicación 1 habían sido divulgadas previamente en los documentos D1 y D2, por lo 
tanto, la materia reivindicada no es nueva.

La reivindicación dependiente 2  no menciona alguna característica que hagan nueva la 
composición de la reivindicación 1, por lo cual se considera que no es nueva, ya que 
D1 divulga  met(acrilato) de uretano reactivo y  un plastificante como el dioctil adipato 
(Col. 7, líneas 25 a 28, Col. 9, línea 63).

Las reivindicaciones dependientes 3 y 5 no mencionan alguna característica que hagan 
nueva  la  composición  de  la  reivindicación  1,  por  lo  cual  se  considera  que  no  son 
nuevas, ya que D1 divulga metacrilato uretano, metacrilato de hidroxietilo, metacrilato 
de etilo y tetrahidrofurfurilo para realizar la polimerización (Col. 8, línea 2, Col. 7, líneas 
7 a 24).

Las reivindicaciones dependientes 3 y 4 no mencionan alguna característica que hagan 
nueva  la  composición  de  la  reivindicación  1,  por  lo  cual  se  considera  que  no  son 
nuevas,  ya que D2 divulga  metacrilato  de  hidroxipropilo  y  metacrilato  de etilo  para 
relizar la polimerización  (Col. 4, líneas 45 a 46).

Nivel inventivo  (Art 18 D486)

La reivindicación 6 consiste en “la composición polimerizable de conformidad con la  
reivindicación  3,  caracterizada  porque…”  (Ver  Fl.  6  del Rad.  N°  12-056629-00004-
0000).

Comparación de las características técnicas esenciales, con las del Estado de la Técnica:

Características esenciales D1 D2
Composición  polimerizable  de 
conformidad con la  reivindicación 
3, caracterizada porque

Composición  polimerizable 
(Col. 1, líneas 13 a 21).

Composición 
polimerizable  (Col.  2, 
líneas 47 a 61).

El  monómero  etilénicamente 
insaturado  es  metacrilato  de 
hidroxipropilo.

No se menciona
Se emplea  metacrilato de 
hidroxipropilo  (Col.  4, 
líneas 45 a 46).

El  monómero  reactivo  es 
metacrilato de hidroxietilo

Se  emplea  metacrilato  de 
hidroxietilo (Col. 8, línea 2).

No se menciona

Los documentos  D1 y D2 se consideran el  estado de la técnica más cercano a la 
invención definida en la reivindicación 6, porque divulgan composiciones porimerizables 
como recubrimientos de uñas.

La diferencia entre la invención, definida en la reivindicación  6 y la composición del 
documento D1 consiste en que D1 no menciona el metacrilato de hidroxipropilo.

La diferencia entre la invención, definida en la reivindicación 6 y la composición del 
documento D2 consiste en que en D2 no se menciona el metacrilato de hidroxietilo.



Expediente 12-56629-  -6                                                   

No se evidencia algún efecto técnico que logre la diferencia porque la solución de la 
presente solicitud posee las mismas características de recubrimiento de uñas reveladas 
en el documento D1.

Por lo tanto,  el  Problema Técnico Objetivo que pretende resolver  esta  invención se 
puede  formular  así  “¿cómo  obtener  un  recubrimiento  alternativo  al  revelado  en  el 
documento D1?”.

Sin embargo,  el metacrilato de hidroxipropilo, ya está divulgado en el documento 
D2 que se refiere a una composición para el recubrimiento de uñas (Pág. 5, líneas 
13 a 24, Pág. 8, línea 21 a Pág. 9, línea 7).

En  consecuencia,  una  persona  normalmente  versada  en  la  materia  incluiría  el 
metacrilato de hidroxipropilo de D2 en la composición de la anterioridad D1, esperando 
con certeza lograr el método, como la de la reivindicación 6 de la solicitud, lo cual es 
considerado obvio y, por lo tanto, sin altura inventiva.

Puesto  que  las  reivindicaciones dependientes  7  a  37 no  mencionan  características 
adicionales que hagan inventiva la solicitud,  se considera que tales reivindicaciones 
tampoco tienen  nivel inventivo, ya que D1 divulga  metacrilatos de propileno o etileno 
glicol,  aminas  terciarias  como  aceleradores  para  fotoiniciación,  esteres  de  celulosa 
especialmente el acetato butirato o acetato propionato de celulosa, en donde se tiene 
una concentración del éster de celulosa entre el  5 al  95%, metacrilatos como el de 
tetahidrofurfurilo o etilo, pigmentos como colorantes, un metacrilato de uretano como el 
Ebecryl 220 que tiene un peso molecular de 770 g/mol, un solvente como la cetona que 
puede estar en un 70% en peso de la composición y fotoiniciadores que pueden estar 
en un 20% en peso en la composición  (Col. 7, líneas 14 y 15, Col. 8, líneas 44 a 59, 
Col. 5, líneas 21 a 25, Col. 5, líneas 35 a 50, Col. 8, líneas 63 a 65, Col. 7, líneas 7 a 
11, Col. 9, líneas 5 y 6, Col. 8, líneas 66 a 67). Asimismo D2 divulga fotoiniciadores 
como el bencil dicetal (Col. 5, líneas 3 y 4) y siendo implícito para la persona versada 
en la materia el empleo de sílice fumante modificada por siloxanos4, poliamidas que 
modifican  el  endurecimiento5 y  gliceril  dimetacrilato  piromelitico  PMGDM6 en 
composiciónes polimerizables por curado.

Conclusión:
Las reivindicaciones 6 a 37 cumplen el requisito de novedad (Art. 16), pero no cumplen 
con el requisito de nivel inventivo (Art. 18).

8. Conclusión

Los requisitos de Patentabilidad de la presente Solicitud están afectados así:

Item Documento
Reivindicaciones 

afectadas
Requisito que afecta

D1 US 5985951
1, 2, 3 y 5 Novedad/ Nivel inventivo

6 a 37 Nivel inventivo

D2 US 5785958
1, 3 y 4 Novedad/ Nivel inventivo
6 a 37 Nivel inventivo

____________
4 Synthesis and Characterization of Chlorinated Bisphenol-Based Polymers and Polycarbodiimides as Inherently Fire-
Safe Polymers. U.S. Department of transportation. 2000. Pág. 13, Párr. 3, líneas 19 y 20.
5Weinmann, et al. Amine-Functional Curatives for Low Temperature Cure Epoxy Coatings. Resolution Performance 
Products. 2001. Pág. 11, Párr. 1 a Párr. 3.
6 Van Landuyt et al. Systematic review of the chemical composition of contemporary dental adhesives. Biomaterials. 
2007. Vol. 28. Págs. 3760 y 3761. Tabla 1. 



En cumplimiento  del  artículo  45  de  la  Decisión  486  de  la  Comisión  de  la  Comunidad 
Andina,  se  le  indica  que  debe  dar  respuesta  dentro  del  término  de  sesenta  (60)  días 
contados a partir de la fecha de notificación de la presente comunicación. En caso de no 
dar  respuesta al  presente requerimiento,  o  si  a  pesar  de  la  respuesta  subsistieran  los 
impedimentos para la concesión, se denegará la patente.

Se invita al solicitante se sirva indicar, si así lo considera, su renuncia al término faltante de 
sesenta (60) días  para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara 
a modificar el capítulo reivindicatorio y éste contenga más de diez (10) reivindicaciones, no 
pagará  la  tasa  de  modificación  voluntaria  pero  sí  la  correspondiente  al  pago  por 
reivindicación adicional.

Notifíquese el  presente oficio  conforme a lo dispuesto en el  numeral  5.2,  literal  e),  del 
capítulo quinto del título primero de la Circular Única No. 10 de 2001. 

El anterior requerimiento fue notificado por fijación en lista, de fecha  2013-07-30

Elaboró: Jorge Eduardo Cortazar Gomez
Revisó: Rosa Patricia Tellez Chavarro
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EXECUTIVE SUMMARY 

Two different types of polymers were synthesized and their degradation and 

combustion behavior were investigated. The first class, l,l-dichloro-2,2-(4- 

hydroxyphenyl)ethylidene (bisphenol C) based polymers, were found to be among the 

most fire-resistant polymers with peak heat release capacities as low as 20 J/g-K. 

Polymers containing bisphenol C all exhibited exothermic decomposition behavior. 

When compared to corresponding bisphenol-A-based polymers, these bisphenol-C- 

containing polymers had higher char yields and lower decomposition temperatures. The 

presence of bisphenol C in materials, whether as a co-monomer or blends, showed a char 

enhancement effect; yielding higher char than what is expected by a purely additive 

effect. 

Bisphenol C polyarylates and polycarbonates yielded large amounts of HC1 and 

carbon dioxide upon decomposition. Compared with other bisphenol-based polymers, 

polycarbonates and polyarylates containing bisphenol C yielded significantly less 

amounts of monomer. Decreasing the concentration of bisphenol C in the copolymers or 

blends yielded relatively more monomer in the degradation products. 

The second class of polymers studied were polycarbodiimides, which generally 

decompose in an endothermic manner to yield quantitative amounts of monomer. The 

incorporation of TEMPO-containing side-chain substituents altered the degradation. 

TEMPO-based polycarbodiimides decomposed in an exothermic fashion and yielded 

several other degradation products in addition to the original monomer. These free- 

radical-containing polymers showed a 25 % reduction in the peak heat release capacity 

xv 



when compared with the control polymer. Neither polymer was found to be fire resistant 

which is due to their high organic content and essentially 100 % weight loss during 

decomposition. 
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CHAPTER 1 

POLYMER FLAMMABILITY 

1.1  Introduction 

Organic polymers have found increasing use in more demanding applications due 

to their low density, high specific properties such as strength-to-density ratios, ease of 

fabrication and other properties not found in metal and ceramic materials.1 The use of 

polymers in electrical, transportation and building applications requires the use of flame- 

retarded polymers.2 There are many more potential applications which have eluded the 

use of polymers because of generally inherent flammability of polymers.5 The loss of life 

and property are the main factors driving the research on flammability and fire retardancy 

of polymers. Annually in the United States, fire accounts for more the 6,000 deaths and 

$10 billion in property damage.4  New requirements legislated by governments will 

greatly affect the use of polymers, especially in building and transportation applications.5 

Such mandates include eliminating environmentally unfriendly halogen-containing flame- 

retardant materials and high-heat-release materials (i.e., highly flammable materials). 

It was recognized a long time ago that certain compounds could be added to 

natural polymers (wood, wool, cotton) to inhibit their ignition.6 Today, this same 

approach is used for many commodity polymers. Even though these materials have been 

made to resist ignition, this occurs only for fires with small heat fluxes. The search for 

new non-flammable materials focuses on many areas, but a few are at the forefront of 



research. These include thermally stable, low-heat-release organic polymers, inorganic 

polymers, and new nonhalogen-containing polymers and flame retardants. Although 

many promising materials have been found with respect to fire-retardant properties, use 

has been limited by a number of factors, including cost, environmental stability, difficulty 

of processing and toxicity of decomposition products. 

1.2 Combustion of Polymers 

There are three components needed to sustain combustion: fuel, an oxidizer and 

heat.2 In a very basic explanation the burning process for a polymer can be broken into 

three major steps: heating, degradation and combustion.3 The first step is the heating of 

the polymer to a temperature at which degradation occurs to liberate volatile small 

molecule products. Since combustion generally occurs in the vapor phase, the polymer 

must decompose to combustible gases. If there is an ignition source or the temperature is 

hot enough and the degradation products are combustible then flaming combustion will 

occur. This combustion reaction generates heat which can contribute to further polymer 

decomposition and thus continuous self-sustained combustion occurs. Figure 1.1 shows a 

schematic of the combustion cycle. The combustion process depends on such variables 

as heat release (energy from the combustion reaction), heat release rate (how fast the 

energy is liberated) and rate of decomposition (the rate at which the polymer potentially 

fuels the combustion reaction). A more detailed description of how these variables affect 

the combustion properties are given in Chapter 3. 



Combustion 
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Products 
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Figure 1.1 Schematic of combustion cycle. 

In the atmosphere the oxygen acts as the oxidizer for the organic fuel from the 

decomposing polymer. The overall combustion reaction can be represented by the 

following reaction.5 

fuel gas + 02 - CO + C02 + H20   + ROx + Rx + heat + light (1.1) 

If complete combustion were to occur, water and carbon dioxide would be the only 

products from a hydrocarbon polymer. This is usually not the case. Products of 

incomplete combustion as shown in Eq. 1.1 include carbon monoxide and other 

hydrocarbon molecules (ROx and Rx). Combustion reactions are known to proceed 

through a series of radical reactions.7 Inhibition of combustion can be obtained by having 

polymers that do not decompose or decompose to yield non-flammable gases. Flame 



retardants can also break the combustion cycle by consuming highly reactive H. and HO. 

species in the vapor phase.8 

1.3  Strategies For Reducing Polymer Flammability 

As stated in the previous section, there are essentially three components needed to 

sustain combustion. Removal of any one component from the burning cycle will inhibit 

or shut down the combustion cycle. The variables that can be controlled for most 

applications affect the generation of volatile decomposition products and their 

contribution through heat radiating back to the decomposing polymer. 

Methods for reducing the flammability of polymers can be grouped into two 

categories: inherently nonflammable polymers and flame-retardant additives and 

modifiers. Any organic polymer will burn when subjected to enough heat and/or oxygen. 

Therefore the problem becomes designing polymers that delay the time to combustion, 

decrease the rate of decomposition and decrease the energy of the combustion reaction. 

Using polymers that do not decompose to give off any fuel is the most straightforward 

route to reducing the contribution of the polymer to a fire. This can also be the most 

difficult. Whereas synthesizing such a material may be possible, the problem lies in 

having a material with the combination of desired properties, processability and cost. 

Other routes include polymers that decompose but yield reduced amount of gases or 

noncombustible gases to reduce or remove the exothermic gas phase reaction that 

promotes further polymer decomposition (i.e. liberate large amounts of water or other 

noncombustible gases). 



Nonflammable polymers include thermally stable materials and inorganic 

polymers. Thermally stable polymers are characterized by their high aromatic contents, 

high decomposition temperatures and high char yields. Polymers of this type include 

polyphenylene oxides, polybenzimidazoles and polybenzoxazoles (Figure 1.2). These 

polymers have been limited in use mainly due to the difficult and costly processing 

required by these generally infusible materials. Most of these polymers are typically only 

soluble in /ery strong acids and show no Tg or melting behavior prior to decomposition, 

which also limits processing to only fiber and perhaps film. 

-K^°i 

■H // 
> \ // 

Poly(p-phenylene oxide) 

Polybenzimidazole 

Polybenzoxazole 

Figure 1.2 Some examples of thermally stable polymers. 

Flame retardants have been the most widely used method for reducing the 

flammability of polymers. Lower cost and ease of use have driven the use of small- 

molecule additive-type flame retardants, which are physically mixed with the polymer. 

This method has the drawback of affecting the mechanical properties of the polymer. It 

has also been found that the effectiveness of these flame retardants is reduced over time 



from their being leached out of the system due to diffusion and volatilization. There is 

also concern over the post-consumer environmental effects whether they are incinerated 

or land filled. The problem thus lies in making a polymer flame retardant while 

maintaining low cost, environmental friendliness and mechanical properties. 

To overcome some of these deficiencies, reactive-type flame retardants have been 

developed. This generally includes modifying a monomer to include halogens, 

phosphorus or other flame retardant elements. These flame-retardant monomers can be 

polymerized to give a homopolymer or polymerized with the unmodified monomer to 

give copolymers. Reactive-type flame retardants are more expensive than additive-type 

because they generally require the development of a new monomer, polymerization 

reaction and processing. 

1.4 Flame-Retardant Mechanisms 

Flame retardants can be designed to act by one or a combination of chemical and 

physical interactions in either the vapor or condensed phase.9 The mechanism by which a 

particular flame retardant works depends on the chemical composition of the flame 

retardant as well as the polymer into which it is incorporated. A very general schematic 

of possible routes to flame retardant action is shown in Figure 1.3. Mechanisms by which 

flame retardants function include: inert gas dilution, thermal quenching, protective 

coatings, physical dilution, chemical interaction.10 Many flame retardants have been 

found that act through a combination of different mechanisms. 

The combustion process can be retarded through a physical action by cooling, 

formation of a protective layer or dilution. Inert gas dilution works by liberating large 
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Figure 1.3 Schematic of fire retardant strategies. 

amounts of noncombustible gases that reduce the fuel concentration below that which is 

needed to sustain combustion. The endothermic decomposition of a flame retardant, if 

large enough, can reduce the heat to below the limit required to sustain combustion. 

Also, a flame retardant can react with itself or with the decomposing polymer to form a 

protective layer which can act as a thermal insulator as well as a barrier to the mixing of 

oxygen and fuel gases. Inert fillers reduce the potential amount of combustible fuel in 

addition to acting as a heat sink. 

Flame retardants that work by a chemical means are generally more efficient than 

ones that work by a physical action.2 In the vapor phase, the flame retardant and/or its 

decomposition products can inhibit the combustion reactions by acting as radical traps. 

In the condensed phase, the flame retardant reacts with the polymer substrate to form a 



crosslinked network of carbonaceous char which reduces the amount of combustible gas 

given off. 

1.5 Flame Retardants 

Flame-retardant compounds are characterized as containing certain elements. 

These elements include antimony, aluminum, phosphorus, boron, halogens (bromine and 

chlorine), silicon and nitrogen. Many of these compounds have synergistic effects with 

one or more of the other compounds, and a few even have antagonistic effects with each 

other. In the following section, a brief description of a few of the more important flame 

retardants is given. 

1.5.1  Halogenated Flame Retardants 

Organohalogens are proposed to act in the vapor phase as radical scavengers by 

reaction with H. and HO. species. Iodine is the most effective halogen, followed by 

bromine and then chlorine. Iodine-containing compounds are not commercially used as 

flame retardants due to the weak iodine-carbon bond. Fluorine-containing compounds 

are expensive and generally ineffective due to the strength of the carbon-fluorine bond. 

Bromine is twice as efficient as chlorine on a weight basis and four times as efficient on a 

molar basis.1' The thermal stability of the flame retardant compounds increases as 

brominated aliphatic < chlorinated aliphatic < brominated aromatic. Although there is 

increasing legislation against the manufacture and use of halogenated compounds, they 

are still used for many applications due to their high efficiency. By-products of the 

decomposition of halogenated flame retardants can be corrosive and contain toxic 

hydrogen halides. Halogenated compounds have been used as both additive- and 



reactive-type flame-retardants.7'10 Examples of a few of the most common halogenated 

flame retardants are shown in Figure 1.4. Common requirements in order to obtain 

polymers that are considered self-extinguishing range from 5-20 % for bromine and 10-40 

% for chlorine. When antimony oxide is used as a synergist, the levels are reduced two to 

three times. 

Bis(hexachlorocyclopentadieno) 
cyclooctane 

<rs-o 
Br, \=/ 

Decabromodiphenyl oxide 

Cl       O 

Cl       O 

Chlorendic acid Tetrabromobisphenol A 

Figure 1.4 Examples of halogenated flame retardants. 

1.5.2 Phosphorus-Based Flame Retardants 

Phosphorus-containing compounds have been found to impart flame retardancy, 

especially in combination with nitrogen and organohalogens. Phosphorus flame 

retardants can be additive or reactive types.12'13 They have been known to act in both the 

vapor and condensed phase depending on the compound. In the vapor phase they act as 



radical scavengers, and in the condensed phase they increase the char yield. Flame 

retardants based on phosphorus compounds can be elemental, inorganic or organic. 

Commonly used phosphorus flame retardants include alkyl and aryl phosphates, 

phosphonium salts and phosphazenes (Figure 1.5). 

i: Phosphates 
PfO-Rj (aryl, alkyl and halogenate alkyl) 

(HOCH2)4 P+ X" Phosphonium salts 

OR 

-r-N=P-T" Phosphazenes 
v I   '3-4 

OR 

Figure 1.5 Examples of phosphorus-based flame retardants. 

The use of phosphazenes as flame retardants for cellulose has been known for 

some time. Allen has prepared phosphazene vinyl monomers by modifying phosphazenes 

to contain olefinic substituents.14 He found that a few mole percent of the phosphazene 

monomer copolymerized with styrene yielded materials which do not burn or produce 

smoke in laboratory experiments. A generic structure for functionalized phosphazenes is 

shown in Figure 1.6 where R can be an ether, acrylate or styrenic linkage and R' can be 

fluorine, an alkoxide or a phenoxide. A pentafluorophosphazene ring attached to the 

polymer backbone imparted flame-retardant properties when copolymerized with styrene 

or vinylbenzyl chloride.15 Flammability was tested qualitatively by a match test and 

found to self-extinguish when the flame was removed. 

10 
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Figure 1.6 Structure of phosphazene and borazine rings attached to reactive monomers. 

Inoue preFared similar polymers and found a large increase in the char yield and self- 

extinguishing properties.16 

McGrath and co-workers found that aryl phosphine oxides are effective reactive- 

type flame retardants.17"19 These phosphorus-containing monomers are hydrolytically 

stable and easily incorporated into several engineering thermoplastics by a nucleophilic- 

aromatic-substitution polycondensation route (Eq. 1.2). Poly(arylene ether sulfone)s 

containing the aryl phosphine oxide had improved thermal stability in air and increased 

char yield when compared with a control poly(aryl ether sulfone). Peak heat release rate 

J^VF  . „0JI   \ \ f 

v^ 

\ / 
■OH 

(1-2) 

V^ 
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measured by cone calorimetry was reduced from 170 kW/m2 for Amoco Udel 

(a polyarylethersulfone) to 85 +/- 40 kW/m2 for a polysulfone containing the phosphorus 

monomer (5.9 wt% P). While peak heat release rates are decreased and the char yields 

are increased for these phosphine-containing systems, the amount of carbon monoxide 

produced is also increased.20 This was observed for nylon-6,6 containing 

triarylphosphine oxide. The amount of carbon monoxide produced increased with 

increasing amounts of the incorporated phosphine oxide. The addition of 80 % of 

triarylphosphine oxide increased the amount of carbon monoxide 6-fold. Other systems 

that the triarylphosphine oxide has been incorporated into, include poly(arylene ether 

ketone)s, polyimides, polybenzoxazoles, polycarbonates,21 polyesters21 and 

polyamides.20 

1.5.3 Nitrogen-Based Flame Retardants 

Nitrogen compounds make up a very small percentage of flame retardants in 

commercial use but are becoming more widely used because of concerns over toxic 

halogenated decomposition byproducts.22 Nitrogen-based flame retardants include 

melamine, melamine cyanurate, melamine salts and guanidines.1'8 These are generally 

used with nitrogen-based polymers, and therefore, do not add any new elements to the 

polymer. Melamine added to a polyurethane foam decreased the peak heat release rate 

when measured by cone calorimetry.23 The advantages of nitrogen compounds include 

low toxicity, absence of corrosive combustion products, and low smoke evolution. 

However, some nitrogen compounds have been known to give off hydrogen cyanide as a 

combustion product, which is more toxic than hydrogen halides. The efficiency of 

12 



nitrogen flame retardants lies somewhere between that of halogenated flame retardants 

and that of aluminum trihydrate and antimony oxide. They are thought to act in the 

condensed phase as well as by diluting combustion gases. For nitrogen-containing 

systems, the presence of nitrogen does not necessarily make for a more fire-resistant 

material. For example when comparing polyurethanes with polyamides (Nomex™), the 

Polyurethane can be extremely flammable while the aromatic polyamide is thermally 

stable and generally considered fire resistant. 

1.5.4 Silicon-Containing Flame Retardants 

Little research has been done on the effectiveness of silicon compounds as flame 

retardants. One study by Kambour at General Electric found that polycarbonates 

containing siloxane rings exhibited high levels of char.24 Block copolymers of 

polydimethylsiloxane with bisphenol A polycarbonate exhibited synergistic effects when 

measured by limiting oxygen index (LOI). The largest LOI value of near 50 was obtained 

with 8-12 wt% dimethylsiloxane (LOI = 25 for bisphenol A polycarbonate and LOI = 22 

for dimethylsiloxane). Synergistic effects were found with bisphenol fluorene, bisphenol 

chloral and phenolphthalein polycarbonate and polystyrene. For bisphenol A 

polycarbonate, the synergism found in limiting oxygen index correlates with an increase 

amount of char and an increase in the oxidative stability of char. 

One other study by researchers at Dow Corning found that powders of 

polydimethylsiloxane and fumed silica modified to contain organofunctional groups 

showed decreases in peak heat release rate, peak carbon monoxide evolution and smoke 

generation.25 Effects were found for polycarbonate, polypropylene and polyphenylene 

13 



oxide although, in order for polymer systems with silicone additives to pass UL-94 and 

LOI tests, they need to be combined with other flame-retardant additives. 

1.5.5 Boron-Based Flame Retardants 

Although boron-based compounds are some of the oldest flame retardants, they 

have been less studied due to their cost. Boron has been proposed to act both in the 

condensed phase and the vapor phase. Most commercial boron-based flame retardants 

are inorganic although limited research has been done on organoboron compounds such 

as borazines. These compounds have high thermal stability and can be modified to 

contain reactive organic groups (Figure 1.6). For borazines, the vinyl group can be 

directly linked to the inorganic ring or R can be styrenic. Borazines can be substituted 

with olefmic groups in a similar manner to phosphazenes. Vinyl borazines have been 

copolymerized with styrene although combustion properties have not been measured. 

Heating of many vinylborazine polymers yields ceramic materials of boron nitride.26 

1.5.6 Inorganic Flame Retardants 

There are many inorganic compounds that have been found to impart some degree 

of flame retardancy to polymers.27'28 The two most commonly used inorganic flame 

retardants are antimony oxides (Sb203; Sb205) and alumina trihydrate (AI2O3.H2O). 

Antimony oxides are rarely used alone but have found wide spread use as Synergist for 

halogen-containing flame retardants. Addition of antimony oxides generally allows for a 

significant reduction in the total amount of flame retardants needed to impart fire- 

retardant characteristics. They function by forming antimony halides and oxyhalides with 

hydrogen halides and organic halogens from the decomposition of the flame retardants. 
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They are proposed to be gas-phase flame retardants but have also been shown to have 

effects on the condensed-phase reactions. 

Alumina trihydrate is the most widely used flame retardant. It can only be used 

with polymers that are processed at low temperatures. It functions in both the gas phase 

and condensed phase. Alumina trihydrate acts by liberating water at around 250 °C 

through an endothermic process. The total amount of combustible gases is reduced by 

dilution and the large heat capacity of water acts as a thermal sink. 

1.6 Polymeric Flame Retardants 

While flame retardants discussed in the previous section were based on key 

chemical elements, generally these were discussed in reference to their possible 

mechanisms and in cases of known additive- and reactive-type flame retardants. In the 

prior section, reactive-type flame retardants were discussed but in reference to the fact 

that they were only designed to help the flame retardancy of the polymer into which they 

were incorporated. Here, examples of a few cases where polymers have been designed to 

be additive-type flame retardants are discussed. 

Polymeric flame retardants have been much less studied than their small molecule 

counterparts, probably due to the potential for phase separation that occurs in many 

polymer blends. Physical and mechanical properties of the polymer substrate, for better 

or for worse, are generally less affected by the incorporation of a polymeric flame 

retardant. Also, the polymeric flame retardant should decompose below or at the same 

temperature as the polymer substrate. Polymeric flame retardants remove the problem of 

leaching from the system with time. 

15 



One such system is using polydibromostyrene as a flame retardant.29 In the past, 

brominated polystyrenes were prepared by bromination of polystyrene which can lead to 

labile aliphatic and benzylic bromine on the polymer backbone. Polydibromostyrene 

contains only aromatic bromine and therefore is more thermally stable. While similar 

loadings compared with similar brominated small-molecule flame retardants were needed 

to impart the necessary flame retardance, the brominated polystyrene had better thermal 

stability and less of an effect on the final material properties. The thermal stability is 

required for blending with such polymers as nylons and polyesters (polybutylene 

terephthalate, PBT) that must be processed at high temperatures. 

Polyphosphazenes are among some of the most fire-resistant polymers. 

Oligomeric phosphazenes (Figure 1.5) have been used for additive-type flame retardants 

for natural fibers and phosphazenes have been proposed as reactive-type flame retardants. 

Polyphosphazenes can find potential uses as polymeric flame retardants for blends and 

interpenetrating networks (IPNs).30 The alternating phosphorus nitrogen backbone is 

inherently thermally and oxidatively stable. There are more than 700 different 

polyphosphazenes that have been reported that differ in the type of organic side group 

they possess.31-32 Thus far, polyphosphazenes have been limited to military applications 

due to their high cost of production. New routes to polyphosphazenes are being 

investigated as well as the effect of polyphosphazenes on the decomposition and 

combustion behavior of conventional organic polymers (i.e. polyurethanes). 
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1.7 Thermally Stable, Flame Retardant Polymers 

As mentioned previously, the most straightforward method for preparing fire- 

retardant polymeric materials is to make inherently fire-retardant polymers. Some new 

perspectives on making fire-retardant polymers while trying to maintain good 

processability have been under recent investigation. 

Polybenzoxazoles (Figure 1.2) and polyimides are both thermally stable and have 

good flamniability properties but are difficult to process due to infusibility and limited 

solubility. These polymers are prepared by cyclization of precursor polymers, 

polyhydroxyamides and polyamic acids. Research has begun on the investigation of 

using precursor materials which at high temperatures will cyclize to give the thermally 

stable polymers.33-35 The precursor polymers liberate water upon cyclization but can be 

modified with a number of phosphorus and brominated functionalities, to give off flame- 

retardants (Eq 1.3). Thermal and mechanical properties of phosphorus substituted 

polyamic acids have been studied.36 These phosphorylated precursor materials were 

prepared directly from polyamic acid, PMDA-ODA, (pyromellitic dianhydride-4,4'- 

oxydiianiline). Thin films of these polymers that had been partially imidized were found 

to have a high Limiting Oxygen Index (LOI), 67-78, and high char yields, 54-63 % at 

850 °C. 

As described above, polyimides are usually prepared from the precursor polymer, 

polyamic acid. The precursor polymer allows for the fabrication of films and coatings 

from solution followed by removal of solvent and thermal cyclization. Other 

modifications to polyimides include using a substituted aromatic biphenyl in order to 

break up the crystallinity and provide polymers that will swell in a solvent 
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(Figure 1.7).37"40 These polyimides can be spun into fibers by dry-jet-wet spinning from 

m-cresol. 

Silphenylene siloxane elastomers have both low-temperature flexibility and high- 

temperature stability. The incorporation of vinyl group substituents (Figure 1.8) allows 

for high char yields. The preparation of these materials and their stability has been 

R = —CH3 

—CF3 

Figure 1.7 Gel-spinnable polyimides. 
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R-!, R2 can be vinyl or methyl 

Figure 1.8 Examples of silphenylene siloxane polymers. 

investigated.41'42 These vinyl-containing polymers show a large exotherm in the 300- 

400 °C range indicating the presence of a crosslinking reaction. The polymers also show 

increasing char yields with increasing vinyl content. These vinyl containing materials 

have low Tg's both in uncrosslinked and crosslinked forms. 

Another polymer that has been investigated uses a benzocyclobutene (BCB) 

functionalized variant of terephthalic acid (XTA) (Figure 1.9).43'44 Research on 

incorporating these monomers into polyesters and copolyesters has been done to 

determine the effect of the BCB moiety on degradation behavior. This moiety can 

potentially be incorporated into polyamides, polyaryl ketones, polyurethanes and 

polyureas. The thermally labile BCB group is stable at processing conditions, but at 

higher thermal stresses (350 °C) it undergoes an exothermic crosslinking reaction without 

any weight loss. 

H02C- 
\ / 

XTA 

C02H H02C—\      J— C02H 

DXTA 

Figure 1.9 Examples of BCB-type monomers. 
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is a 

Polymers containing alkynes have been investigated as potential fire retardants. 

Alkynes have the ability to form crosslinked alkenes and cyclotrimeric crosslinks. Small- 

molecule flame retardants and polymers were prepared that contained both phosphorus 

and alkynes.45 Examples are shown in Figure 1.10. It was determined that the alkyne 

better char-inducing group than phosphorus. The higher the alkyne to phosphorus ratio 

the greater the char yields. Depending on the compound, these materials crosslink in the 

temperature range of 200-450 °C. These materials were blended with polycarbonates at 

10 wt% loadings to yield UL-94 V-0 ratings. (See section 3.3 for a description of 

ratings.) 

O 

p-(o 
\ / /)3 

Figure 1.10 Examples of alkyne-containing materials. 

Similarly, thermally and oxidatively stable materials are being investigated that 

are based on multi-ethynylbenzene and inorganic-organic hybrid polymers 

(Figure 1.11).46-48 These materials show exceptional oxidative stability and fire 

resistance. The reason for incorporation of inorganic silicon and boron was to increase 

the oxidative stability of the carbon material that was formed upon crosslinking of the 
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Figure 1.11 Inorganic-organic composites containing reactive acetylene groups. 

acetylenes. These materials showed exothermic peaks in the temperature range of 200- 

400 °C. 

1.8 Motivation For Current Research 

Polymers account for much of the materials used in the interior of aircrafts 

including seating, overhead bins, acoustical insulation and carpet.49 In addition to the 

large number of potentially combustible materials, safety problems are compounded by 

the inherent difficulty of a large number of people escaping from a highly confined 

compartment.50 Secondly, the potential for a severe fire is posed by the large amount of 

flammable jet fuel. Flame-retardant materials have generally been designed to meet the 

needs of the application. For most applications, increased ignition resistance to a small 

flame is sufficient, and at least allows for time to escape. Here the potential for a large 

fire, with high heat flux, renders many of these materials useless against thermal 

degradation and combustion. 

Approximately forty percent of the casualties in survivable commercial airline 

accidents are due to the effects of fire. The Federal Aviation Administration has made it 
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a goal to remove burning of aircraft interiors, as a cause of death.51 While no organic 

polymer can be made completely fire resistant, polymers that delay the time to flash-over 

allow for more time for passengers to escape after a crash. Long-term research goals have 

been set to reduce the peak heat release of materials that go into aircraft, interiors. A goal 

of zero peak heat release would allow an additional 10-15 minutes for passengers to 

escape, whereas the current time frame is only 2-3 minutes. 

This research has focused on synthesizing fire-resistant polymers and 

investigating their decomposition and combustion properties. This work is described in 

the following chapters. 
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CHAPTER 2 

SYNTHESIS OF BISPHENOL-C-BASED MATERIALS 

2.1  Introduction 

Compounds derived from the condensation of chloral (1,1,1-trichloro- 

acetaldehyde) with aromatics have been known for more than 100 years. These 

compounds can subsequently be dehydrohalogenated to yield dichloroethylidene (DCE) 

type compounds. Figure 2.1 shows a generic scheme for the preparation of DCE 

compounds where the aromatic compound can be benzene, toluene, phenol, anisole or a 

halobenzene. 

? H-Ar ?C,3 CU   'Cl 

A CCI3"    ~H -H20 Ar"7\r "HCI Ar     -Ar 

Figure 2.1 Reaction scheme for synthesizing dichloroethylidene (DCE) containing 
compounds. 

Compounds containing the DCE moiety have been functionalized with a number 

different reactive groups including alcohols,1-2 amines, isocyanates,3-4 acid chlorides and 

sulfonyl chlorides.5 These monomers have been incorporated into many different 

polymers including polycarbonates, polyesters,6-7 polyformals, polysulfones, polyethers,8 

polyurethanes,4'9 polyureas,3 polysulphonates and polyamides. A review of these 

materials was recently published in 1994.10 
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Polymers containing the DCE moiety have been reported to be self- 

extinguishing.3.4.ii-i3 in this chapter, the synthesis of some of these materials and related 

compounds is discussed. The degradation and combustion behavior of these materials 

will be described in Chapter 3. 

2.2  Bisphenol-C-Based Materials 

The condensation reaction of chloral with phenol was first reported in 1874.14 

Other methods have been used since then, including sulfuric acid/methylene chloride,15 

sulfuric acid/water'6 and hydrochloric acid.» For this research, a procedure described in a 

patent was used to prepare the trichloride (I).'7 This method uses a mixture of sulfuric 

acid and glacial acetic acid and the product is allowed to precipitate from the reaction 

mixture (Eq 2.1). The crude product was pinkish-purple in color and obtained in greater 

than 97 % yield. Further purification could be obtained by recrystallizing from 

ethanol/water to give a 75 % yield. The trichloride (I) was used without further 

purification to prepare bisphenol C monomer (II). The trichloride (I) was recrystallized 

twice from an ethanol/water mixture to give transparent crystals before using it as a 

monomer. If compound I was exposed to air for a period of time the crystals would 

become light pink in color. 

OH 
CCI,—/        + 

OH CCI; 
cone. H2S04 

Ql_l | glacial acetic acid 
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The trichloride has been successfully dehydrohalogenated by an number of 

methods including alcoholic KOH,18 LiCl in dimethylformamide,2 ammonia,19 and 

methylamine.20 While methanolic KOH has been the most widely used method for 

dehydrohalogenation, there are many by-products from the process, including 4,4'- 

dihydroxybenzil, bis(4-hydroxyphenyl)acetylene and 2,2-bis(4-hydroxyphenyl)-acetic 

acid and its methyl ester21 (Figure 2.2). For this research, the trichloride was dehydro- 

HO r\ ^y™ HO r\ 
C02H 
\ / 

OH 

HO r\ oo     ,= 

\   / 
OH      Ho^f   \—|—^    y— OH 

C02Cf 

Figure 2.2 Impurities identified from dehydrohalogenation of trichloride with alcoholic 
sodium hydroxide.21 

halogenated by heating at reflux in dimethylformamide with lithium chloride as the 

catalyst (Eq 2.2). This method has been reported to give a much purer product.2 The 

bisphenol C product was obtained as a fine crystalline solid in yields greater than 90 % 

after purification. 

ecu Ck   ^Cl 

LiCl 

DMF (2.2) 

HO' 'OH 

II 
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The first polycarbonate prepared from bisphenol C was reported in 1964 by a 

Polish research group.22 Subsequent research was done by workers at General Electric on 

improving monomer and polymer synthesis in order to obtain polymers with good 

mechanical properties in addition to the flame-resistant properties.2-I3,i7,i9 Both groups 

used an interfacial polymerization technique with phosgene to prepare the polycarbonate 

from bisphenol C (II). We chose to use triphosgene as a phosgene substitute because the 

use of triphosgene is much more practical on a small laboratory scale (Eq. 2.3). Sun et al. 

has shown that high-molecular-weight polycarbonates can be obtained by both interfacial 

and solution polycondensation of bisphenols with triphosgene.23 Triphosgene is 

hydrolytically unstable. Therefore, starting with a dry solvent is necessary in order to get 

reasonable molecular weights unless a large excess is used. The procedure used to make 

polycarbonate called for the addition of triphosgene in two steps. First, a stoichiometric 

amount of triphosgene was allowed to react with the bisphenolate anion for 15 minutes to 

form oligomers. A second addition of excess triphosgene was added to form high- 

molecular-weight polymer. This type of sequential addition is common when using 

monomers that are rapidly hydrolyzed by water.24 

Polyarylates can be polymerized by a number of methods, including reaction of 

dicarboxylic acids with diphenol, dicarboxylic acids with diacetate of diphenol, ester of 

dicarboxylic acid with diphenol, and diacid chloride with diphenol.25'26 From a 

commercial standpoint, polyarylates are generally prepared from the diacetate route 

because of cost, but this process requires high temperatures (200-350°C) and the removal 

of the acetic acid by-product can be difficult. Because of questions of the stability of 
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Ck   xi 

triphosgene 

ci3c^o>k0/Cci3 

NaOH, Et3BzN+CI" 

CH2CI2, H20 
(2.3) 

Ck    XI 

V 
Poly-1 

bisphenol C (II) at high temperatures, we choose to use an interfacial technique to 

prepare polyarylates (Eq. 2.4). The first polyarylates prepared from II were done so using 

a technique described in the patent literature.27 For these first polymers (and copolymers 

with bisphenol A), the ratio of terephthaloyl and isophthaloyl groups was 3 to 1. For 

polyarylates prepared from bisphenol A with terephthaloyl and isophthaloyl groups, it has 

been found that the closer to equal amounts of both groups, the lower the crystallinity and 

the greater the solubility.28 Later, to improve the solubility of the bisphenol C 

polyarylates, the ratio of terephthaloyl to isophthaloyl groups was changed to 1 to 1. 

While Brzozowski et al. described allowing the polymerizations to react for 3 hours,27 

most reports indicate that high-molecular-weight polymers can be obtained in 
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poly-2 

XI 

isophthaloyl 
chloride 

(2.4) 

about 5 to 10 minutes.29 However, it was found that the polyarylate from bisphenol C 

would gel within 5-10 minutes when highly purified monomers were used. If the 

polymerization reaction was stirred very rapidly, the entire solution would gel with the 

aqueous phase trapped in the gelled organic phase in around 10 minutes. It was possible 

to precipitate the polymer gel by mixing well in a blender with acetone. 

While the bisphenol C polyarylates were reported to be soluble in chlorinated 

solvents (methylene chloride and tetrachloroethane),30 it was found that the solubility 

greatly depended on the nature of the phthaloyl groups. The same polymer as described 

in the patent was prepared by the same method but was not found to be soluble in either 

methylene chloride or tetrachloroethane. This polymer contained a ratio of 3 to 1 
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terephthaloyl to isophthaloyl groups and had gelled from the polymer reaction mixture. 

The bisphenol C polyarylate where the ratio of terephthaloyl to isophthaloyl groups is 

1 to 1 was found to be much more soluble in chlorinated solvents, but there was still a 

small amount of gelled particles that would not dissolve. 

Polyarylates prepared from bisphenol C and terephthaloyl chloride precipitated 

from the polymerization solution very rapidly (less than 2 minutes) as a fine white 

precipitate. These polymers exhibit a crystalline melting peak at 365 °C but no glass 

transition temperature. 

Copolymers with varying ratios of bisphenol C to bisphenol A were prepared 

(Table 2.1). In all cases the amount of bisphenol C incorporated was that which was 

expected when measured using elemental analysis. Copolymers had better solubility than 

either of the homopolymers of either bisphenol C or bisphenol A. Aliphatic polyesters 

were also prepared from bisphenol C and succinyl and sebacoyl chlorides (Eq. 2.5). The 

aliphatic polyester from sebacoyl chloride was prepared in the same manner as the 

polyarylates, but the polymer was difficult to precipitate. The isolated product was sticky 

but dried into a clear solid. This initially amorphous polymer began to crystallize after 

Table 2.1 Copolyarylates prepared from bisphenol C and bisphenol A. 

Sample Ratio of BPC Amount of Theoretical Weight Percent of BPC 
toBPA Chlorine Amount of Relative to BPA 

(mole fraction) (wt %) Chlorine 
(wt %) 

(wt %) 

poly-14 100/0 16.73 17.30 100 
poly-15 75/25 12.89 13.39 77 
poly-16 50/50 8.97 9.23 53 
poly-17 25/75 4.70 4.80 28 
poly-18 0/100 0 0 0 
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8 (poly-5) 

standing at room temperature for several months. Succinyl chloride is much more 

moisture-sensitive than the sebacoyl chloride. The succinyl chloride was added in two 

stages. The polymer solution became discolored (brownish) during the course of the 

reaction, but once the polymer was precipitated and dried, it was only slightly tan. 

Several other polyarylates and polyesters were also prepared as described above. 

The structure of each of the polymers is shown in Appendix A. The decomposition 

behavior and the combustion properties of the polymers will be discussed in Chapter 3. 

2.3 Experimental Section 

2.3.1  General Procedures and Characterizations 

Infrared spectra were obtained using a Perkin-Elmer 1600 Series FTIR 

spectrometer. Polymer films were cast on NaCl disks and dried under vacuum. IR data 

are reported as absorbence in units of wavenumber (cm"1). The band strength is reported 

in parentheses with w - weak, m = medium and s = strong. 

*H NMR and 13C{]H} proton decoupled NMR spectra were obtained at 300 MHz 

and 75 MHz with a Bruker MSL-300 spectrometer. Chemical shifts for 'H NMR spectra 
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are reported in 5 (ppm), positive values indicating shifts downfield from tetramethylsilane 

(TMS). Chemical shifts are referenced to proton peaks of the solvent (CD2C12, 5.32, 

triplet; ^-acetone, 2.05, quintet). Chemical shifts for 13C{'H} NMR spectra are reported 

in 5 (ppm), positive values indication downfield shifts from TMS. Peaks were referenced 

to the solvent (CDC13, 77.23, triplet). 

Elemental analyses were obtained on a Control Equipment Model 240XA 

elemental analyzer at the Microanalytical Laboratory Research Services, Graduate 

School, University of Massachusetts-Amherst. 

Differential scanning calorimetry (DSC) thermograms were obtained with a TA 

Instruments DSC 2910. All measurements were made at a heating rate of 10 °C/minute 

under nitrogen atmosphere unless otherwise noted. The glass transition temperatures (Tg) 

are taken from the second scans. 

2.3.2 Reagents 

Unless otherwise noted, all chemicals were purchased from commercial suppliers 

and used without further purification. Isophthaloyl and terephthaloyl chlorides were 

recrystallized from hexane and stored under argon until use. Succinyl chloride was 

distilled under reduced pressure and stored under nitrogen, 4,4'-(Hexafluoro- 

isopropylidene)diphenol (Bisphenol AF) was recrystallized from benzene and 4T4'- 

isopropylidenebis(2,6-dibromophenol)and4,4'-isopropylidenebrs(2,6-dichlorophenol) 

were recrystallized from toluene. 2,6-Dibromo-terephthaloyl chloride and 2,4-dibromo- 

isophthaloyl chloride were supplied by Dr. Jungsoo Kim of the University of 
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Massachusetts-Amherst. Naphthaloyl chloride was prepared according to a literature 

procedure.31 

2.3.3 Monomer Synthesis 

l,14-Trichloroethylidene-2,2-bisphenol (I). This bisphenol was synthesized 

using a procedure similar to described in the literature.17 Chloral hydrate (104.2 g, 

0.63 mol), phenol (131.2 g, 1.39 mol), and glacial acetic acid (120 mL) were added to a 

large reaction kettle that was equipped with an addition funnel, mechanical stirrer and a 

thermometer. The reaction kettle was cooled using an ice bath. A 1:1 mixture containing 

60 mL of both glacial acetic acid and concentrated sulfuric acid was added dropwise over 

.the period of 90 minutes, at a rate slow enough to insure the temperature of the reaction 

does not rise above 15 °C. Next, 150 mL of concentrated sulfuric acid was added 

dropwise over the period of about 90 minutes. After stirring for 2 hours, the mixture was 

allowed to come to room temperature. After stirring overnight, a pinkish-purple 

precipitate formed. Ice was added to the reaction mixture to dilute to twice the volume. 

Precipitate was filtered and then washed with large amounts of water until neutral. The 

product was then dried under vacuum at 60°C overnight. Yield: 194 g (97 %). *H NMR 

(tf6-acetone): 8.42 (s, 2H), 7.54 (d, 4H), 6.82 (d, 4H), 5.10 (s, 1H). 13C NMR (d6- 

acetone): 157.83, 132.16, 130.73, 115.78, 104.16,70.22. 

l,l-DichIoroethylidene-2,2-bisphenoI (II). This bisphenol was prepared 

according a procedure described in the patent literature.2 Trichloride, I, (105 g, 

0.33 mol), lithium chloride (7.0 g, 0.17 mol) and dimethylformamide (800 mL) were 

added to a reaction flask that was equipped with a reflux condenser and mechanical 
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stirrer. The mixture was heated overnight at 140 °C. The reaction mixture was allowed 

to cool to 100 °C and then 2300 mL of water was added. This mixture was then allowed 

to cool slowly overnight to 35 °C while maintaining the stirring. Once the reaction 

mixture was at room temperature, the precipitate was filtered off, washed with water, and 

dried under vacuum at 60°C overnight. Ninety-two grams (99 %) of crude product was 

obtained. The product was recrystallized from DMF/ water (1:1.2) by slow cooling from 

90°C. The crystals were filtered, washed with water and dried under vacuum at 70°C 

overnight to yield 88 g (95 %) of product. IR (neat): 3258 (br m), 3199 (br m), 1607 (m), 

1600 (m), 1590 (m), 1506 (s), 1438 (m), 1361 (w), 1342 (w), 1249 (s), 1230 (s), 1210 (s), 

1113 (w), 1100 (w), 1015 (w), 975 (m), 863 (m), 850 (w), 837 (m), 774 (m) cm"1. *H 

NMR (J6-acetone): 8.56 (s, 2H), 7.13 (d, 4H), 6.83 (d, 4H). 13C NMR (^-acetone): 

158.19,141.98, 131.93, 131.64, 117.09,115.91. Anal. Calcd for C14H10O2CI2: C, 59.81; 

H, 3.59; Cl, 25.22. Found: C, 59.74; H, 3.55; Cl, 25.00. 

l-ChloroethyIidene-2,2-bisphenol (III). Compound III was prepared using a 

procedure similar to that described in the literature.32 Phenol (12.37 g, 0.13 mol), 

chloroacetaldehyde diethyl acetal, (9.8 mL, 0.066 mol) and glacial acetic acid (24.6 mL) 

were added to a round bottom flask. The flask was cooled to below 5 °C using an ice 

bath. Sulfuric acid (4.4 mL) in glacial acetic acid (5.5 mL) was added dropwise over the 

period of 90 minutes and then the reaction mixture was stirred for 6 hours while 

maintaining the temperature below 5 °C. Next, the reaction mixture was poured into ice 

water and extracted with diethyl ether. The separated organic layer was washed twice 

with water and dried with magnesium sulfate. The ether was removed under reduced 

pressure and residual acetic acid and ethyl acetate were removed under high vacuum. The 
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product was recrystallized from benzene to yield 7.2 g (44 %). *H NMR (^-acetone): 

8.20 (br s, 2H), 7.15 (d, 4H), 6.78 (d, 4H), 4.16 (tr, 1H), 4.06 (d, 2H). 

4,4'-Dihydroxystilbene (IV) l-Chloroethylidene-2,2-bisphenoI (III) (2.1 g. 

0.0083 mol), dimethylformamide (19.1 mL) and lithium chloride (0.16 g, 0.0038 mol) 

were added to a reaction flask that was equipped with a reflux condenser and a 

mechanical stirrer. The reaction mixture was heated to 150 °C for 6 hours. This reaction 

mixture was allowed to cool to below 100 °C and then 27 mL of water was added. The 

reaction mixture was allowed to cool slowly overnight while maintaining the stirring. 

The resulting white precipitate was filtered and then dried under vacuum. The product 

was recrystallized from acetic acid to yield 0.73 g (42 %). 'H NMR (do-acetone): 

5 8.39 (s, 2H), 7.40 (d, 4H), 6.92 (s, 2H), 6.83 (d, 4H). 

Ester from bisphenol C and benzoyl chloride (V). Compound II (1.22 g, 

0.0043 mol) and 20 mL of a 0.5 N NaOH solution were mixed in an Erlenmeyer flask. 

A solution of benzoyl chloride (1.21 g, 0.0086 mol) in 20 mL of CH2C12 was added to the 

aqueous solution. The mixture was stirred for 30 minutes and then poured into hexane. 

The separated organic layer was washed with water (1 x 100 mL) and dried with MgS04. 

The solvents were removed using a rotary evaporator to yield a white solid. The product 

was recrystallized from a toluene/methanol mixture to yield large transparent crystals. [H 

NMR (^-acetone): 8.19 (d, 4H), 7.74 (t, 2H), 7.60 (t, 4H), 7.51 (d, 4H), 7.38 (d, 4H). IR 

(neat): 3444 (w), 1735 (s), 1599 (m), 1584 (w), 1502 (m), 1451 (w), 1406 (w), 1263 (s), 

1202 (s), 1165 (s), 1079 (m), 1060 (s), 1024 (m), 972 (w), 863 (m), 772 (w), 705 (m), 680 

(w) cm"1. 
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2.3.4 Polymer Synthesis 

Polycarbonate of bisphenol C (poly-1). A procedure similar to that as described 

in the literature was used.23 To an Erlenmeyer flask, 2.81 g (0.0100 mol) of 1,1- 

dichloroethylidene-2,2-bisphenol (II), 0.979g (0.0033 mol) of triphosgene, 0.020 g 

(0.0877 mmol) of benzyltriethylammonium chloride and 40 mL of dry CH2CI2 was 

added. The resulting dispersion was then added to a rapidly stirring solution of 1 N 

NaOH that was cooled with an ice bath. The mixture was stirred for 15 min, and then a 

solution of triphosgene (0.15 g, 0.005 mol) in 5 mL of CH2C12 was added dropwise to the 

flask. After stirring the mixture for 45 min, dilute HC1 was added dropwise until the 

mixture was acidic. The mixture was stirred for another 45 minutes, at which time the 

stirring was stopped and the ice bath removed. The aqueous and organic layers were 

separated, and the organic layer was washed with water several times until a neutral 

solution was obtained. The washings were done by rapidly stirring water with the 

polymer solution and then allowing the emulsion to stand until separated. To the 

resulting polymer solution, 100 mL of CH2CI2 was added, and this viscous polymer 

solution was poured into rapidly stirring methanol to precipitate the polymer. The 

resulting polymer was dried under vacuum at 60 °C overnight (yield = 2.35 g, 76 %). 

DSC: Tg= 157°C. IR (neat): 3482 (w), 3040 (w), 2962 (w), 1899 (w), 1774 (s), 

1600 (m), 1504 (s), 1408 (m), 1223 (s), 1188 (s), 1160 (s), 1104 (m), 1017 (s), 974 (m), 

888 (w), 861 (s), 802 (m), 768 (m), 710 (w) cm"1. !H NMR (CD2C12): 6 7.37 (d), 

7.28(d). 13C NMR (CDCI3): 151.70, 150.63, 138.49, 137.32, 131.01, 121.01, 120.91. 

Anal. Calcd for dsHgOsCb: C, 56.60; H, 2.61; Cl, 23.13. Found: C, 57.87; H, 2.39; Cl, 

23.31. 
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Polyarylate from bisphenol C and terephthaloyl and isophthaloyl chlorides 

(1:1) (poly-2). In an Erlenmeyer flask, NaOH (1.0 g, 0.0025 mol) in 50 mL of water 

and bisphenol C (2.81 g, 0.001 mol) were mixed. Once the bisphenol C was dissolved, a 

solution of benzyltriethylammonium chloride (0.275 g, 1.2 mmol) of in 10 mL of water 

was added to the flask. One gram (0.005 mol) of both terephthaloyl and isophthaloyl 

chloride was dissolved in 25 mL of methylene chloride, and this was then added to the 

rapidly stirring bisphenolate solution. The mixture was stirred for 5 min, at which point, 

the organic phase was viscous but had not yet gelled. The mixture was poured into 

rapidly stirring acetone (300 mL) to precipitate the polymer. The isolated polymer was 

mixed well with 200 mL of water in a blender, filtered and dried overnight in a vacuum 

oven at 60 °C (yield = 3.74 g, 91 %). DSC: Tg = 216°C. IR (neat): 3040 (w), 1899 (w), 

1740 (s), 1600 (m). 1577 (m), 1504 (s), 1435 (w), 1408 (m), 1297 (s), 1260 (s), 1242 (s), 

1199 (s), 1165 (s), 1077 (s), 1016 (s), 973 (m), 943 (w), 908 (m), 864 (s), 821 (m), 

773 (m), 720 (s), 657 (w), 614 (m) cm"1. 'H NMR (CD2C12): 8.97 (s), 8.26 (d), 8.33 (s), 

7.72 (t), 7.44 (d), 7.29 (d). !3C NMR (CDC13): 164.14, 164.08, 150.51, 138.82, 137.16, 

137.11, 135.27, 133.95, 131.00, 130.52, 130.29, 129.40, 121.70, 120.60.   Anal. Calcd for 

C22HI204Cl2: C, 64.23; H, 2.92; Cl, 17.27. Found: C, 64.01; H, 2.74; Cl, 17.18. 

Polyarylate of bisphenol A and terephthaloyl and isophthaloyl chlorides (1:1) 

(poly-3). Poly-3 was prepared by a similar procedure to that described for poly-2. The 

amounts of reagents used were 0.5 g (0.0125 mol) of NaOH, 25 mL of water, 1.14 g 

(0.005 mol) of bisphenol A, 0.138 g (0.605 mmol) of benzyltriethylammonium chloride, 

0.5 g (0.0025 mol) of terephthaloyl chloride, 0.5 g (0.0025 mol) of isophthaloyl chloride 

and 17 mL of methylene chloride. The polymerization mixture was stirred for 10 min 

40 



before precipitating the polymer by pouring the mixture into acetone (200 mL) in a 

blender. The polymer was isolated and then mixed well in a blender with water 

(200 mL), filtered and dried (yield = 1.56 g, 87 %). DSC: Tg= 209 °C.  IR (neat): 

3038 (w), 2967 (m), 2872 (w), 1898 (w), 1739 (s), 1603 (m), 1591 (w), 1577 (w), 

1504 (s), 1464 (w), 1435 (w), 1407 (m), 1386 (w), 1363 (m), 1298 (s), 1262 (s), 1244 (s), 

1202 (s), 1170 (s), 1071 (s), 1015 (s), 954 (m), 905 (w), 872 (m), 811 (m), 786 (w), 

770 (w), 1A (s), 676 (w), 645 (w), 631 (w), 551 (w) cm'1. 'HNMR (CD2C12): 8.96 (d), 

8.44 (d), 8.32 (s), 7.70 (t), 7.36 (d), 7.18 (d), 1.76 (s). 13C NMR (CDC13): 164.55, 

164.50,148.83, 148.44,148.37,135.10, 134.11, 131.94, 130.51,130.45,129.25,128.20, 

121.18,42.81,31.19. 

Polyester from bisphenol C and succinyl chloride (poly-4). In an Erlenmeyer 

flask, NaOH (0.45 g, 0.011 mol) in 23 mL of water and bisphenol C (II) (1.27 g, 

0.0045 mol) were mixed. Once the bisphenol C was dissolved, benzyltriethylammonium 

chloride (0.125 g, 0.0005 mol) was added to the flask . Using air-free techniques, a 

solution of succinyl chloride (0.5 mL, 0.0045 mol) in anhydrous methylene chloride 

(15 mL) was prepared in a dry flask. The acid chloride solution was the added to the 

rapidly stirring bisphenolate solution. After stirring for 15 min, a solution of succinyl 

chloride (0.25 mL, 0.0022 mol) in methylene chloride (5 mL) was added dropwise to the 

flask Dilute NaOHaq was added to polymer reaction to keep solution basic. The mixture 

was stirred for 10 minutes and then precipitated into acetone. The polymer gelled in 

acetone, but upon mixing well in a blender, it was possible to precipitate the polymer. 

The polymer was filtered, blended with water and dried under vacuum at 60 °C for 

several days. The final product was tan when still wet, but after drying it was an off- 
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white solid (yield = 1.6 g, 95 %). DSC: Tg = 117 °C. IR (neat): 3039 (w), 1757 (s), 

1600 (w), 1576 (w), 1505 (m), 1407 (m), 1358 (m), 1309 (w), 1201 (s), 1166 (s)5 

1128 (s), 1018 (m), 974 (m), 946 (w), 917 (w), 888 (w), 864 (m), 840 (w), 774 (w), 

734 (w). 'H NMR (CD2C12): 7.31 (d, 4H), 7.10 (d, 4H), 2.97 (s, 4H). 13C NMR (CDC12): 

171.16, 150.87, 139.42, 137.34, 131.04, 122.09, 120.68,29.75. 

Polyester from bisphenol C and sebacoyl chloride (poIy-5). In an Erlenmeyer 

flask, NaOH (0.5 g, 0.0125 mol) in 25 mL of water and bisphenol C (II) (1.41 g, 

0.005 mole) were mixed. Once the bisphenol C was dissolved, a solution of 

benzyltriethylammonium chloride (0.1375 g, 0.0006 mol) in 17.5 mL of water was added 

to the flask. A solution of sebacoyl chloride (1.06 mL, 0.005 mol) in methylene chloride 

(50 mL) was prepared and this solution was added to the rapidly stirring bisphenolate 

solution. After stirring the mixture for 3 hours, methylene chloride (100 mL) was added 

to the flask and stirring was continued for another 30 min. The mixture was then 

acidified to pH = 1 using dilute HClaq and stirred for an additional 30 min. The aqueous 

and organic layers were separated and the organic layer was washed with water several 

times until a neutral solution was obtained. The washings were done by rapidly stirring 

water with the polymer solution and then allowing the emulsion to stand until separated. 

The resulting polymer solution was poured into rapidly stirring cold methanol (-60 °C) to 

precipitate the polymer. The resulting solid was tacky. The polymer was dried under 

vacuum for several days and then under high vacuum at room temperature. DSC 

(1st scan) m.p. 49 °C; (2nd scan) Tg - 46 °C.   IR (neat): 3038 (w), 2929 (m), 2854 (m), 

1900 (w), 1758 (s), 1648 (w), 1601 (m), 1577 (w), 1505 (s), 1465 (w), 1408 (w), 

1362 (w), 1296 (w), 1260 (m), 1203 (s), 1165 (s), 1119 (s), 1018 (s), 974 (m), 946 (w), 
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919 (w), 864 (m), 800 (m), 710 (w) cm"1. *H NMR (CD2C12): 7.31 (d, 4H), 7.07 (d, 4H), 

2.54 (t, 4H), 1.74 (m, 4H), 1.38 (br, 8H). 13C NMR (CDC13): 172.17, 150.53, 139.01, 

136.70,130.78,121.62,120.17, 34.53,29.24, 29.18, 25.02. Anal. Cal'd.: C24H24O4CI2: 

C, 64.43; H, 5.37; Cl, 15.88. Found: C, 64.38; H, 5.46; Cl, 15.71. 

Polyester from bisphenol A and sebacoyl chloride (poly-6). Poly-6 was 

prepared using the same procedure as described poly-5. The amounts of reagents used 

were 0.5 g (0.0125 mol) of sodium hydroxide, 25 + 17.5 mL of water, 1.41 g (0.005 mol) 

of bisphenol A, 0.1375 g (0.0006 mol) of benzyltriethylammonium chloride, 1.06 mL 

(0.005 mol) of sebacoyl chloride, 50 +200 mL of methylene chloride. The resulting tacky 

polymer was dried for several days under vacuum. DSC: Tg = 28 °C. IR (neat): 3037 

(w), 2930 (s), 2855 (m), 1756 (s), 1602 (w), 1590 (w), 1505 (s), 1464 (w), 1410 (w), 1363 

(m), 1289 (w), 1206 (s), 1170 (s), 1140 (s), 1080 (s) 1016 (m), 920 (m), 845 (m), 730 (w) 

cm"1. 'H NMR (CD2C12): 7.24 (d, 4H), 6.97 (d, 4H), 2.53 (t, 4H), 1.68 (m, 4H), 1.38 (m, 

8H). 13C NMR (CDCI3): 172.57, 148.80, 147.96,127.99, 121.11,42.65,34.56,31.15, 

29.27,29.21,26.09. 

Polyarylate from tetrabromobisphenol A and terephthaloyl and isophthaloyl 

chlorides (1:1) (poly-7). Poly-7 was prepared by a similar procedure to that described 

for poly-2. The amounts of reagents used were 0.5 g (0.0125 mol) of sodium hydroxide, 

25 mL of water, 2.7 g (0.0045 mol) of bisphenol AF, 0.1375 g (0.0006 mol) of 

benzyltriethylammonium chloride, 0.50 g (0.0025 mol) of terephthaloyl chloride, 0.50 g 

(0.0025 mol) of isophthaloyl chloride and 17 mL of methylene chloride. The 

polymerization mixture was stirred for 5 min before precipitating the polymer by pouring 

the mixture into acetone (200 mL) in a blender. The polymer was isolated and then 
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mixed well in a blender with water (200 mL), filtered and dried (yield = 3.0, 90 %). 

DSC: Tg = 277 °C. IR (neat): 2970 (m), 1757 (s), 1608 (w), 1584 (w), 1550 (m), 1456 

(m), 1408 (w), 1390 (m), 1289 (w), 1232 (s), 1171 (m), 1108 (w), 1065 (s), 1049 (s), 

1013 (s), 953 (w), 871 (m), 808 (w), 744 (m), 714 (m), 686 (w) on1. 'H NMR (CD2C12): 

9.06 (s), 8.57 (d), 8.41 (s), 7.78 (t), 7.53 (s), 1.72 (s). I3C NMR (CDC13): 162.36, 162.26, 

149.99, 144.72, 135.88, 133.27, 132.74, 131.04, 129.63, 129.46, 117.92, 117.86,43.02, 

30.77. 

Polyarylate from tetrachlorobisphenol A and terephthaloyl and isophthaloyl 

chlorides (1:1) (poly-8). Poly-8 was prepared by a similar procedure to that described 

for poly-2. The amounts of reagents used were 0.5 g (0.0125 mol) of sodium hydroxide, 

25 mL of water, 1.8 g (0.005 mol) of tetrabromobisphenol A, 0.1375 g (0.0006 mol) of 

benzyltriethylammonium chloride, 0.5 g (0.0025 mol) of terephthaloyl chloride, 0.5 g 

(0.0025 mol) of isophthaloyl chloride and 17 mL of methylene chloride. The 

polymerization mixture was stirred for 8 min before precipitating the polymer by pouring 

the mixture into acetone (200 mL) in a blender. The polymer was then isolated and then 

mixed well in a blender with water (200 mL), filtered and dried (yield = 2.0, 83 %). 

DSC: Tg = 261 °C. IR (neat): 2971 (m), 2876 (w), 1757 (s), 1608 (w), 1588 (w), 

1563 (m), 1470 (s), 1408 (w), 1396 (m), 1280 (m), 1250 (s), 1237 (s), 1199 (s), 1172 (w), 

1137 (w), 1117 (w), 1081 (s), 1050 (s), 1014 (s), 953 (w), 889 (w), 870 (m), 809 (m), 

715 (m), 688 (w) cm"1. 'H NMR (CD2C12) 9.05 (s), 8.56 (d), 8.41 (s), 7.78 (t), 7.35 (s), 

1.7 (s). I3C NMR (CDCI3):  162.45, 162.35, 149.20, 149.14, 142.45, 135.91, 133.11, 

132.70, 130.96, 129.63, 129.29, 129.00, 127.35, 43.24, 30.63. 

44 



Polyarylate of bisphenol AF and terephthaloyl and isophthaloyl chlorides 

(1:1) (poly-9). Poly-9 was prepared by a similar procedure to that described for the poly- 

2. The amounts of reagents used were 0.43 g (0.0125 mol) of sodium hydroxide, 25 mL 

of water, 1.5 g (0.0045 mol) of bisphenol AF, 0.122 g (0.0005 mol) of 

benzyltriethylammonium chloride, 0.45 g (0.0022 mol) of terephthaloyl chloride, 0.45 g 

(0.0022 mol) of isophthaloyl chloride and 13 mL of methylene chloride. The 

polymerization mixture was stirred for 20 min before precipitating the polymer by 

pouring the mixture into acetone (200 mL) in a blender. The polymer was isolated and 

then mixed well in a blender with water (200 mL) and filtered. Some of the resulting 

tacky polymer stuck to the filter paper. The polymer that was isolated was dried 

overnight under vacuum at 60 °C (yield = 1.7 g, 83 %). The resulting polymer was not 

tacky. DSC: Tg = 229°C. IR (neat): 3081 (w), 2923 (w), 1744 (s), 1606 (w), 1511 (m), 

1408 (w), 1296 (w), 1259 (s), 1241 (s), 1207 (s), 1175 (s), 1066 (m), 1016 (m), 969 (w), 

955 (w), 938 (w), 872 (w), 808 (w), 720 (m) cm"1. 'H NMR (CD2C12): 8.99 (s), 8.48 (d), 

8.35 (s), 7.74 (t), 7.54 (d), 7.35 (d). 13C NMR (CDC13): 164.00, 163.94, 151.36,135.44, 

133.93,132.09,131.85,131.24,131.19,130.64,130.21,129.52, 121.74. 

Polyarylate from 4,4'-dihydroxystilbene and terephthaloyl and isophthaloyl 

chloride (1:1) (poly-10). Poly-10 was prepared by a similar procedure to that described 

for the poly-2. The amounts of reagents used were 0.24 g (0.006 mol) of sodium 

hydroxide, 11 mL of water, 0.5 g (0.0024 mol) of 4,4'-dihydroxystilbene (IV), 0.065 g 

(0.0003 mol) of benzyltriethylammonium chloride, 0.24 g (0.0012 mol) of terephthaloyl 

chloride, 0.24 g (0.0012 mol) of isophthaloyl chloride and 10 mL of methylene chloride. 

The product precipitated from the mixture in less than one minute as hard solid chunks. 
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The reaction mixture was mixed with acetone (100 mL) in a blender. The polymer was 

isolated and then mixed well in a blender with water (100 mL), filtered and dried to give 

a yellow solid (yield = 0.66 g, 83 %). 

Polyarylate from trichloride and terephthaloyl and isophthaloyl chlorides 

(1:1) (poly-11). Poly-11 was prepared by a similar procedure to that described for poly-2. 

The amounts of reagents used were 0.5 g (0.0125 mol) of NaOH, 25 mL of water, 1.6 g 

(0.005 mol) of trichloride, 0.1375 g (0.0006 mol) of benzyltriethyl-ammonium chloride, 

0.5 g (0.0025 mole) of terephthaloyl chloride, 0.5 g (0.0025 mole) of isophthaloyl 

chloride and 17 mL of methylene chloride. The polymerization mixture was stirred for 

10 min before precipitating the polymer by pouring the mixture into acetone (200 mL) in 

a blender. The polymer was isolated and then mixed well with water (200 mL), filtered 

and dried (yieTd=1.98 g, 88 %). DSC: Tg = 252 °C. IR (neat): 3467 (w), 3074 (w), 3041 

(w), 1898 (w), 1740 (s), 1604 (m), 1577 (w), 1506 (s), 1435 (w), 1408 (m), 1296 (s), 

1261 (s), 1242 (s), 1204 (s), 1168 (s), 1112 (m), 1077 (s), 1016 (s), 954 (w), 896 (w), 871 

(m), 818 (m), 753 (m), 720 (s), 666 (w), 618 (m), 597 (m) cm"1. 'H NMR (CD2C12): 8.96 

(s), 8.45 (d), 8.32 (s), 7.75 (d), 7.29 (d), 5.23 (s). ,3C NMR (CDC13): 164.13, 164.08, 

150.55, 135.90, 135.84, 135.25, 133.97, 131.98, 131.51, 130.52, 129.38, 121.65, 101.37, 

69.93.   Anal. Cal'd for C22H1304Cl3: C, 58.99; H, 2.91; Cl, 23.90. Found: C, 58.76; H, 

2.76; Cl, 23.58. 

Polyarylate from bisphenol C and naphthaloyl chloride (poly-12). Poly-12 

was prepared by a similar procedure to that described for poly-2. The amounts of 

reagents used were 0.2 g (0.0125 mol) of NaOH, 15 mL of water, 0.5 g (0.0018 mol) of 

bisphenol C (II), 0.055 g (0.0002 mol) of benzyltriethylammonium chloride, 0.45 g 
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(0.0018 mol) of naphthaloyl chloride and 30 mL of methylene chloride. The polymer 

precipitated from the mixture within 4 minutes as a fine precipitate.   The reaction 

mixture was mixed with acetone (100 mL) in a blender. The polymer was isolated and 

then mixed well in a blender with water (100 mL), filtered and dried (yield=0.73 g, 

89 %). 

Polyarylate from bisphenol C and 2,5-dibromo-terephthaloyl and 2,4- 

dibromo-Ljphthaloyl chlorides (1:1) (poly-13). Poly-13 was prepared by a similar 

procedure to that described for poly-2. The amounts of reagents used were 0.28 g 

(0.0069 mol) of NaOH, 25 mL of water, 0.77 g (0.0027 mol) of bisphenol C, 0.076 g 

(0.0003 mol) of benzyltriethylammonium chloride, 0.50 g (0.0014 mol) of 2,5-dibromo- 

terephthaloyl chloride, 0.50 g (0.0014 mol) of 2,3-dibromo-isophthaloyl chloride and 

12 mL of methylene chloride. The polymerization mixture was stirred for 20 min before 

precipitating the polymer by pouring the mixture into acetone (200 mL) in a blender. The 

polymer was isolated and then mixed well with water (200 mL), filtered and dried (yield 

= 1.4 g, 90 %). DSC: Tg = 207 °C. IR (neat): 3092 (w), 3038 (w), 1901 (w), 1753 (s), 

1599 (m), 1580 (m), 1538 (w), 1503 (s), 1464 (m), 1407 (m), 1340 (m), 1277 (m), 1261 

(s), 1220 (s), 1196 (s), 1164 (s), 1098(m), 1042 (s), 974 (m), 953 (w), 912 (w), 864 (m), 

819 (w), 772 (m), 759 (m), 712 (w), 670 (w) cm"1. 'H NMR (CD2C12): 8.67 (s), 8.33 (s), 

8.20 (s), 7.42 (br d), 7.30 (br d). 

Polyarylate from Bisphenol C and terephthaloyl and isophthaloyl chlorides 

(3:1) (poly-14). Poly-14 was made using a procedure described in the patent literature.27 

To an Erlenmeyer flask containing a magnetic stir bar, NaOH (0.5 g, 0.0025 mol) in 

25 mL of water and bisphenol C (II) (1.4 g, 0.005 mols) were mixed. Once the 
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bisphenol C was dissolved, a solution of benzyltriethylammonium chloride (0.1375 g, 

0.0006 mol) in 12.5 mL of water was added to the flask. Terephthaloyl chloride (0.75 g, 

0.0037 mol) and isophthaloyl chloride (0.25 g, 0.0012 mol) were dissolved in 12.5 mL of 

methylene chloride, and this solution was added to the rapidly stirring bisphenolate 

solution. The polymerization mixture was stirred for 3 hours, at which time the polymer 

had precipitated from solution. Methylene chloride (50 mL) was added to the flask and 

stirring was continued for an additional 30 minutes. Dilute HClaq was then added 

dropwise until the mixture was acidic. The mixture was stirred for another 30 minutes, at 

which time the stirring was stopped and the organic and aqueous layers were separated. 

The organic layer was washed with water several times until a neutral solution was 

obtained. The washings were done by rapidly stirring water with the polymer solution 

and then allowing the emulsion to stand until separated. The polymer solution was 

poured into rapidly stirring cold methanol (-50 °C), filtered cold, and dried (yield = 1.9 g, 

91 %). Anal. Calcd for C22H12O4CI2: C, 64.26; H, 2.94; Cl, 17.24. Found: C, 64.09; H, 

2.91; Cl, 16.73. 

Copolymers of bisphenol C and bisphenol A polyarylates. 

C/A = 75/25 (mole %) (poly-15). Poly-15 was prepared by the same procedure as 

described for poly-14. The quantities of reagents used were 0.5 g (0.013 mol) of sodium 

hydroxide, 25 + 17.5 mL of water, 1.1 g (0.0038 mol) of bisphenol C (II), 0.29 g 

(0.0013 mol) of bisphenol A, 0.14 g (0.0006 mol) of benzyltriethylammonium chloride, 

0.75 g (0.0037 mol) of terephthaloyl chloride, 0.25 g (0.0012 mol) of isophthaloyl 

chloride and 12.5 + 50 mL of methylene chloride. Yield = 1.8 g (89 %). Anal. Calcd for 

C89H540I6C16: C, 67.14; H, 3.42; Cl, 13.68. Found: C, 67.08; H, 3.36; Cl, 12.89. 
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C/A = 50/50 (mole %) (poly-16) Poly-16 was prepared by the same procedure as 

described for poly-14. The quantities of reagents used were 0.5 g (0.013 mol) of NaOH, 

25 + 17.5 mL of water, 0.70 g (0.0025 mol) of bisphenol C, 0.57 g (0.0025 mol) of 

bisphenol A, 0.14 g (0.0006 mol) of benzyltriethylammonium chloride, 0.75 g 

(0.0037 mol) of terephthaloyl chloride, 0.25 g (0.0012 mol) of isophthaloyl chloride and 

12.5 + 50 mL of methylene chloride. Yield = 1.7 g (88 %). Anal. Calcd for C45H30O8CI2: 

C, 70.23; H, 3.93; Cl, 9.21. Found: C, 70.00; H, 3.91; Cl, 8.97. 

C/A = 25/75 (mole %) (poly-17) Poly-17 was prepared by the same procedure as 

described for poly-14 . The quantities of reagents used were 0.5 g (0.013 mol) of sodium 

hydroxide, 25 + 17.5 mL of water, 0.35 g (0.0013 mol) of bisphenol C (II), 0.86 g 

(0.0038 mol) of bisphenol A, 0.14 g (0.0006 mol) of benzyltriethylammonium chloride, 

0.75 g (0.0037 mol) of terephthaloyl chloride, 0.25 g (0.0012 mol) of isophthaloyl 

chloride and 12.5 + 50 mL of methylene chloride. Yield = 1.7 g (91 %). Anal. Calcd for 

C9iH660i6Cl2: C, 73.53; H, 4.48; Cl, 4.77. Found: C, 73.30; H, 4.64; Cl, 4.70. 

Polyarylate from Bisphenol A and terephthaloyl and isophthaloyl chlorides 

(3:1) (poly-18). Poly-18 was prepared by the same procedure as described for poly-14. 

The quantities of reagents used were 1.0 g (0.025 mol) of sodium hydroxide, 50 + 35 mL 

of water, 2.28 g (0.010 mol) of bisphenol A, 0.14 g (0.0006 mol) of benzyltriethyl- 

ammonium chloride, 1.5 g (0.0074 mol) of terephthaloyl chloride, 0.50 g (0.0025 mol) of 

isophthaloyl chloride and 25 + 100 mL of methylene chloride. Yield = 3.4 g (94 %). 

Anal. Calcd for C23H18O4: C, 77.08; H, 5.06. Found: C, 76.84; H, 4.99. 

Polyarylate from Bisphenol C and terephthaloyl chloride. This polymer was 

prepared by the same procedure as described for poly-14. The quantities of reagents used 
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were 0.5 g (0.013 mol) of NaOH, 25 + 17.5 mL of water, 1.4 g (0.0050 mol) of 

bisphenol C (II), 0.14 g (0.0006 mol) of benzyltriethylammonium chloride, 1.0 g 

(0.0049 mol) of terephthaloyl chloride and 12.5 + 50 mL of methylene chloride. 

Polyarylate from Bisphenol A and terephthaloyl chloride. This polymer was 

prepared by the same procedure as described for poly-14. The quantities of reagents used 

were 0.5 g (0.013 mol) of NaOH, 25 + 17.5 mL of water, 1.1 g (0.0050 mol) of 

bisphenol C, 0.14 g (0.0006 mol) of benzyltriethylammonium chloride, 1.0 g 

(0.0049 mol) of terephthaloyl chloride and 12.5 + 50 mL of methylene chloride. 
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CHAPTER 3 

DECOMPOSITION AND COMBUSTION BEHAVIOR OF BISPHENOL-C- 

BASED POLYMERS 

3.1 Introduction 

Tk degradation of polymers plays a significant role in the combustion process. 

The rate of degradation, the amount of degradation and the nature of the degradation 

products are all important parameters contributing to further burning. In this chapter, the 

results on the degradation of bisphenol C materials studied by a variety of techniques is 

presented. Also, the combustion properties of these polymers measured using 

microcalorimetry are reported. 

3.2 Degradation Behavior of Polymers 

3.2.1  Homopolymers 

While many bisphenol-C-based polymers have been synthesized, little research 

has been done on studying their thermal and decomposition behavior. Factor has reported 

on the presence of an exothermic decomposition reaction and high char yields from 

bisphenol C polymers.1 Other researchers have reported a possible crosslinking reaction 

occurring at 150-200 °C that renders the polymers insoluble.2-4 Polyurethane and 

polyurea resins containing dichloroethylidene functionality have been reported to show a 

distinct exotherm in the DSC trace followed by an endothermic decomposition 

reaction.5'6 Whether this exotherm is from further curing of the resins or from a reaction 
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including the dichloroethylidene moiety was not addressed. In the following sections, 

results are described from the decomposition behavior of bisphenol C materials as 

studied using thermal analysis, spectroscopy and pyrolysis-GC/MS. 

3.2.1.1  Thermal Analysis 

The degradation behavior of bisphenol C polymers was investigated using 

simultaneous thermogravimetry-differential scanning calorimetry (TGA-DSC), which 

will be referred to as STA. This technique allows for the measurement of the heat flow 

associated with decomposition reactions while monitoring the corresponding weight 

change. The decomposition behavior of polymers during flaming combustion is thought 

to be anaerobic with all of the atmospheric oxygen being consumed before reaching the 

decomposing polymer surface.7 Therefore, the study of the decomposition behavior of 

polymers under inert atmosphere is relevant. 

There is little data from STA experiments on polymers in the literature. Some of 

difficulty in obtaining reliable and reproducible DSC data from STA experiments comes 

from two sources. The first is the inherent problem of defining a baseline. Usually a 

baseline for a DSC trace is determined using two empty pans and the difference in heat 

flow between the two pans is used to calibrate the instrument, for differences between 

sample and reference locations. Once a sample is placed in the pan, the difference in 

baseline from that of the empty pans gives some measure of the heat capacity of the 

sample. Typically the use of DSC for polymers has been to investigate phase transitions 

or reactions that occur without weight change. For the study of the decomposition of 

polymers, the weight is changing and therefore the baseline is changing. For materials 
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that have well-defined weight change reactions or large heat flow reactions, it can be 

easier to determine a sample baseline. Many polymers have complex decomposition 

behavior with a series of exothermic and endothermic reactions occurring simultaneously. 

The second difficulty with the DSC data from the STA experiments is more of an 

equipment issue. The DSC cell in the Rheometrics STA 1500, which was used for this 

research, is suspended in the furnace from a balance. The fact that the DSC can swing 

freely affects the placement of the cell, which in turn can change the location of the 

reference and sample pan within the furnace. This free movement of the cell can cause 

considerable change in the baseline, requiring frequent and careful calibration. 

From the DSC curve of an STA experiment, it is possible to determine the heat of 

decomposition. Contributions to the heat of decomposition include the energy to break 

bonds, form new bonds and vaporize the decomposition products. Polymers typically 

decompose endothermically in the absence of oxygen.7 This is probably due to the 

endothermic bond breaking and vaporization processes dominating the decomposition 

process. Normalization with respect to the initial mass is the typical way to report heat 

flow data from DSC. The measurement of heat flow during a weight loss can be 

normalized with respect to the initial mass or to the instantaneous mass. Unless 

otherwise stated, the DSC data from STA experiments is normalized to the initial mass. 

Figure 3.1 shows a STA thermogram for the decomposition of bisphenol C 

polycarbonate, poly-1. (A peak in the positive direction indicates an exothermic process). 

An exothermic reaction takes place in the region of 390-670 °C. The heat associated with 

the decomposition of poly-1 is +350 ± 26 J/g or 107 kJ/mol of repeat unit. For 

comparison, the decomposition behavior for bisphenol A polycarbonate (BPA-PC) is 
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Figure 3.1 Simultaneous-TGA/DSC results for bisphenol C polycarbonate (poly-1). 

56 



shown in Figure 3.2. BPA-PC has an endothermic decomposition with a heat of around - 

200 J/g. The decomposition of BPA-PC has several peaks in the DSC curve while the 

weight loss curve does not show corresponding changes in weight loss. For poly-1, there 

is one large exothermic peak. The temperature at the maximum in the exothermic peak 

corresponds to the temperature in the maximum in the rate of mass loss. The fact the 

maximum in the heat flow occurs at the same temperature as the maximum in the rate of 

weight loss indicates that either the same process is responsible for both observations or 

that one process causes the other to occur. For example, bond breaking leads to weight 

loss but the remaining polymer could contain reactive groups that might undergo an 

exothermic reaction. 

All of the bisphenol C materials show exothermic decomposition behavior 

occurring with simultaneous weight loss. STA thermograms for the other bisphenol C 

materials examined are shown in Appendix C. Important data from the DSC and 

corresponding TGA traces is shown in Table 3.1 and Table 3.2, respectively. The heats 

of decomposition for the bisphenol C polymers range from 208 to 350 J/g based on the 

initial weight. If the heat of decomposition is figured per mole of repeat unit, the results 

range from 107 to 118 kJ/mole. When comparing bisphenol C polymers with 

bisphenol A analogs a few trends can be identified. Bisphenol C polymers decompose at 

lower temperatures, have higher char yields and lower peak mass loss rates (compare 

poly-1 with BPA-PC, poly-2 with poly-3, and poly-5 with poly-6). Also, all of the 

bisphenol C polymers decomposed in an exothermic manner, while the bisphenol A 

polymers decomposed in an endothermic fashion. 
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Table 3.1 Summary of DSC results from simultaneous-TGA/DSC experiments for 
bisphenol-C-based materials. 

Sample Temperature of Heat of Heat of Temperature 
Peak in Exotherm Decomposition a Decomposition Rangeb 

(°C) (J/g) (kJ/mol) (°C) 
poly-1 472 ±2 350 ±24 107 391-670 
poIy-2 472 + 2 263 ± 33 108 415-605 
poly-13 459 ±3 208 118 395-785 
poly-4 410±4 330 ±7 119 360-670 
bisphenol C (II) 267 ±2 152 ±9 42.7 240-285 

a Area under exothermic peak normalized with respect to the initial mass.    Temperature range over which 
exothermic transition occurs. 

Table 3.2 Summary of TGA results for bisphenol-C-containing materials and related 
polymers. 

Sample Onset of Maximum Rate of Char Yield Temperature at 
Decomposition a Mass Loss at 700 °C Maximum Rate of 

(°C) (%/s) (%) Mass Loss (°C) 
poly-1 439 ±3 0.13 51 ±0 472 ± 2 
poly-2 455 ±7 0.076 53 ± 1 476 ±2 
poly-5 360 0.13 34 383 
poly-13 428 ±6 0.099 39 ±0 460 ±1 
poly-4 352 + 9 0.16 41 ±0 409 ±4 
II 246 ±1 0.37 47+1 262 ±1 
V 335 0.22 13 421 
BPA-PC 454 0.25 19 485 
poly-3 469 0.31 26 497 
poly-6 403 0.34 3.5 445 
poly-7 431 0.20 31 449 
poly-8 461 0.19 40 479 
poly-9 445 0.11 39 504 

Reported at a mass change of 5 wt%. 

For poly-1, the initial mass loss is equal to 45 wt%. This loss is approximately 

equal to the weight percent of HC1 and carbon dioxide that could be generated from the 

polymer. For poly-2 it is difficult to determine a defined weight loss step but it appears 
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that the weight loss is greater than that of just the generation of HC1 and carbon dioxide    ' 

but not great enough to include the weight loss of all of the tere/isophthaloyl groups. 

For poly-5, the polyester from sebacoyl chloride and bisphenol C, STA results of a 

freshly prepared polymer showed a distinct two-stage decomposition process (Figure 3.3). 

In the first stage, a large exothermic peak was observed, followed by an endothermic peak 

at which two different weight-loss steps take place. The temperature of the maximum in 

the DSC peaks corresponds the temperature of the maximum weight-loss rate. 

The STA results differed when poly-5 was tested after storing at room temperature 

for several months. The aged sample still had two decomposition steps, but the 

transitions were not nearly as distinct and the onset of decomposition was higher by 

20 °C. Also, the endothermic transition was much smaller for the aged sample. The aged 

sample showed a crystalline melt transition around 40 °C which was not present in the 

original polymer. Attempts to anneal the polymer above the melt temperature and then 

quench to obtain an amorphous sample still did not result in the initially observed 

decomposition behavior. 

Several small-molecule compounds containing dichloroethylidene groups were 

investigated using STA (Figure 3.4). Bisphenol C (II) had a sharp exothermic peak at 

267 °C which also corresponded to the peak in the mass loss rate. The significantly lower 

temperature of the exothermic decomposition may be due to the phenolic hydrogens in 

the molecule. Another small molecule, 2,2-bis(4-chlorophenyl)-l,l-dichloroethylene 

(DDE), showed no exothermic decomposition but rather an endothermic vaporization 

with complete weight loss. The diphenyl ester of bisphenol C (V) showed an initial 

endothermic vaporization followed by a small broad exotherm. 
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Figure 3.4 Small-molecule compounds containing the dichloroethylidene moiety. 

The onset of weight loss is 335 °C, which is about 100 °C lower than where the 

exothermic reaction takes place for the corresponding bisphenol C polyarylate, poly-2. 

As mentioned above it is also possible to determine an instantaneous heat of 

decomposition. This takes into account the simultaneous mass loss that is occurring. The 

heat generated (or absorbed) as the sample decomposes is associated with less mass. One 

way to determine instantaneous heats is to divide the heat flow curve by the actual mass 

at each point and then integrate the new area of the peak. (This is the method used in the 

RSI Orchestrator software accompanying the Rheometrics STA 1500.) This method only 

gives reasonable results for samples that have large transitions with small mass losses. 

The instantaneous heat must be greater than the heat based on the initial mass. For 

samples that had small transitions with mass loss it was found the calculated 

instantaneous heat of decomposition was less than that which was based on the initial 
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mass which is impossible. As the mass decreases the heat flow curve rises rapidly when 

dividing by the mass and therefore it is no longer possible to find a baseline. A better 

method is to determine the area at each time interval (At) and then normalize that area 

with respect to the mass at that time. The normalized areas can then be summed to give 

the instantaneous heat of decomposition, AHjnst, using the following approximation 

._L_Jil. I * At 

(m,+ml+l)/2 
(3.1) 

where h(t) and m(t) are the heat flow and mass at time, t, respectively. This method uses 

the original baseline and areas that were calculated for the heat of decomposition but then 

divides by the instantaneous mass. 

The instantaneous heat of decomposition for poly-1 and poly-2 were determined 

to be 465 J/g and 430 J/g, respectively. The instantaneous heat of decomposition for 

these two polymers is 1.3-1.6 times greater the heat of decomposition based on the initial 

mass. The difference between the values gives some correlation between the mass loss 

associated with the heat of decomposition. The closer the two values the less mass that 

was lost during a particular decomposition. For samples that have zero or near zero char 

yields the differences will be much greater. For example, polyethylene was found to have 

an endothermic heat of decomposition around 250 to 350 J/g but the instantaneous heat of 

decomposition was found to be 830-850 J/g. The instantaneous heat of decomposition 

varies greatly depending on the limits of integration because the mass of the sample is 
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approaching zero and therefore the instantaneous heat of decomposition approaches 

infinity. This method of analysis is.better suited for studying the instantaneous properties 

of the material remaining in the pan rather than integrating over a large range to access 

total heats. 

An attempt to study the decomposition as a function of conversion was done by 

heating the polymer to a certain temperature at 10 °C/min in a TGA and then removing 

the sample immediately to stop the degradation. Samples were taken at 433, 455, 473 

and 483 °C and then thermal analysis of the chars was performed using STA. The DSC 

curves from STA show that the decomposition is essentially unchanged (Figure 3.5). The 

samples all have an exothermic decomposition that occurs over the same temperature 

range. The char from 483 °C did not have the initially sharp exothermic peak but still had 

a broad exotherm over the entire range. The heat of decomposition was determined from 

each DSC curve and was normalized to the weight of the original sample. The remaining 

heat of decomposition is based on the partial areas from the DSC curve of the original 

polymer. A comparison of the values is shown in Table 3.3. As can be seen, the values 

do not match, with the actual measured heat of decomposition always being lower. This 

may be due to the fact that the reaction may still be going on between the time when the 

furnace stops heating and before the sample is removed to air. As the temperature at 

which the sample was taken increases, the difference between the measured and 

calculated heats becomes smaller. The onset of decomposition of each of char samples 

was about same (Figure 3.6). 

Thermal analysis techniques can be used to determine kinetic data of 

decomposition reactions.8 Reaction rate parameters can be determined using two 
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Table 3.3 Decomposition behavior for bisphenol C polycarbonate as a function of the 
reaction conversion. 

Sample        Char Heat of Temperature      Temperature at     Calculated Heat 
(%)a      Decomposition        at Peak of       Maximum Mass of 

b Exotherm Loss Rate Decompositionc 

(J/g) TO (°C) (J/g) 
Original N/A 394 476 475 — 

433 °C 99 322 478 475 383 
455 °C 95 309 475 474 355 
473 °C 83 248 475 475 256 
483 °C 74 172 — 530 175 

a o Weight percent of the sample that was obtained as char.    Normalized with respect the weight of sample 
before any decomposition. c Heat of decomposition determined from partial area of the original polymer. 

different methods: isothermal and non-isothermal. In order to calculate parameters under 

isothermal conditions the measurement at several different temperatures is required, 

whereas for non-isothermal methods the data can be calculated from one thermal analysis 

curve. A method proposed by Freeman and Carroll treats a single weight loss curve as 

one event, thereby determining the activation energy, Ea, pre-exponential factor, A, and 

the order of reaction, even though in many cases there are several processes going on 

during the decomposition of a polymer.9 Here, the rate parameters were calculated 

assuming first order Arrhenius kinetics. The rate equation can be expressed as 

dl^1 = -¥([X)) (3-2) 

where [X] is the concentration of reactant,y([X]) is some function of [X] and k is the rate 

constant. The rate constant can be determined as a function of temperature, T, using the 
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Arrhenius equation 

k = Aexpi- Ea I RT) (3.3) 

where R is the gas constant (8.314 kJ/mole). For TGA data, the rate constant at each 

temperature can be determined by dividing the mass loss rate (dm/dt) by the mass (m) at 

temperature, T. The slope of a plot of In k versus 1/T is equal to -Ea/R and the y-intercept 

in equal to In A. 

The kinetic rate parameters for several of the bisphenol based polymers were 

determined (Table 3.4). The bisphenol C polymers generally showed a wide temperature 

range at which the kinetic data follows a first order reaction rate. For the bisphenol C 

polycarbonate and polyarylates the activation energy is lower than the corresponding 

bisphenol A polymers. 

Table 3.4 Reaction rate parameters for various polymers calculated from TGA data. 

Polymer Activation Energv Pre-Exponential Temperature 
Ea Factor, In A Range 

(kJ/mol) (°C) 
poly-1 222 29.4 420-465 
bisphenol A polycarbonate 322 43.6 469-521 
poly-2 206 26.6 425-452 
poly-3 343 48.4 467-510 
poly-5 260 40.9 350-404 
poly-6 227 32.8 374-445 
poly-13 189 24.5 401-454 

Determining rate parameters from DSC data can be more difficult due to fact that 

the curves can contain several peaks as was shown for the decomposition of BPA-PC. 

The bisphenol-C-containing polymers generally showed a single exothermic peak during 
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decomposition. Reaction rate parameters were calculated for poly-1 and poly-2 using 

Eq. 3.2 and 3.3. For the DSC data, the kinetic equation was written as a fraction of 

material reacted 

d(Hr-H,)/HT=_kt^_H)/H^ (34) 

where Hj is the total heat of reaction and Ht is the heat of reaction up to time, t. The total 

heat of reaction, HT, is a constant and d(HT-Ht)/dt = -dHt/dt; therefore Eq. 3.4 can be 

rewritten as 

dH,        , v 
-^ = kt{HT-Ht) (3.5) 

The reaction parameters were determined using the first order Arrhenius equation. 

For both poly-1 and poly-2, there were two different events that showed first order 

behavior. Figure 3.7 shows a plot of the DSC kinetic data for poly-1. The first event was 

a low activation energy process with Ea equal to 34 kJ/mol and 28 kJ/mol for poly-1 and 

poly-2, respectively. The second region has an activation energy of 166 and 84.2 kJ/mol 

for poly-1 and poly-2, respectively. 

3.2.1.2  Spectroscopy 

Various spectroscopic techniques were used to try to gain some insight into a 

decomposition mechanism for the bisphenol C materials. Infrared, Raman and X-ray 

photoelectron spectroscopy were all used and the results are described in this section. 
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Figure 3.7 Kinetic plot of for DSC data for the decomposition of bisphenol C 
polycarbonate, poly-1. 
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Infrared spectroscopy was used to study the char at different stages in the 

decomposition. Solid samples were obtained using a TGA to heat the polymer to a 

desired temperature. IR spectra were obtained using an IR microscope with the sample 

being pressed between two diamond disks. The degraded samples obtained were all 

discolored, ranging from yellow to amber and then black. Peak assignments for the IR 

bands are shown in Table 3.5. The peak at 974 cm"1 is attributed to the olefinic wagging 

Table 3.5 Infrared peak assignments for bisphenol C polycarbonate. 

Peak Assignment 

1778 C=0 stretch 
1600,1582, 1502, 1408 aromatic ring 
1106-1261 C-0 
1018 O-C-0 stretch 
974 C=C12 wag 
862 C-Cl stretch 

of the =CC12 groups. Absent from the IR spectra is a band associated with the C=C 

olefinic stretching. For hydrocarbon substituted ethylenes, the OC stretching frequency 

gives rise to bands in the range of 1630-1680 cm"1.10 Replacing the hydrocarbon groups 

with chlorine usually lowers the frequency. While some of the OC vibrations are weak 

in IR, they are usually strong in Raman. The Raman spectra for the same polycarbonate 

also does not have any distinct band that would be associated with the C=C stretching. 

Possibly the C=C stretching band occurs at the same frequency as the aromatic bands 

(1600 and 1583 cm"1). 

From a qualitative comparison of the IR traces (Figure 3.8), there is little change 

in the polymer even after degradation at 463 °C. The most noticeable change is the broad 
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shoulder at 1654 cm"1. It is difficult to say much quantitatively because no one peak can 

be assumed to be constant. Most likely each of the bands is decreasing but at different 

rates. The band at 1504 cm"1 was chosen to normalize all other bands. As can be seen 

from the data there is no clear trend in the data (Table 3.6). It appears that the intensity 

from bands associated with carbon-oxygen bonds have generally decreased when 

comparing data from the sample decomposed at 463 °C with the original polymer. Also, 

the intensity of the band at 974 cm"1 has also decreased slightly. The data obtained for the 

sample exposed to 403 °C seems to lie outside the general trends. 

Table 3.6 Change in relative areas of Infrared bands a samples of bisphenol C 
polycarbonate decomposed at various temperatures.a 

Band(s) Original 

2.88 

392 °C 

2.46 

403 °C 422 °C 442 °C 463 °C 
1776 3.02 1.98 2.17 1.56 
1600, 1582 0.38 0.57 0.89 0.60 0.65 0.69 
1504 1.00 1.00 1.00 1.00 1.00 1.00 
1408 0.10 0.14 0.23 0.15 0.19 0.12 
1106-1261 13.95 7.64 6.11 6.62 6.67 5.38 
1018 0.51 0.58 0.63 0.47 0.50 0.32 
974 0.11 0.14 0.22 0.13 0.14 0.07 
Ratio of area of band to area of band at 1504 cm" 

Raman spectroscopy is generally not used to investigate the decomposition 

behavior of polymers due to fluorescence. One exception has been the study of the 

degradation of poly(vinyl chloride).'' The technique is extremely sensitive to the 

polyenes that are formed from the dehydrohalogenation of the polymer. We were 

interested in what changes were occurring in the polymer with degradation and in 

particular, what was happening with the dichloroethylidene group. Raman spectroscopy 
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Figure 3.8 Infrared spectra of degraded bisphenol C polycarbonate samples exposed to 
different temperatures. The polymer was supplied by researchers at Federal Aviation 
Administration. 
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is generally more sensitive to ethylene vibrations giving rise to strong bands in the 1680- 

1570 cm" range. Here samples were prepared by heating at various temperatures for 

1 hour in a TGA furnace (Figure 3.9). For samples degraded at 300 °C and 350 °C, it was 

possible to obtain spectra even though the samples were discolored. (Spectra shown in 

Figure 3.9 for the degraded samples are baseline corrected). For the sample degraded at 

400 °C, which was black, it was not possible to obtain any data since it appears that all of 

the light is absorbed. Very few changes occur in the spectra with the degraded samples. 

The biggest change is the large broad peak that appears around 1200-1400 cm"1. 

Electron spectroscopy for chemical analysis (ESCA) is sensitive to the types of 

elements in a sample as well as the kinetic energy of the atoms.12 Therefore, it is possible 

to distinguish atoms in different states. ESCA was used to study samples of degraded 

bisphenol C polycarbonate. Samples were solution cast onto quartz glass slides and then 

thoroughly dried under vacuum without heat. The polymers were then heated at a 

constant temperature for 1 hour in a tube furnace under a nitrogen atmosphere. Weight 

loss for the samples was not determined directly but samples were heated under the same 

conditions in TGA to give some indication of the amount of degradation (Table 3.7). 

ESCA spectra were obtained at a take-off angle of 75° which corresponds to a 

sampling depth of 45 A. A survey of elements of present in the control polymer 

Table 3.7 Corresponding weight loss for bisphenol C polycarbonate as determined by 
TGA for samples isothermally heated for 1 hour under nitrogen atmosphere. 

Temperature We ght Loss (%) 
(°C) 

400°C 8 
450°C 36 
600°C 53 
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Figure 3.9 Raman spectra of thermally decomposed bisphenol C polycarbonate. 
Samples were supplied by researchers at the Federal Aviation Administration. 
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(undecomposed sample) is shown in Figure 3.10. As expected the only elements present 

are oxygen, carbon and chlorine. ESCA multiplex spectra were taken in each of the 

regions of oxygen, carbon and chlorine for each of the samples. The percent of each 

element present is shown in Table 3.8. There is very little difference between the sample 

decomposed at 400 °C and the undecomposed sample although the decomposed sample is 

significantly discolored (brown-amber). The carbon to oxygen ratio stays the same (C/O 

= 5.0) for the sample that was decomposed at 400°C.   The amount of the chlorine for the 

original polymer is lower than that which was calculated. This difference may be due to 

some degradation of the sample by the X-ray beam. The original polymer was a clear 

film but after ESCA experiments the sample was slightly yellowed. It is difficult to make 

any conclusions on the change in chlorine at 400 °C but by 450 °C it is apparent 

4 1 1 H 

1 1~ 
1000.0  300.0   800.0   700.0   GOO.O   580.0   100.0   360.0   200.0   180.0    0.( 

BINDING ENERGY, eV       O P\ 

Figure 3.10 Survey of elements for bisphenol C polycarbonate (undecomposed sample) 
from ESCA experiment. Polymer was supplied by researchers at the Federal Aviation 
Administration. 
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Table 3.8 Chemical composition of degraded samples of bisphenol C polycarbonate as 
measured using ESCA compared with the microanalytical results. 

Carbon Chlorine Oxygen C/Cl C/O 
Theoretical 75 10 15 7.5 5.0 
(calc) 

ESCA Control 76.62 7.95 15.44 9.6 5.0 
400 °C 76.27 8.93 14.80 8.5 5.1 
450 °C 85.15 2.03 12.83 42 6.6 
600 °C 90.99 0 9.01 — 10 

Microanalytical 400 °Ca 77.24 8.98 NA 8.6 — 

450 °Ca 89.74 3.38 NA 26 — 

600 °Ca 96.63 0 NA — — 
a Degraded samples were prepared by heating in a TGA under nitrogen atmosphere. 

that a significant portion of the chlorine is gone and by 600 °C there is no longer any 

chlorine present (at least that is detectable by ESCA). 

The ESCA multiplex spectra for the carbon (C]S) region are shown in Figure 3.11. 

The carbon spectra remains unchanged for the sample decomposed at 400 °C when 

compared with the control sample. The large peak in the carbon multiplex shifts from 

285.2 eV for the control sample to lower binding energy in the samples decomposed at 

450 °C (284.5 eV) and 600 °C (284.2 eV), indicating possibly a more graphitic type 

structure is forming. The binding energy for carbon (graphite) is reported to be 284.2- 

284.3 eV in the literature.12 

3.2.1.3 Pyrolysis GC/MS 

In the previous section, the char remaining from the degraded polymer was 

studied. The use of IR, GC and MS with pyrolysis instrumentation allows for the analysis 

of the volatile products of polymer system during degradation. For typical polymers, the 

products observed in the gas phase are characteristic of the original polymer system.13 
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Identifying the products given off during decomposition can provide some insights into 

degradation routes of polymers and thermal stability profiles.14 

In this research, polymers were pyrolyzed at 1200 °C at a heating rate of 10 °C/ms 

using a commercially available resistively heated filament pyrolyzer. The sample was 

pyrolyzed in a heated interface that was connected directly to the GC inlet. The pyrolysis 

products were swept directly onto the column where they were cold condensed. The GC 

oven was then ramped at 10 °C/min to 290 °C and the products were identified using a 

mass spectrometer. The mass range scanned ranged from m/z 40 to 500. One concern to 

keep in mind when using a GC with a MS as the detector is that the area of the peaks (and 

height) is relative to amount of fragmentation in the molecule. For the data presented 

here, the results are discussed as relative areas. Therefore when comparing two spectra, 

the amount of a product is discussed as the peak area relative to another peak area. 

Unless otherwise noted, only peaks that were at least 1 % of the intensity of largest peak 

are considered. 

The GC trace from the pyrolysis of bisphenol C polyarylate is shown in 

Figure 3.12 along with the identification from the corresponding MS data. Since the 

mass spectra range was only to m/z 40 the presence of HC1 would not be detected. Other 

GC/MS data was obtained at lower m/z values of 34 but HC1 was still not detected. This 

may be due to interaction of the generated HC1 with the siloxane GC column. Pyrolysis 

gas-phase IR was done on a bisphenol C polycarbonate by Michael Ramirez at the FAA 

and shows the presence of HC1 in the decomposition products along with large amounts 

of carbon dioxide (Figure 3.13). Analysis done at the FAA found that 80 to 90 % of the 

chlorine in the polymer is given off as HC1.15 The presence of HC1 does not show up in 
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Figure 3.11 Carbon (Is) region of ESCA spectra for bisphenol C polycarbonate. (A) 
undecomposed polymer, (B) decomposed at 400 °C for 1 hour, (C) decomposed at 450 °C 
for 1 hour, and (D) decomposed at 600 °C for 1 hour. 

Continued next page 
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Figure 3.11 continued 
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Figure 3.12 GC trace of products from the pyrolysis of bisphenol C polyarylate, poly-2. 
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Figure 3.13 Gas-phase Infrared spectra of decomposition products from bisphenol C 
polycarbonate. These spectra were obtained by Michael Ramirez at the Federal Aviation 
Administration. 

82 



the IR spectra until 500 °C whereas the presence of carbon dioxide starts appearing at 

200 °C. The other major chlorinated products were identified by Py-GC/MS to be 

chlorobenzene and benzoyl chloride with a small amount of bisphenol C. 

A comparison of the GC traces for the bisphenol C polyarylate (poly-2) with other 

bisphenol-A-based polyarylates, poly-3 and poly-8, shows that the bisphenol C 

polyarylate has fewer organic products when compared with the amount of carbon 

dioxide. Also, poly-2 has only a small amount of monomer generated during the 

pyrolysis whereas the two bisphenol A polyarylates generate significant amounts of 

monomer. The products from the bisphenol A polyarylates contain many substituted 

phenols (methyl, dimethyl, ethyl, isopropyl) whereas poly-2 does not yield significant 

amounts of substituted phenols. These trends were also observed for the bisphenol C 

polycarbonate and the bisphenol A polycarbonate (GC traces are shown in Appendix D). 

Bisphenol C (II) and bisphenol C aliphatic polyesters (poly-4 and poly-5) all 

yielded significant amounts of bisphenol C during their degradation. The large amounts 

of undecomposed product from the pyrolysis of II was surprising, considering the large 

exotherm and char yield found from simultaneous-TGA/DSC. The reason for the 

presence of undecomposed sample may be due to the much more rapid heating rate used 

for the pyrolysis-GC/MS experiments. The presence of greater amounts of bisphenol C 

from the aliphatic polyesters when compared with the polyarylates may be due to the 

lower degradation temperatures of the polyesters. The decomposition of the backbone 

bonds may occur at a sufficiently lower temperature to allow the release of bisphenol C 

before it has a chance to undergo any reaction. 
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Pyrolysis-GC/MS was also performed on one of the charred samples (463 °C). 

The GC trace shows many of the same compounds as from the original polymer except 

chloro-substituted phenols (2-chlorophenol, 1,3-dichlorophenol, 2,4-dichlorophenol, p- 

chlorophenol) constitute a greater percentage of the decomposition products. 

Pyrolysis-GC/MS of poly-13, the bisphenol C brominated polyarylate, mainly 

contained halogenated benzenes (chloro-, bromo-, dichloro, bromo-dichloro-, bromo- 

trichloro. dibromo, tribromo-benzene). Benzene was not a major product in of the 

decomposition of poly-13. This indicates that the benzene generated from poly-2, is 

probably due mainly to the terephthaloyl and isophthaloyl groups rather than to 

decomposition of the bisphenol C group. This polymer also did not yield significant 

amounts of the monomer, bisphenol C, during decomposition. 

3.2.2 Blends and Copolymers 

3.2.2.1  Thermal Analysis 

A series of copolymers, with varying amounts of bisphenol C and bisphenol A, 

were studied using STA. The results are summarized in Table 3.9 and the TGA curves 

are shown in Figure 3.14. Blends of the two polyarylate homopolymers, poly-2 and 

poly-3, were also prepared (Table 3.10 and Figure 3.15). For both the blends and 

copolymers the char yield increases with increasing amount of bisphenol C in the polymer 

system. The char yields are always greater than what would be expected from a purely 

additive effect (Figure 3.16). In general, blending up to 50 wt% bisphenol A polyarylate, 

poly-3, into the bisphenol C polyarylate, poly-2, has little effect on decreasing the char 

yield. 
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Table 3.9 Summary of TGA results for polyarylate copolymers containing varying 
amounts of bisphenol A and bisphenol C. 

Sample Fraction of BPC to Onset of Char Yield 
BPA Decomposition at 700 °C 

(wt %) (°C) (%) 

poly-14 100 430 ±5 52 ±1 
poly-15 77 432 ±6 54 ±0 
poly-16 53 439 ±5 47 ± 1 
poly-17 28 457 ±2 40 ±0 
poly-18 0 472 ±1 29 ±1 

Table 3.10 Summary of TGA results for polyarylate blends of bisphenol C polyarylate 
(poly-2) and bisphenol A polyarylate (poly-3). 

Sample Onset of Char Yield 
(wt% of poly-2) Decomposition at 700 °C 

(°C) (%) 
100 455 53 
95 446 54 
75 442 54 
50 445 53 
25 455 41 
5 470 30 
0 469 27 

Bisphenol C polyarylate, poly-2, was also blended with bisphenol A 

polycarbonate and bisphenol A polysulfone. Blends of poly-2 with polycarbonate showed 

similar behavior to that of the polyarylate blends (Table 3.11). The blends all had char 

yields greater than expected based on an additive effect. A sampling of the DSC 

thermograms are shown in Figure 3.17. Blends containing up to 20 wt% BPA-PC 

showed exothermic decomposition. Beyond this amount, the blends showed a 

combination of exothermic and endothermic reactions. 

The blends with polysulfone showed the greatest char enhancement (Table 3.12). 

The char yield for blends containing only 25 wt% poly-2 had a char yield of 54 wt% 
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Figure 3.14 TGA results for polyarylate copolymers containing varying amounts of 
bisphenol C and bisphenol A. 
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Figure 3.17 DSC thermograms from STA experiments of blends of bisphenol C 
polyarylate (poly-2) with bisphenol C polycarbonate. 
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Table 3.11 TGA results for blends of bisphenol A polycarbonate with bisphenol C 
polyarylate (poly-2). 

Sample Onset of Decomposition Char Yield at 700°C 
(°C) (%) 

bisphenol A polycarbonate 454 19 
20 wt% poly-2 452 31 
40 wt% poly-2 446 .      40 
50 wt% poly-2 257 46 
60 wt% poly-2 447 51 
70 wt% poly-2 447 53 
80 wt% poly-2 445 54 
90 wt% poly-2 450 55 
poly-2 455 53 

Table 3.12 TGA results for blends of bisphenol A polysulfone and bisphenol C 
polyarylate (poly-2). 

Sample Onset of Char Yield at 700°C 
Decomposition (%) 

(°C) 
bisphenol A polysulfone 503 33 
25 wt% poly-2 455 52 
50 wt% poly-2 460 50 
poly-2 455 53 

BPC, II, or DPE-BPC, V, were also prepared. Adding these small molecules did not 

show any char enhancement (38 wt% calculated from additive effect). Blends of 

polysulfone with either 25 wt% of char enhancement for the polysulfone. The films from 

these blends were transparent and DSC traces did not show any melting transitions from 

the small molecules. 

3.2.2.2 Pyrolysis GC-MS 

The degradation products of each of the copolymers and blends were determined 

using Py-GC/MS. The GC traces were generally a combination of the products identified 

from the corresponding homopolymers. The major peaks along with peak area as a 
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percent of the total area of all peaks are shown in Table 3.13. The relative yield of carbon 

dioxide decreases as the amount of bisphenol C polyarylate is decreased. One interesting 

observation is the generation of greater amounts of bisphenol C monomer for blends 

containing 75%, 50% and 25% of poly-2, relative to the homopolymer. The generation of 

more bisphenol C monomer was also observed for 50 wt% blends of poly-2 with 

bisphenol A polysulfone and bisphenol A polycarbonate. 

3.2.3 Effect of Antimony Oxide 

Antimony oxide has been known to have synergistic effects with halogenated 

flame retardants.1617 For halogenated materials that liberate HC1 during decomposition 

the following equations have been proposed: 

Sb,03 + 6HC1   ——-   2SbCl3 + 3 H20 (3.6) 

Sb203 + 2HC1       A    »   2SbOCl +     H20 (3>7) 

The decomposition behavior of bisphenol C polyarylate, poly-2, containing varying 

amounts of antimony oxide was studied using STA (Table 3.14 and Figure 3.18). For the 

sample with an Sb/Cl ratio of 1/3 the onset of decomposition was decreased by 70 °C. 

The decomposition was still exothermic in nature with a sharp exothermic peak followed 

by a broad shoulder. The antimony oxide containing samples all had a greater mass loss 

rate at the onset of weight loss. The char yields measured at 700 °C were about the same 

as that expected based on only the original mass of polymer. For the cases where less 

than a stoichiometric amount of antimony oxide was added, the samples showed a two 
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Table 3.13 Products from the pyrolysis of bisphenol C polyarylate (poly-2), bisphenol A 
polyarylate (poly-3) and their blends along with yields calculated as a percent of the total 

area of all peaks.3 

Retention poly-2 95 75 50 25 5 poly-3 
Time 

CO, 1.36 28.9 25.0 15.8 10.1 9.2 7.5 10.6 
benzene 2.31 33.7 37.0 35.3 27.8 26.3 23.4 25.5 
toluene 3.53 2.3 2.8 4.9 6.4 7.5 8.3 7.6 
chlorobenzene 4.80 3.3 2.8 1.2 — — — NA 
ethylbenzene 5.09 — — — — — 0.7 0.8 
phenylethyne 5.38 ■ — — — — — 0.6 0.9 
styrene 5.61 0.4 0.7 1.3 1.4 2.1 2.8 
phenol 7.25 5.6 7.4 11.4 13.5 13.6 12.0 14.3 
benzoyl chloride 8.72 3.8 2.6 — — — — NA 
4-methylphenol 8.77 — — 2.4 5.3 7.7 6.1 4.4 
benzoic acid 10.20 3.2 2.3 2.9 4.6 4.1 — — 

naphthalene 10.41 1.0 1.0 1.2 1.2 0.9 — 1.6 
2- 13.13 5.7 6.5 7.8 7.3 6.9 6.3 6.4 
ethynylnaphthalene 
acetanaphthalene 14.05 — — — 1.7 — — 2.1 
dibenzofuran 14.87 2.4 2.9 4.0 4.1 — 3.7 3.8 
4-cumylphenol & 21.65 NA — — 2.1 3.0 5.7 4.1 
bisphenol A 
bisphenol C 24.19 1.0 ~ 4.2 6.4 3.3 — NA 
Columns may not add up to 100 % due to the fact that not all peaks are shown in the table. 

Table 3.14 Summary of TGA results for antimony oxide in bisphenol C polyarylate 
(poly-2).a 

Weight Percent of Sb/Cl Onset of Char Yield Char Yield Based on 
Antimony Oxide in Decomposition at 700 °C Initial Mass of 

Poly-2 (°C) (%) Polymer 
(wt %) (%) 

0 0 455 52 52 
7.2 1/9 385 49 53 
10 1/6 381 45 50 
20 1/3 378 38 55 
26 1/2 376 40 48 

Columns may not add up to 100 % due to the fact that not all peaks are shown in the table. 

step decomposition with the second step occurring at the same temperature as the pure 

polymer. Antimony oxide has an endothermic weight loss peak at 655 °C due to 
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Figure 3.18 TGA results for antimony oxide in bisphenol C polyarylate (poly-2). 
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Sublimation which was not was present in the DSC traces of any of antimony-containing 

polyarylate samples. 

Further investigation of the antimony oxide in poly-2 was done using Py-GC/MS. 

The amount of carbon dioxide generated is greater for the sample containing antimony 

oxide (Table 3.15). The decomposition products also no longer include benzoic acid and 

benzoyl chloride. These results indicated that perhaps the antimony oxide was causing 

the degradation of the polyarylate prematurely due to a interaction with the ester group. 

A sample of bisphenol A polyarylate (poly-3) was then prepared containing 20 wt% 

antimony oxide. This polymer also had an earlier onset of decomposition by about 70 °C. 

The DSC trace from STA, showed an endothermic peak due to remaining unreacted 

antimony oxide. 

Table 3.15 Comparison of product yields for antimony oxide containing bisphenol C 
polyarylate (poly-2). 

Product Retention poly-2 poly-2 with 
Time 20 wt% Sb203 

C02 1.36 28.9 44.5 
benzene 2.30 33.7 32.5 
toluene 3.53 2.3 1.9 
chlorobenzene 4.80 3.3 3.3 
styrene 5.58 0.5 0.5 
phenol 7.21 5.6 2.3 
benzoyl chloride 8.72 3.8 — 
benzoic acid 10.20 3.2 — 
naphthalene 10.41 1.0 1.3 
2-ethynylnaphthalene 13.13 5.7 4.8 
dibenzofuran 14.88 2.4 2.1 
bisphenol C 24.19 1.0 — 
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3.3 Combustion properties of polymers 

3.3.1  Introduction 

There are many tests for measuring the combustion properties of polymers, 

although there is no universal method for determining the fire performance of a material. 

There are three main categories of tests for the combustion of materials: small-, medium- 

and large-scale tests. Of course large scale tests are the most realistic and give the best 

representation of full-scale fires but are impractical from the view of expense and are 

difficult to replicate. Medium-scale tests can be designed to give information that 

correlates well with full-scale tests. These tests allow for a quantitative measure of the 

materials' flammability properties and can be performed at varying heat fluxes which 

leads to more realistic conditions that the material will see. Small-scale tests are by far 

the most practical for screening materials, especially new materials where amounts may 

be scarce. The problems with testing of materials in small-scale tests include making 

measurements at one heat flux and assuming that they are linear over the range. This is 

not the case for most materials. Therefore, it is necessary to know what the fire properties 

of a particular material are at actual large fire conditions, but without doing a large scale 

test. 

3.3.2 Methods of Determining Combustion Properties 

The most often used test to evaluate a polymer as a fire hazard has been the 

Limiting Oxygen Index (LOI).18 Some representative LOI values for polymers are shown 

in Table 3.16. LOI values for dichloroethylidene containing polymers is shown in 

Table 3.17 for comparison. This method measures the amount of oxygen (percent) 
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Table 3.16 Limiting Oxygen Index (LOI) values for various commercially available 
polymers.'9_21 

Polymer                                                 Limiting Oxygen Index 
    ...  (LOI) 
Polycxymethylene 15.7 
Polyethylene 17.4 
Polypropylene 17.4 
Polystyrene 17.6-18.3 
Polymethylmethacrylate 17.4 
Polycarbonate 26-28 
Polyethyleneterephthalate 20 
Bisphenol A polysulfone 30 
Polyethersulfone 37-42 
Polyetheretherketone 35 
Polyarylsulfone 38 
Polybenzimidazole 41 
Polyvinylchloride 45-49 
Polyetherimide 47 
Polytetrafluoroethylene 95 

Table 3.17 Limiting Oxygen Index (LOI) values for polymers containing 
dichloroethylidene moiety (C=CC12).23'24 

Polymer Limiting Oxygen Index 
(LOI) 

Polycarbonate 56 
Polyarylate 46 
Brominated polyarylate 60 
Aromatic polyamide 57-60 
Polyimide 37 
Chlorinated polyimide 63 

needed to sustain combustion. The higher the LOI, the better the material is with respect 

to flammability. This test is convenient and easily reproducible. LOI values correlate 

well with other flammability parameters.22 The problem with LOI tests is that there is an 

unrealistically high concentration of oxygen and therefore it does not correlate well with 

performance under actual fire conditions. 

96 



LOI is only applicable to study the combustion behavior at ambient temperature.25 

In a real fire the material is typically at a much higher temperature when it catches fire. 

When the LOI is measured as a function of temperature, all of the LOI values decrease 

with increasing temperature. Values for pure polymers decrease gradually with 

temperature whereas polymers containing additive-type flame retardants decrease slowly 

to a certain temperature but then rapidly drop off as the flame retardant volatilizes or 

decomposes. 

Heat release rate is one of the most important parameters in determining a 

material's potential fire hazard.26 The smaller the heat release rate, the less the material 

contributes towards sustaining combustion. There are several tests for measuring this 

parameter, including the Factory Mutual calorimeter test, the Ohio State University 

(OSU) release rate apparatus and the cone calorimeter. Cone calorimetry calculates the 

heat release rate based on the oxygen consumption method.27 Using Thornton's rule 

T-i / ■ o        •     \ (3.8) q = E(m02-m02) 

the heat release rate, q , can be calculated based on the rate of oxygen consumed, where E 

is equal to 13.1 kJ/g 02 for most polymers. The OSU heat release apparatus measures the 

actual heat released from combustion by measuring the temperature of the exhaust 

gases.28 The Factory Mutual calorimeter allows for the measurement of flame spread as 

well as heat release and smoke generation. These types of tests are used extensively by 

the FAA and measured specifications and ratings are established using these methods. 

One other test that is commonly referred to in the literature is the UL-94 vertical 

flame test. This test has been described in detail along with specifications for 
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classification.29 This test applies a Bunsen burner flame to a specimen for ten-second 

exposure intervals. Usually five specimens are used with two ten-second intervals. If 

none of the specimens sustain a flame for longer than ten seconds after removal of the 

Bunsen burner, the material gets a V-0 rating. If none of the specimens sustain burning 

for longer than 30 seconds, then the materials gets a V-l rating. A V-2 rating is the same 

as a V-l rating except that the burning polymer drips and a cotton specimen, located 

below the sample, ignites. 

3.3.3 Microcalorimetry 

A pyrolysis-combustion flow calorimeter (PCFC) was developed by researchers at 

the FAA that allows for the measurement of combustion properties using only milligram 

quantities of sample. Other tests, such as the cone calorimeter require about 100 grams 

for one test whereas each test on in the PCFC requires only one milligram, therefore 

allowing for several replications with only small amounts of material being required. It is 

an ideal technique for measuring combustion properties of newly synthesized materials. 

The basis of the test is that the material is pyrolyzed at high temperatures under a 

nitrogen atmosphere. The pyrolysis gases are swept into a furnace where they are 

combined with enough oxygen to completely react all gases as shown in following 

equation. 

Fuel + xsC-2      ►      H2O + CO2 + O2 (3-9) 
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The carbon dioxide and water are scrubbed out of the exhaust and the amount of oxygen 

remaining is measured. The amount of oxygen is measured before and after the polymer 

is pyrolyzed (Figure 3.19). The peak heat release rate is determined using Thornton's 

Rule (Eq 3.8). The peak heat release, q , is normalized with respect to the heating rate, ß, 

and the sample mass, m, to give the peak heat release capacity, 

q 
rlc=~~^ (3.10) 

in units of J/g-K. The area under the heat release curve is integrated to give the total heat 

released during the decomposition. 

The FAA has shown that results from these tests correlate well with the medium- 

scale tests, such as the cone calorimeter. Results have also been corroborated by 

researchers here at the University of Massachusetts- Amherst, where the amount and 

nature of the decomposition products were determined using a TGA coupled to a 

GC/MS.30'31 By measuring the maximum rate of mass loss and calculating the heat of 

combustion of the products generated at this temperature, it was possible to determine the 

peak heat release capacity. 

3.4 Results From Microcalorimetry 

The combustion properties for the polymers described in Chapter 2 were 

measured using PCFC. Samples were heated at a rate of 4.3 °C/s from just below the 

decomposition temperature to 930 °C. Results are shown in Table 3.18. Bisphenol C 

polyarylates had some of the lowest peak heat release capacities measured. The blends 
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Figure 3.19 Schematic of the method for determining the combustion properties from 
PCFC. 

and copolymers of polyarylates were also measured by PCFC (Table 3.19). The results 

show similar trends to that of the enhanced char yields. Small amounts of bisphenol C 

polyarylate, poly-2, blended with bisphenol A polyarylate, poly-3, had the largest effect 

on reducing the peak heat release capacity (Figure 3.20). The addition of antimony oxide 

to poly-2 had a higher peak heat release capacity than the pure polymer. This can be 

attributed to the greater mass loss rate observed in the antimony oxide containing 
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Table 3.18 Results from PCFC experiments for bisphenol-C-containing materials and 
related polymers. 

Sample Peak Heat Total Heat Char Yield 
Release Release (%) 
Capacity (kJ/g) 
(J/R-K) 

poly-6 706 35.7 0.3 

poly-3 486 22.4 2.4 

poly-5 251 19.2 47 

DPE-BPC V 180 17.0 0 

poly-10 158 14.7 39 

BPCII 129 11.9 6 

poly-8 124 7.7 38 

poly-4 101 8.5 35 

poly-9 83 6.2 32 

poly-7 71 6.1 20 

poly-1 51 7.4 49 

poly-12 26 4.4 54 

poly-13 26 3.5 35 

poly-2 18 5.7 50 

poly-11 18 6.3 47 

polymer. For comparison, several values from PCFC are shown for commercial polymers 

(Table 3.20). 

A nonlinear relationship of the combustion properties with bisphenol C content in 

the blends and copolymers was observed. Peak heat release capacity values for the blends 

and copolymers were much closer than the values for total heat release. Nonlinear results 

have been reported for limiting oxygen index (LOI) studies of polycarbonate blends.24 

Copolymers and blends prepared by compression molding all showed a linear relationship 

between the LOI value and the content of bisphenol C. The LOI values for blends 

prepared by injection molding showed a plateau for blends containing above 25 % 

bisphenol C polycarbonate. 

101 



600 

*    500 
CD 

300 

'o    400 
03 
Q. 
03 
O 
d) 
v> 
03 

JD 
<D 

01 

03 
0) 
X 

1    100 
a. 

o 
D 

■ Blends 
• Copolymers 
a Blends 
o Copolymers 

■• 

—i 1 1 1 1 1 1 1   i   i   i 

0  10  20  30  40  50  60  70  80  90  100 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

-5s 
—i 
.*: 

0) 
w 
03 
O 
<D 

Ol 
■4-* 
03 
a) x 
"03 
O 

Weight Percent of Poly-2 

Figure 3.20 Peak heat release capacity and total heat release as a function of the weight 
percent of bisphenol C polyarylate, poly-2, in blends with bisphenol A polyarylate, 
poly-3. Solid symbols are peak heat release capacity values and open symbols are total 
heat release values. 
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Table 3.19 PCFC results for blends, copolymers and additives. 

Sample Deconvoluted Total Heat Char Yield 
Heat Release Released (%) 

Capacity (kJ/g) 
(J/g-K) 

poly-2 18 5.7 50 

95/5 19 5.4 52 

75/25 34 7.0 51 

50/50 87 9.7 44 

25/75 184 14.0 37 

5/95 413 18.1 28 

poly-3 460 19.4 25 

poly-14 29 5.5 43 

poly-15 31 8.3 50 

poly-16 103 11.9 41 

poly-17 175 14.6 36 

poly-18 430 22.4 25 

poly-2 18 5.7 50 

50/50 69 25.8 42 

bisphenol A 

poly-2 

polysulfone 327 16.3 28 

18 5.7 50 

50/50 170 10.0 44 

bisphenol A polycarbonate 390 21.2 21 

poly-2 + 20 wt% Sb203 28 5.2 39 

Table 3.20 PCFC results for commercially available polymers.31 

Polvmer Peak Heat Total Heat Char Yield 
Release Capacity Release (%) 

(J/g-K) (kJ/g) 

Polyethylene 1560 42.7 0 

Polypropylene 1313 44.3 0 

Polystyrene 1040 39.2 0 
Polyphenyleneoxide 458 20.8 24 

Polycarbonate 390 21.2 21 
Polyethyleneterephthalate 375 16.6 5 

Polyethersulfone 228 15.3 29 

Polyetheretherketone 155 12.4 47 

Polyetherimide 121 11.8 49 

Polyarylsulfone 115 13.5 43 
Polyetherketoneketone 96 8.7 61 
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3.5  Discussion 

Bisphenol C polymers have been shown to be some of the least combustible 

materials when studied using microcalorimetry. The exact reason for their exceptional 

flame resistance is not known but can be attributed to several factors, including low mass 

release rates, generation of noncombustible gases (HC1 and CO2), and high char yields. 

One interesting observation for bisphenol C polymers that is contrary to that expected of 

materials that might be flame resistant is the exothermic decomposition reaction that 

takes place. It has been proposed that the design of materials that decompose in an 

endothermic fashion will help slow down combustion by acting as thermal sinks.32 On 

the other hand, materials containing reactive groups, such as acetylene or BCBs, that 

undergo exothermic crosslinking reactions prior to decomposition, have been shown to 

have potential flame retardant applications because of their char enhancement.33-34 

The mechanism for bisphenol C polymer decomposition is not known. The fact 

that the peak in mass loss rate occurs at the same temperature as the maximum in the 

exothermic peak indicates that the two processes may be related. One possible 

mechanism is that the loss of HC1 leaves a highly reactive intermediate that undergoes an 

exothermic reaction. Another possible mechanism could be that an exothermic 

crosslinking reaction takes place through the double bonds generating enough heat to 

cause degradative weight loss. 

While crosslinking through the double bonds has been suggested, it has not been 

discussed in the context of occurring during the thermal decomposition.2-3 Crosslinking 

was reported for bisphenol C polycarbonate for samples that were heated for 4-8 hours at 

200-240 °C in air based on the fact that they became insoluble. The polymers were 
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reported to have minimal weight loss even at 260 °C for 200 hours. A reduction in the IR 

band at 980 cm"1 (C=CC12) was reported along with the formation a new band at 

1670 cm"1. This new band was attributed to the oxidation of the carbon-carbon double 

bond to a ketone. While a small amount of crosslinking may take place prior to 

decomposition it does not seem that this reaction would be the source of the exothermic 

decomposition. For the bisphenol C polycarbonate decomposed under nitrogen the band 

at 974 cm"1 (C=CC12) did not show a significant reduction even at temperatures up 

463 °C (peak of exotherm) although a new band at 1654 cm'1 appeared. This new band 

could be attributed to changes in substituents on the aromatic ring, such as from a 

rearrangement that is similar to that obtained from a photo-Fries type rearrangement,35 

which shows a similar change in the IR spectra for polyarylates.36 

l,l-Dichloro-2,2-diarylethylenes have been shown to undergo reactions to give 

acetylenes by a Fritsch-Buttenburg-Wiechall rearrangement.37 The mechanism is 

proposed to be the elimination of both chlorines by a strong base to yield the carbene 

followed by a 1,2-aryl migration although no evidence for the carbene formation was 

reported (Figure 3.21). The highly reactive carbene probably rapidly undergoes the 

rearrangement to the acetylene after the loss of chlorine. For the polymers, this reaction 

may take place by the loss chlorine atoms which then scavenge hydrogen from the 

polymer to give HC1. The acetylene formed can undergo an exothermic crosslinking 

reaction since the loss of chlorine occurs at high temperature. 

Vinyl bromides and chlorides have also been shown to undergo a photochemical 

reaction to yield an acetylene.38'39 A proposed mechanism is shown in Figure 3.22. A 

similar type of mechanism can be envisioned for a l,l-dihalo-2,2-diarylethylene. The 
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Figure 3.22 Proposed mechanism for the formation of acetylene from a vinyl halide.39 
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halide bond is cleaved to yield the radical intermediate, A, which then undergoes an 

electron transfer to give, B, followed a 1,2-phenyl migration. Intermediate C can undergo 

dehyrdohalogenation to yield the acetylene. Only the final products from the 

photochemical reactions were identified; no evidence for any of the intermediates was 

reported. 

Neither reaction described above has been shown to be thermally activated 

although both mechanisms seem feasible. For polymers prepared via interfacial 

polymerization techniques there is always a possibility of ionic impurities which might be 

able to activate this process. Thermally-initiated ionic intermediates have been proposed 

for decomposition pathway of poly(vinyl chloride).40 

The formation of HC1 was considered as a possible explanation for the exothermic 

heat evolved. The heat of formation of HC1 from hydrogen and chlorine is -22 kcal/mol 

(-92 kJ/mol). Since two moles of HC1 are formed for each repeat unit (307 g/mol) of 

polycarbonate, the heat of formation of HC1 is approximately 600 J/g based on the total 

polymer mass. Using the value of the heat of decomposition for bisphenol C 

polycarbonate of 350 J/g and assuming that the baseline is from an endothermic type 

decomposition (use 200 J/g from bisphenol A polycarbonate), the net heat of 

decomposition becomes 550 J/g. This value is very close to the value for the heat of 

formation of HC1 from the polymer (600 J/g). Also, if the formation of HC1 is the source 

of the exothermic reaction it would correspond to the simultaneous weight loss observed. 

From IR and Raman studies of the degraded polymers it was not possible to 

identify a mechanism. If crosslinking were the mechanism it would not necessarily lead 

to simultaneous weight loss. Also, a crosslinking reaction might be difficult due to steric 
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hindrance of the tetrasubstituted double bond. The degradation to yield an acetylene that 

undergoes an exothermic crosslinking reaction is possible although no spectroscopic 

evidence was obtained to confirm this as a possible mechanism. This could be due to the 

high reactivity of the intermediates. Bisphenol C monomer undergoes an exothermic 

reaction but at a substantially lower temperature than the polymers. This is thought to be 

in part due to the phenolic hydrogens playing a role in the decomposition. 

Due to the fact that during thermal decomposition there is almost no monomer 

produced and a reduced amount of phenol is generated when compared with other 

bisphenol A polymers, it might be assumed that the dichloroethylidene group (or the 

product from its degradation) causes an efficient charring reaction to occur. The study of 

blends of bisphenol C polyarylate, poly-2, with other bisphenol A based polymers shows 

that more bisphenol C monomer is generated during the degradation of these blends. The 

appearance of more bisphenol C at lower concentrations in the materials implicates the 

dichloroethylidene group in the charring reaction. The fact that there is more char 

generated for polyarylate blends than for the copolymers implies that there may be some 

effect due to the proximity of the reactive dichloroethylidene groups. The respective Tg's 

for the two polyarylate homopolymers are too close to determine whether there was any 

phase separation in the blends. The blends of poly-2 with bisphenol A polysulfone 

showed two glass transition temperatures in DSC thermograms indicating that these 

blends are phase separated. Poly-2 with bisphenol A polysulfone showed the greatest 

char yield enhancement whereas the addition of BPC (II) or DPE-BPC (V) did not have 

any effect on the char yield. These small molecules appear to well dispersed in the 

polymer since no melt transition was observed for either of the blends. 
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The generation of toxic products from the decomposition of halogenated materials 

is a major concern. It has been thought that the decomposition of dichloroethylidene 

(C=CC12) containing materials could generate phosgene from the oxidation of the double 

bond. Experiments were performed to test for the presence of phosgene by researchers at 

General Electric.41 Of the three samples tested, only one had positive results for trace 

amounts of phosgene (0.1 ppm). Pyrolysis-GC/MS showed no presence of phosgene in 

the decomposition products. The lack of phosgene could be because none is generated or 

that it is reactive or unstable and does not make it to the MS detector. A significant 

amount of HC1 was detected by pyrolysis-IR whereas no HC1 was detected during 

pyrolysis-GC/MS tests which is probably due to an interaction with the GC column. The 

toxicity of burn gases from bisphenol C polycarbonate (BPC-PC) materials on laboratory 

rats was reported in the literature.24 The products from the air pyrolysis of 85/15- 

BPC/BPA copolycarbonate were found to be less toxic than those from bisphenol A 

polycarbonate (BPA-PC) and fire-retarded ABS (20 % Cl as PVC). 

3.6 Conclusions and Recommendations 

Bisphenol-C-based polymers have exceptional fire-resistant properties, at least 

when measured by PCFC. The main drawback of these materials is that they are 

halogenated. While the high chlorine content imparts some of the fire resistance, other 

factors such as high char yield and the relatively slow decomposition rate play an 

important role. Determination of an exact mechanism for the charring reaction could aid 

in the design of new, non-halogenated polymers with similar fire-resistant properties. 
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3.7 Experimental Section 

Simultaneous thermogravimetry-differential scanning calorimetry (TGA-DSC) 

thermograms were obtained using a Rheometrics STA 1500. Data were obtained at a 

heating rate of 10 °C/min under a 50 cc/min flow of dry nitrogen. The samples were run 

in an open alumina crucible. Heat flow was calibrated using a sapphire standard and the 

temperature was calibrated using a two point calibration with lead and zinc as the 

standards. A positive peak corresponds to an exothermic reaction or transition. Heat 

flow data is reported as normalized to initial sample mass, unless otherwise noted. 

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) data was obtained 

using a CDS Analytical Pyroprobe 2000 with a CDS 1500 Valved Interface coupled to a 

Hewlett-Packard 5890 Series II Plus Gas Chromatograph/ 5972 Series Mass Selective 

Detector. The samples were heated in a quartz tube at 10 °C/ms to 1200 °C and then held 

for 30 seconds. The interface temperature and the GC inlet temperature were 280 °C. 

The initial temperature of the GC oven was 40 °C. The temperature was ramped at 10 

°C/min to 290 °C and then held. The helium flow rate was 1 mL/min. The GC column 

was a capillary column, HP5-MS (crosslinked 5% PH Me Siloxane; 30 m x .25 mm). 

Infrared data on solid char samples was obtained at Markem Corporation, Keene, 

NH, using a Matson Polaris FTIR coupled to a ATI Matson Quantum IR Microscope. 

Data was obtained in transmission mode on neat samples that were pressed between two 

diamond disks. The gas-phase IR data was obtained by Michael Ramirez at the FAA 

using a Nicolet Magna 500 FTIR. Samples were pyrolyzed using a CDS pyroprobe. 

Raman spectra were obtained using a Bruker FRA 106 FT-Raman spectrometer. ESCA 
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experiments were done using a Physical Electronics 5100 XPS. The results are from a 

75 ° take-off angle and the source was Mg X-rays. 

Pyrolysis-combustion flow calorimetry experiments were done at both the FAA 

and at the University of Massachusetts-Amherst. A description of the apparatus and the 

principles of use will be published in the near future.31 Data was obtained at a heating 

rate of 4.3 K/s to a final temperature of 930 °C. 

3.7.1 Materials 

The synthetic procedures for preparing polymers discussed in this section are 

given in Chapter 2. Structures for the polymers are shown in Appendix A. Commercially 

available polymers were obtained from the Aldrich Chemical Company. These include 

bisphenol A polycarbonate and bisphenol A polysulfone resin. 

3.7.1.1  Preparation of Blends 

Blends were prepared by dissolving appropriate amounts of each of the materials 

in methylene chloride or tetrahydrofuran. Solutions were cast onto glass microscope 

slides and then dried under vacuum at 70 °C for a minimum of 24 hours. 
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CHAPTER 4 

POLYCARBODIIMIDES: AN APPROACH TO LATENT FIRE- 

RETARDANT POLYMERS 

4.1 Introduction 

To address deficiencies in current additive-type flame retardants, we designed and 

studied polymers that have good mechanical properties throughout their lifetimes, but 

upon the application of thermal stress, decompose to monomeric flame retardants 

(Figure 4.1). We chose to study polycarbodiimides as prospective candidates because of 

their controlled decomposition back to monomer at temperatures in the range 150-200 °C 

(Figure 4.2). Additionally, the polycarbodiimide backbone contains no hydrogen and has 

a minimal carbon content (N/C ratio = 2) which efficiently reduces its potential 

heat 

Reinforcing 
Flame-Retardant 

Polymer 

Volatile Free 
Radcial Traps 

Figure 4.1 Schematic of latent polymeric fire-retardant mechanism. 
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Figure 4.2 Schematic of decomposition of polycarbodiimides. 

fuel content. The substituents targeted included inorganic rings (phosphazenes, 

siloxanes), organohalogens and stable free radical moieties. 

4.2 Results and Discussion 

4.2.1  Synthesis of Materials 

Polycarbodiimides with the structure 

.R 
N 

R' 

were first synthesized by Robinson via the anionic polymerization of carbodiimides.1 

However, materials prepared by this method were generally only oligomers. Subsequent 
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work has focused on transition-metal-catalyzed polymerization of carbodiimides to yield 

high-molecular-weight polymers.2"4 Goodwin et al. showed that a variety of 

carbodiimide monomers with various substituents could be polymerized using titanium 

catalysts. 

A general scheme for preparing polycarbodiimides is shown in Figure 4.3. The 

carbodiimide monomer is obtained in a two-step reaction. First an amine and an 

isocyanate are allowed to react to yield the corresponding urea. Using a procedure of 

Palamo, the carbodiimide is obtained by dehydrating the urea using bromotriphenyl- 

phosphonium bromide in methylene chloride.5 The carbodiimide monomer can then be 

polymerized using a titanium catalyst, either as a neat liquid or in solution. 

O 

R-NH2   +     RVc=0   "        %^N'R' 
H        H 

O R * 
%^N'R'  N=C=N 

H        H R' 

R^ Cl 
Wc=N 

0.Ti-N(CH3)2 R 

Cl N 

-TN-T, n 
R 

Figure 4.3 General scheme for synthesizing polycarbodiimides. 
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Attempts were made to prepare carbodiimides with phosphazene, chlorinated 

aromatic, fluorinated aliphatic and triazine side-chain substituents. Failure to prepare 

targeted monomers was due to a variety of problems including insolubility of the urea, 

stability of substituted amine or isocyanate and decomposition of urea during the 

dehydration reaction. 

A polycarbodiimide containing a stable free radical (poly-19) was synthesized. 

This polymer was prepared by methods described above for other polycarbodiimides. 

Electron spin resonance (ESR) spectroscopy was used to verify the presence of free 

radicals in the polymer (Figure 4.4). The ESR spectra for the TEMPO carbodiimide 

monomer is a triplet which is typical of the 2(N)+1 splitting pattern observed for TEMPO 

moieties. As expected, poly-19 showed the presence of free radicals although the line 

shape and splitting was different. This was attributed to interaction of free spins due to 

close proximity and/or retarded diffusional effects in the polymer system. 

N'°" 

^. n 
CH3 

poly-19 

The degradation behavior of poly-19 along with several other polycarbodiimides 

(Table 4.1) was studied using STA. GC/MS was used to identify the products from 

decomposition. These results are described in the following section. 
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Table 4.1 Other polycarbodiimides synthesized. 

R  Rl 

poly-20 
poly-21 (copolymer) 

poly-22 
poly-23  

methylbenzyl methyl 
TEMPO & methyl 

methylbenzyl 
pentafluorophenyl w-hexyl 

w-hexyl w-hexyl 

4.2.2 Thermal and Mechanical Properties 

For all of the polycarbodiimides studied, none of them showed any glass transition 

or melting prior to decomposition. It was possible to form transparent free standing films 

from poly-20 by spin coating glass plates with a polymer solution. Once all of the solvent 

was removed, the film was easily removed from the glass substrate. For poly-22, the film 

was a waxy substance once all of the solvent was removed. It was not possible to prepare 

films from this polymer. 

Preliminary mechanical properties were obtained for poly-20 on the films 

prepared. The film tested was approximately 30 microns in thickness. Sample specimens 

were prepared of length 4 cm and width 1 cm. The samples were brittle with less than 2 

% elongation at break. The tensile strength and the modulus were found to be 39 ± 3 

MPa and 2.7 ± 0.1 GPa, respectively. 

4.2.3 Decomposition Behavior of Polycarbodiimides 

The degradation behavior of polycarbodiimides was studied using STA. The two 

TEMPO-containing polymers degraded in an exothermic fashion whereas the other three 

polymers degraded endothermically. The initial degradative weight loss was very rapid 

119 



J 

•'   /\ 

/  I / 
1 «        ' / 

B 
/   \ 

/       'i 
/ 

i 

/ 

Figure 4.4 ESR spectra for TEMPO containing materials. (A) Monomer IX   (B) 
Poly-19. 
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for poly-19. The peak mass loss rate for poly-19 was nearly three times faster than the 

other polymers that decomposed endothermically. The decomposition of poly-21, the 

copolymer, had a two stage decomposition with the first stage being exothermic and the 

second stage being mildly endothermic. The highest onset of decomposition observed for 

the polycarbodiimides was 200 °C. All of the polymers that decomposed endothermically 

showed 100 % weight loss. The two TEMPO-containing polymers had small char yields 

of only a fcvv weight percent. 

Table 4.2 Summary of STA results for polycarbodiimides. 

Heat of Temperature Onset of Temperature at       Maximum 
Decomposition      at Peak in      Decompositio        Maximum in Rate of Mass 

(J/g)a            DSC Trace               n                Weight Loss Loss 
(°C) TO       (°C) (%/s) 

Poly-19 +930 196 193 195 0.95 
Poly-20 -470 218 183 217 0.35 
Poly-21 +554 — 183 
Poly-22 -450 221 176 224 0.31 
Poly-23 - 353 231 200 239 039_ 

1A (+) sign indicates an exothermic transition and a (-) indicates an endothermic transition. 

Robinson reported the polycarbodiimides degraded cleanly to yield carbodiimide 

small molecules.1 This observation was also reported by Goodwin.3 For a polymer 

where R = R' or where the monomer was inserted into the polymer with regiospecific 

preference, only the original monomer is generated during the decomposition as shown in 

the following equation 
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„R     XR     ,R     XR     .R     „R 
N N        N N        N        N heat R 

^     N^     N\    N        N    /N    jf  N > 
I    a    i   a    i !    D   |    b   i K 
R'       R'       R'       R'       R'       R' 

An "PI NMR spectra of the resulting degradation products was identical to that of the 

starting monomer, for the poly(di-«-hexyl)carbodiimide. For the decomposition of 

poly-20, only the original polymer was observed indicating a regiospecific polymer. In 

some cases, where the substituents were not the same, the degradation products were a 

mixture of metathesis products (i.e., carbodiimides resulting from the exchange of the 

carbodiimide substituents) as seen in Eq. 4.2. For random copolymers, where the 

• R     . R     ^ R. 

R 

Yl=C = N 
R' 

+ 
N N N/N//NWN     / heat R 

X X M Ml Ml XL    -    W=N (4.2) 
I I     /    I    // I    // I      / I R 

R      R   .   ....    ....    ...    •• 

R\ 
N=C = N 

R' 

monomers are inserted in a noaregiospecific manner, many products could be envisioned 

from metathesis products of er.ch of the monomers to cross-products containing 

substituents from both monomers (Eq. 4.3). 

122 



^A      .A' ^B      ^A      ^B ^B 
N N N N N N 

I       I I       I       I I 
A1       A B'        A'        B' B' 

(4.3) heat 

\ A, Bx A* A\ 
*N=C=N *N=C=N N=C=N N=G=N N=C=N, 

'%• \ 'B 'B B' 

B A; B; A A; 

N=C=N        N=C=N        N=C=N N=C=N        N=C=N 

'"B' \' B' B< -B 

In the previous discussion, the decomposition of the polycarbodiimide is assumed 

to occur by a homolytic cleavage of the backbone bond followed by subsequent unzipping 

via a radical process. The decomposition of the polycarbodiimides at temperatures 

around 180 °C would be consistent with an activation energy of about 35 kcal/mol.6 This 

activation energy is significantly lower than that calculated for the C-N backbone bond 

(67-86 kcal/mol, depending on substituents). A concerted mechanism for decomposition 

was proposed. The C-N backbone bond had a calculated activation energy of 33.2 

kcal/mol for the concerted decomposition mechanism which is more consistent with the 

actual measured decomposition temperature. 

Whether the decomposition occurs through an unzipping process or a concerted 

reaction, large amounts of monomer will be generated. Also, metathesis products can be 

formed by the concerted mechanism for copolymers and nonregiospecific polymers. 

Here polycarbodiimides in solution were injected directly into a GC/MS. Since 

the injection port was hotter than the temperature of degradative weight loss, it was 
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^, R       -,F\        . R        , R      ^f\       ., R 
N        N        N'v^N'V^N        N 

i      i      i 
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^R      ^R 
N N 

I I 
R'        R' R' 

II 
C + 
ll 

,N 
R ,< 

.A R 

(4.4) 

possible to analyze the products. For poly-20, the only product was N-methyl-N'- 

methylbenzyl-carbodiimide; the original monomer (Figure 4.5). The corresponding MS 

was identical to that of the starting monomer. This observation is also true for poly-22 

and poly-23. 

Since the TEMPO containing polymers did not show 100 % weight loss, the 

polymers were heated at 300 °C in a sublimator under vacuum. The decomposition 

products were collected on the cold finger (-78 °C) and then dissolved in ether. The GC 

trace for the poly-20 contains several components. The original monomer is one of the 

main components. For the copolymer, poly-21, both of the original monomers were 

identified as decomposition products. The other products generated during the 

decomposition were not able to be identified. These products did not correspond to 

metathesis products that can be formed from copolymer decomposition. This result is 
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Figure 4.5 A GC trace of products from the decomposition of N-methyl-N'- 
methylbenzyl-polycarbodiimide(poly-20). 
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Figure 4.6 GC trace of products from the decomposition of N-methyl-N'-TEMPO- 
polycarbodiimide (poly-19). The polymer was decomposed in a sublimator under high 
vacuum and the products were collected on the cold finger at -78 °C. 
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probably due to the fact that for both monomers one of the substituents is a methyl group 

that is much smaller than either the TEMPO or methylbenzyl substituent. Therefore, as 

was reported previously, both monomers may insert in a regiospecific fashion and 

therefore no metathesis or cross-products would be observed. 

4.2.4 Liquid Crystallinity of Polycarbodiimides 

Polycarbodiimides were found to have long persistence lengths, 400 A.7 These 

rigid-rod molecules were also found to exhibit lyotropic liquid crystalline (LC) behavior 

in a variety of solvents including toluene, chloroform and THF (Figure 4.7 and 

Figure 4.8). The polymer solutions formed nematic LC phases as evidenced by the 

formation of birefringence patterns. The viscous polymer solutions were pressed between 

two microscope cover slips. The samples then required a small amount of heating, 40- 

60 °C, in order to observe birefringence. The concentration at which liquid crystalline 

behavior was observed depended on the molecular weight of the sample. The exact 

molecular weight of polycarbodiimides is uncertain because of interactions with the GPC 

column but approximate molecular weights were determined using GPC-light scattering. 

The image shown in Figure 4.7 for poly-20 at concentration of 20 wt% in chloroform. 

The molecular weight of this sample is on the order of 250,000 g/mol. For the same 

polymer with at molecular weight of 750,000 g/mol no birefringence was observed. 

Concentrations above 8 wt% of the higher molecular weight polycarbodiimide were 

gelled thus preventing further studies. 
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Figure 4.7 Polarized optical micrograph of poly-20 in chloroform (20 wt%) at 40 °C 
(magnification = 380x). 
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Figure 4.8 Polarized optical micrograph of poly-23 in chloroform (20 wt%) at 40 °C 
(magnification = 380x). 
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4.2.5 Microcalorimetry Results 

Peak heat release capacity for poly-19 and poly-20 were measured using PCFC 

(described in Chapter 3). The exact numbers cannot be directly compared with values 

reported in Chapter 3. The reason is that these polymers were tested when the technique 

was first being developed and lower pyrolysis temperatures and a different heating history 

were used when compared with current methods. Values obtained from PCFC for 

polycarbodiimides, poly-19 and poly-20, along with a few other polymers are shown in 

Table 4.3. 

Table 4.3 PCFC results for polycarbodiimides and other commercial polymers. 

Polymer Peak Heat Release Capacity 
(J/g-K) 

Polyethylene 622 
Polymethylmethacrylate 281 
Poly-20 246 
Poly(ethylene terephthalate) 223 
Poly-19 181 
Polyphenylenesulfide 177 
Polyetheretherketone 72 
Polyimide 17 

Due to the exothermic decomposition and the much more rapid weight loss, it 

might be expected the poly-19 would perform worse than poly-20. For these polymers, 

this expectation was not found to be the case. When comparing poly-19 with poly-20, the 

TEMPO-containing polymer the measured peak heat release capacity was decreased by 

25 %. The reason for this modest reduction could be due to the small amount of char that 

is formed. 
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4.3 Conclusions 

While neither of the polymers tested have sufficient properties to be considered 

flame retardant, it was interesting to find that the TEMPO-containing polycarbodiimide 

had a reduced peak heat release capacity. This reduction was unexpected considering that 

this polymer decomposed much more rapidly and in an exothermic manner. 

The decomposition temperature appears to have some relation to the nature of the 

substituents. It is not evident whether the difference in decomposition temperatures is 

due to steric or electronic contributions. The fluorinated polycarbodiimide had the 

highest decomposition temperature even though it had two bulky substituents on both 

nitrogens. 

4.4 Experimental 

4.4.1  General Section 

All materials were obtained from commercial suppliers and used as received 

unless otherwise noted. Titanium catalyst, bischloro-ri5-cyclopentadienyl-dimethylamido 

titanium(IV), (TiCpCl2N(CH3)2) was prepared according to literature procedures.8 

N-hexyl-N'-pentafluoro-polycarbodiimide (poly-24) was supplied by Dave Schlitzer at 

the University of Massachusetts-Amherst. Triphenylphosphine was recrystallized from 

hexane and stored under argon prior to use. Methylene chloride was dried with 4 Ä 

molecular sieves. Toluene for polymerizations was dry and oxygen-free using a process 

described by Pangborn et al.9 Chloroform for polymerizations was vacuum transferred 

from calcium hydride. Polymerizations were carried out in a MBraun Labmaster dry box 

under nitrogen atmosphere. Infrared spectra were recorded on a Perkin Elmer 1600 
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Series Fourier transform infrared spectrometer. GC/MS spectra were obtained using a 

Hewlett Packard 5890 Series II Plus gas Chromatograph adapted with a Hewlett Packard 

5972 Series Mass Selective Detector. Elemental analyses were performed on a Control 

Equipment Model 2XA elemental analyzer at the Microanalytical Laboratory Research 

Services, University of Massachusetts, Amherst, MA. 

4.4.2  Monomer Synthesis 

N-methyl-N'-(a-phenylethyl)urea (XI). a-Phenylethylamine (21.9 mL, 

0.17 mol) and chloroform (200 mL) were added to a round bottom flask that contained a 

magnetic stir bar. The flask was cooled with an ice bath and then a solution of 

methylisocyanate (10 mL, 0.17 mol) in chloroform (15 mL) was added dropwise to the 

stirring amine solution. The mixture was stirred for 1 hour and the ice bath was then 

removed and stirring was continued for 1 hour. The chloroform was removed under 

reduced pressure and the resulting oily liquid solidified upon standing (yield = 29.9 g, 

99 %). 'H NMR (J6-acetone): 7.32 (m, 5H), 5.90 (br s, 1H), 5.37 (br s, 1H), 4.87 (m, 

lH),2.63(d,3H), 1.37 (d,3H). 

N-Methyl-N'-(a-phenylethyl)carbodiimide (XII). Carbodiimide XII was 

synthesized following a slight modification of literature procedures.4'5 Triphenyl- 

phosphine (47.7 g, 182 mmol) was dissolved in 250 mL of methylene chloride and the 

reaction flask was cooled with an ice bath. Bromine (9.4 mL, 183 mmol) was diluted to 

25 mL with methylene chloride and the resulting solution was added dropwise to the flask 

during which time a white precipitate formed in the solution. The solution was allowed 

to stir for 30 minutes and then triethylamine (55.7 mL, 400 mmol) was added to the flask. 
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Urea XI (20.2 g, 182 mmol) was added in several steps over a period of 45 minutes. One 

hour after the final addition of the urea, the reaction mixture was washed with water (3 x 

250 mL). The organic layer was dried with magnesium sulfate and the methylene 

chloride was removed under reduced pressure. The residue was extracted with hexane. 

Removal of the hexane under reduced pressure yielded an oily liquid. Carbodiimide XII 

was purified by distillation under reduced pressure (40-42 °C/0.1 torr) and isolated as a 

clear, colo^ss liquid. Yield: 10.9 g (60 %) 'H NMR (CDC13): 7.34 (m, 5H), 4.63 (q, 

1H), 2.90 (s,3H), 1.47 (d,3H). 

N-Methyl-N'-TEMPO-Urea (XIII). 4-Amino-TEMPO (0.815 g, 4.8 mmol) was 

dissolved in chloroform (1 mL) and the resulting solution was cooled using an ice bath. 

Methyl isocyanate (0.280 mL, 4.8 mmol) was added dropwise to the rapidly stirring 

amine solution and the reaction was allowed to stir at room temperature for 8 hours. The 

chloroform was removed under reduced pressure to yield after recrystallization from 

DME the expected urea. IR (neat): 3405 (s), 3315 (s), 2978 (m), 2932 (m), 1635 (s), 

1570 (s), 1458 (m), 1442 (m), 1365 (m), 1307 (s), 1241 (s), 1178 (m), 1086 (w), 

1070 (w), 976 (w), 897 (w), 772 (w), 624 (m), 560 (w), 521 (w) cm"1. Anal. Calcd for 

C11H22N3O2: C, 57.87; H, 9.71; N, 18.40. Found: C, 57.67; H, 9.70; N, 18.40. 

N-Methyl-N'-TEMPO-Carbodiimide (XIV). Carbodiimide XIV was 

synthesized using a procedure similar to that described for carbodiimide XII. The 

quantities of reagents employed were 1.9 g (72 mmol) of triphenylphosphine, 0.37 mL 

(72 mmol) of bromine, 2.2 mL (159 mmol) of triethylamine, 10 mL methylene chloride, 

1.1 g (4.7 mmol) of crude urea XIII and 30 mL of hexanes. The resulting carbodiimide 

was purified by vacuum sublimation at 50 °C/0.01 torr to yield an orange solid (yield = 
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0.25 g, 25 %). IR (KBr pellet): 2975 (m), 2934 (m), 2135 (s), 1686 (w), 1466 (m), 

1365 (m), 1349 (m), 1244 (m), 1177 (m), 1010 (w), 986 (w), 963 (w), 696 (m), 620 (m), 

566 (m) cm"1. Anal. Calcd for Ci|H2oN3Oi: C, 62.83; H, 9.59; N, 19.98. Found: C, 

63.16; H, 9.38; N, 19.50.   MS (m/z+) = 210. 

N,N'-di-/i-hexyl urea (XV). Urea XV was prepared by the same procedure 

described for urea XI. The quantities of reagents used were 15.9 mL (0.120 mol) of 

hexylamine, 17.5 mL (0.120 mol) of hexylisocyanate and 200 mL of chloroform. Yield = 

26.8 g (98 %). 

N,N'-di-/i-hexyl carbodiimide (XVI).   Carbodiimide XVI was synthesized 

using a procedure similar to that described for carbodiimide XII. The quantities of 

"reagents employed were 34 g (0.13 mol) of triphenylphosphine, 6.75 mL (0.13 mol) of 

bromine, 40.3 mL (0.29 mol) of triethylamine, 200 mL methylene chloride, 20 g (0.088 

mol) of crude urea XV and 100 mL of hexanes. Carbodiimide product was distilled 

under vacuum at 65 °C/100 mtorr. Yield = 13 g (70 %). 

4.4.3  Polymer Synthesis 

Poly(N-methyI-N'-TEMPO)carbodiimide(poIy-19). In a dry box, 

carbodiimide XIV (0.079 g, 0.37 mmol) and chloroform (150 uL) were added to a vial 

containing a stir bar. A catalyst solution of TiCpCl2N(CH3)2 (2.6 mg, 0.011 mmol) in 

toluene (0.500 mL) was prepared. Using a syringe, 55 uL of the catalyst solution was 

transferred to the vial. The polymerization solution was allowed to stir in the dry box 

until solidified (overnight). The vial was then removed from the dry box and the polymer 
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was dissolved in chloroform, precipitated in methanol, filtered and dried (yield - 

69.5 mg, 87 %). 

Poly(N-methyl-N'-phenylethyl)carbodiimide (poly-21). In a dry box, 

carbodiimide XII (0.75 g, 0.0042 mol) and TiCpCl2N(CH3)2 (3.3 mg, 1.4 mmol) were 

added to a vial containing a stir bar. After stirring for about 5 min, the polymerization 

solution became too viscous to stir. The polymer was dissolved in toluene and then 

precipitated in methanol, filtered and dried. The isolated polymer was lyophilized from 

benzene. 

Copolymer from N-methyl-N'-phenylethyl-carbodiimide (VII) and N-methyl- 

N'-TEMPO-carbodiimide (IX) (poIy-22). Poly-22 was prepared by a similar procedure 

to that described for poly-20. The amounts of reagents used were 34.6 mg (0.165 mmol) 

of XIV, 26.3 mg (0.164 mmol) of XII, 200 uL of toluene, and 22 uL of catalyst solution 

(17.3 mg in 1 mL toluene). Yield = 46.3 mg (76 %). 

Poly(N,N'-di-«-hexyl)carbodiimide (poly-23). Poly-23 was prepared by a 

similar procedure to that described for poly-21 except using carbodiimide XVI as the 

monomer. 
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CHAPTER 5 

SUMMARY AND RECOMMENDATIONS 

5.1  Overall Summary 

In Chapter 1 the difficulty of obtaining fire-resistant polymeric materials was 

described. The problem lies in the fact that all organic polymers will burn when 

sufficient heat and oxygen is supplied. Therefore, the dilemma lies in developing and 

using materials to meet the potential risk. The problem is compounded for applications 

with limited egress, such as airplanes, submarines and subways. For aircraft applications, 

there is the additional issue of potentially large fires from the massive amounts of 

extremely flammable jet fuel. 

For aircraft applications, the heat release rate of the interior materials is related to 

the escape time.1 The more time for escape, the greater potential for lives saved. The 

Federal Aviation Administration has set a goal to develop materials with an order-of- 

magnitude reduction in the peak heat release rate of all materials used in aircraft 

interiors.1 This goal includes a 50 % reduction in the heat release rate of cabin materials 

by the year 2005 and materials with zero heat release rate by 2018. The use of ultra-fire- 

resistant materials will provide a minimum of 10 minutes for passenger escape. Tn order 

to obtain this goal, the development of new materials as well as a detailed understanding 

of the physical properties and characteristics that contribute to a fire are required. The 

toxicity of the decomposition and combustion gases is also of great concern. Finally, the 
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processability and the cost of the new materials must be reasonable in order for their use 

to be considered. 

In Chapter 2, the synthesis of the bisphenol-C-based polymers was discussed. As 

can be seen from the literature as well as the polymers described here, the bisphenol C 

monomer can easily be incorporated into thermoplastic materials. High-molecular-weight 

polymers were prepared using interfacial polymerization techniques. Transparent films of 

these polymers could be obtained from solution casting. The polyarylates based on 

bisphenol C had high glass transition temperatures (>200 °C). Some but not all of the 

bisphenol C polyarylates showed flow above their glass transition temperature. Aliphatic 

polyesters based on bisphenol C had much lower glass transition temperatures. These 

materials exhibited flow above their glass transition temperatures. 

Important parameters contributing to the combustion of polymers include the 

nature of the decomposition products, the rate at which these products are released (mass 

loss rate) and how much mass is released (related to char yield). These parameters were 

investigated for bisphenol-C-based polymers and related materials and the results were 

reported in Chapter 3. From thermogravimetry analysis (TGA) results, it was found that 

the peak in the rate of mass loss was less and the char yields were greater for bisphenol C 

polyarylates when compared with corresponding bisphenol A polyarylates. Using 

simultaneous-TGA/DSC (STA), the heat of decomposition for bisphenol C materials was 

found to always occur in an exothermic manner. This result is in contrast to most 

polymers which decompose endothermically under inert conditions. 

The char from bisphenol C polycarbonates at various stages during decomposition 

was analyzed using FT-IR, FT-Raman and Elemental Spectroscopy for Chemical 
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Analysis (ESCA). These methods yielded little information on the decomposition 

behavior of the polymers. Pyrolysis-GC/MS and pyrolysis-IR gave some of the most 

valuable information on the decomposition behavior of bisphenol C polymers. The 

presence of HC1 in the decomposition products was shown using pyrolysis-IR while it 

was not detected in GC/MS, most likely due to an interaction with the column. The use 

of pyrolysis-GC/MS allowed for the identification and a qualitative comparison of the 

relative amour .3 of each of the products generated. As mentioned previously, the 

generation of highly toxic gases is a concern. Neither pyrolysis technique detected the 

presence of phosgene, which is a possible product from the decomposition of 

bisphenol-C-based materials.2 

The effects of blending of bisphenol-C-based materials with other polymers was 

also studied. For the polymer blends, the addition of bisphenol C polyarylate had a 

enhancement in the char yield above that of what would be expected on a purely additive 

basis. The enhancement was not the same for all polymer blends with the greatest effect 

occurring m blends with bisphenol A polysulfone. The enhancement was found to occur 

at all compositions even down to 5 wt% loading. Small-molecule bisphenol C materials 

showed no enhancement in the char yield when blended with bisphenol A polysulfone. 

The combustion properties for these materials were measured using a technique 

■ developed by researchers at the Federal Aviation Administration. Pyrolysis-Combustion 

Flow Calorimetry (PCFC) allowed for the determination of important combustion 

parameters, peak heat release capacity and total heat release, on small quantities of 

samples prepared in our laboratory. The peak heat release capacity for bisphenol C 

polyarylate was one of the lowest values measured at 18 J/g-K. Bisphenol-C-based 
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materials always had lower peak heat release capacities than related bisphenol A 

polymers. For the polyarylates, the peak heat release capacity was reduced from 

420 J/g-K for the bisphenol A polymer to 18 J/g-K for the bisphenol C polymer. The 

much improved combustion properties of bisphenol C materials when compared with 

similar bisphenol A polymers can be attributed to several factors including increased char 

yields, decreased amounts of organic material generated (relative to amount of carbon 

dioxide generated), the larger amounts of non-combustible gases generated (HC1 and 

carbon dioxide) and a reduction in the peak mass loss rate. The trend in the enhancement 

in the char yield was also found to occur in the peak heat release rate with the addition of 

bisphenol C moiety, as either polymer blends or co-monomer, having a much greater 

effect than a purely additive one. The nonlinear reduction in the peak heat release 

capacity can be attributed to the observed char enhancement and also the reduction in the 

peak mass loss rate. 

The goal of the second project was to investigate the possible use of 

polycarbodiimides to generate flame retardants at elevated temperatures. As described in 

Chapter 4, this idea was not truly explored due to difficulties in synthesizing such 

polymers. The main observation that came about studying these materials was that the 

decomposition of a polymer could be exothermic and still have lower fiammability 

measures, at least for the combustion test used. (This result was also observed latter for 

bisphenol-C-based polymers). Also, the substitution of a TEMPO stable free radical as a 

side chain on the polycarbodiimide showed a reduction in the peak heat release capacity. 
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5.2 Future Recommendations 

While several bisphenol-C-based polymers were prepared and studied, a variety of 

other polymers could be prepared for comparison. The ester and carbonate groups seem 

to be weak links in the polymer backbone. This conclusion is based on the large amount 

of carbon dioxide generated during decomposition. Bisphenol-C-based polymers 

containing other functionalities, such as ether linkages, might lead to more thermally- 

stable materials with higher char yields and reduced flammability. Thermoplastic 

processing of bisphenol C polycarbonates has been demonstrated in the literature3 but 

processing characteristics of bisphenol C polyarylates should be investigated. 

Pyrolysis-GC/MS and PCFC were found to be valuable techniques in evaluating 

the small amounts of materials synthesized in the laboratory. Pyrolysis-GC/MS 

experiments were all performed at one heating rate and final temperature. This technique 

could be further developed to study the decomposition behavior of these materials as well 

as other polymers by pyrolyzing at various temperatures and heating rates and sampling at 

various stages during the decomposition. Also, the amounts of each product generated 

was based on the relative peak area. A more quantitative evaluation, either by 

approximation of fragmentation or by using a flame-ionization detector (FID), could give 

more detailed information on possible decomposition pathways. 

Bisphenol-C-based polymers had some of the lowest peak heat release capacities 

measured by PCFC. The number of halogenated polymers for comparison is limited. In 

order to baseline these materials and determine a correlation with other medium-scale 

tests, additional halogenated polymers, with known flammability properties, need to be 

tested. Additionally, all of the materials tested and reported in the literature were of pure 
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polymers.4 The effect of antimony oxide on the combustion properties of bisphenol C 

polyarylate was explored. The peak heat release capacity was greater for the polymer 

with antimony oxide which was attributed to an increase in the peak mass loss rate. 

Whether this result is real or an artifact of the test procedure is not known. PCFC 

experiments need to be performed on flame-retarded polymers for which flammability 

properties have been measured using other techniques. These experiments are needed to 

determine the validity of the PCFC test for the evaluation of additive-type flame- 

retardants in polymers. 

A reduction in the combustion property, peak heat release capacity, can be 

attributed to several characteristics, such as char yield, peak mass loss rate and 

composition of decomposition products.   Although the nature of decomposition 

(exothermic versus endothermic) was found not to have a large effect, the relative 

importance of the other characteristics still needs to be determined. While all of these 

parameters are important, it might be found that one characteristic has the greatest 

influence on reducing the flammability. Further studies on other materials could possibly 

lead to determining trends and levels of influence of the various polymer characteristics. 

While blends with bisphenol C polyarylate were found to have enhanced char 

yields and reduced flammability properties, the mechanism for this observation has not 

been identified. The degree of enhancement in char appears to be related to the 

miscibility of the materials. Further investigation on the effect of miscibility of polymer 

blends on their interaction during decomposition would be interesting and could help in 

designing other flame-retardant polymer blend systems. Along these lines, the study of 

other blends, even those that do not include flame-retardant polymers, and their effects on 
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thermogravimetry and PCFC results could yield valuable information on what parameters 

contribute most to improved properties. For example, it might be found that the peak 

heat release rate could be decreased for blends where the two materials have peak mass 

loss rates at occurring different temperatures. This reduction would be akin to a simple 

dilution mechanism by a spreading out the temperature region where decomposition is 

occurring. 

The presence of chlorine in these polymers is their biggest drawback, especially 

with many countries mandating a reduction in the use of halogenated materials because of 

concerns over post-consumer recyclability, generation of toxic products during 

incineration and landfilling. While materials used in aircraft are not considered 

disposable goods, there is still a concern over waste products during synthesis and toxic 

decomposition products. An investigation into other atoms/functional groups that could 

replace the chorines but still have the same decomposition mechanism could be done. 

Synthesis of variations of the bisphenol could also give insights into the decomposition 

mechanism. 
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APPENDIX A 

POLYMER STRUCTURES OF BISPHENOL-BASED POLYMERS 

Table A.l List of polymer structures. 
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APPENDIX B 

ATTEMPTED SYNTHESIS OF BISPHENOL C RELATED COMPOUNDS 

The reaction of bromal (1,1,1-tribromoacetaldehyde) with aromatic compounds 

has been reported in the literature.1'2 Chlorobenzene, bromobenzene and anisole have all 

been reacted with bromal to form the related 1,1,1-tribromoethanes. The compound from 

the reaction of bromobenzene with bromal was reported to undergo decomposition by the 

elimination of hydrogen bromide. 

An attempt was made to synthesis tribromide V by the same procedure described 

above for the bisphenol C using sulfuric acid in glacial acetic acid (Figure B.l). The 

product from this reaction did not precipitate from the acid solution as with the 

trichloride. 

CBr3 

CBr3"      H 

Biv    .Br 

VI 

Figure B.l Schematic of proposed route to l,l-dibromoethylidene-2,2-bisphenol (VI). 
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The reaction solution became a dark purple and very viscous. The resulting product, once 

precipitated in water, was a purple taffy-like substance and had a strong odor of bromal. 

Cristol et al. reported that the use of acetic acid results in the diacetate of bromal 

hydrate.2 The use of methylene chloride as a solvent has been reported in literature for 

the condensation of trihaloacetaldehydes with aromatics.3 The use of methylene chloride 

as the solvent also yielded a taffy-like product. One possible side reaction could be the 

substitution at another position on the aromatic ring. The use of an excess of phenol 

yielded a product that was solid but the product could not be isolated from the phenol. 

In addition to chloral, chloroacetaldyde (Vila) and dichloroacetaldehyde (VHIb) 

have been reported to undergo condensation reactions with aromatic compounds in the 

same manner as chloral to form monochloride and dichloride products, respectively 

(Figure B.2).4"6 The dehydrohalogenation of the dichloride Villa (where Y = OCH3, 

CH3, H, F, Cl, Br) to yield a vinylidene chloride IXa has been described in the literature.7 

For the case where Y = OH, researchers found that the attempted dehydrochlorinatioh of 

the dichloride with potassium hydroxide in ethanol yielded a chlorine-free product.4 The 

structure of the product was identified as the diethylacetal of bis(p-hydroxyphenyl)- 

acetaldehyde, X. 

EtCL   ^OEt 

HO      ^ ^      OH 
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o 

A. * 
Y 

CXCIH H 

Vila X = H 
Vllb X = CI 

H+ 

H 

\^ 
Y Y 

Villa X=H 
Vlllb X = CI 

B" 

-HCI 

H. 

Y 

IXa X = H 
IXb X = Cl 

Figure B.2 Reaction scheme for formation of ethylene and vinylidene chlorides by 
dehydrohalogenation of chlorinated ethanes. 

The diethyl acetal of chloroacetaldehyde was allowed to react with phenol to give 

the desired product III in 50 % yield with the remaining product being a sticky pink solid 

(Eq. B.l). Attempts to dehydrochlorinate III generally led to multiple products that did 

(B.l) 

III 
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not include the desired product. For the dehydrohalogenation using LiCl in DMF, 

dihydroxystilbene was the main product obtained in about 50 % yield (Figure B.3). 

When KOH in water was used to dehydrochlorinate III at 50 °C, a small amount of the 

stilbene IV was also isolated. 

HL   .H 

IV 

Figure B.3 Dehydrohalogenation of monochloride. 
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APPENDIX C 

SIMULTANEOUS-TGA/DSC THERMOGRAMS FOR BISPHENOL BASED 

MATERIALS 
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Figure C.l Simultaneous-TGA/DSC results for bispheno! C-succinyl polyester (poly-4). 
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Figure C.2 Simultaneous-TGA/DSC results for bisphenol C-brominated polyarylate 
(poly-13). 
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APPENDIX D 

GC TRACES FROM PYROLYSIS EXPERIMENTS FOR BISPHENOL BASED 

MATERIALS 
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Figure D.l GC trace of products from the decomposition of bisphenol A polyarylate 
(poly-3). 
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Figure D.2 GC trace of products from the decomposition of poly-8 (polyarylate from 
tetrachlorobisphenol A). 
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Figure D.3 GC trace of products from the pyrolysis of poly-1 (bisphenol C 
polycarbonate). 
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APPENDIX E 

STA THERMOGRAMS OF POLYCARBODIIMIDES 
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Figure E.l Simultaneous-TGA/DSC thermogram for poly(N-methyl-N'-TEMPO)- 
carbodiimide (poly-19). 
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Figure E.2 Simmteneous-TGA/DSC thermogram for poIy(N-methyl-N'-methylbenzyl)- 
caitaffimMe, (po%-20);.. 

163 



10 

O) 

as 
o 
I 

Weight Change 
Heat Flow 

^. 

120 

100 

80  ;£ 
o 
U) 
c 
TO 

60  g 

40 

- 20 

100 200 300 

Temperature (°C) 

400 
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Abstract

Introduction

Routes to 
Low Temperature 

Cure Coatings

An active area of technology development at Resolution Performance Products LLC (RPPLLC)
is the design of improved epoxy/amine binder systems for low temperature cure coatings.
Low temperature cure epoxy coatings allow applicators to extend the painting season and
to increase scheduling flexibility because coating application can continue when the tem-
perature falls below 50 °F. This paper begins with a basic overview of the curing agent
technologies used for low temperature applications. The performance of several commercial
low temperature curatives with standard liquid epoxy resin are studied in this work. Differential
scanning calorimetry is used to monitor the cure rate at 40 °F over a 14 day period. The
coatings performance in clear varnish formulations is presented; cured at standard ambient
conditions (77 °F 55% R.H.) and at sub-ambient, high humidity conditions (50 °F 90% R.H. and
40 °F 80% R.H.). The study concludes with evaluation of a new approach to low temperature
cure epoxy coatings. This approach uses low temperature curatives in combination with
polyacrylated epoxy resins. The results show that these new binder systems give improved
clarity, blush resistance and cure development under low temperature, high humidity conditions.

In today’s competitive marketplace, formulators of epoxy/amine coatings face the dual task
of meeting strict VOC regulations and improving coatings’ performance relative to historical
industry standards. Traditional epoxy/polyamide coatings have served the industry well for
more than 40 years but newer curative technologies eliminate some of their well-known
limitations. In recent years, these new technologies have led to specialty amine hardeners
for low temperature epoxy coatings. Low temperature cure coatings allow applicators to
extend the painting season into the early winter months and to shorten maintenance sched-
ules because coating application can continue even when the outside temperature falls
below 50 °F.

This paper provides an overview of the curative technologies used for low temperature cure
epoxy coatings. Several curatives designed for low temperature applications are evaluated
in this study. We compare the performance of these curatives in unpigmented films and
discuss the advantages of using DSC (Differential Scanning Calorimetry) to monitor the
cure rate of epoxy/amine binder systems at low temperature. The early stages of cure are
critical to blush and water spot resistance. This DSC technique measures the extent of the
epoxy/amine reaction during low temperature cure. The study concludes with evaluation of
a new approach to low temperature formulations. This approach uses aminefunctional curatives
in combination with polyacrylated epoxy resins. The films show improved clarity, blush
resistance and cure development under conditions of low temperature with high humidity.

Epoxy/Amine Accelerators
One technology for speeding dry times and increasing the cure rate of epoxy/amine coatings
for low temperature (<_ 50 °F) applications is to accelerate the epoxy/amine reaction. The
epoxy/amine reaction is shown in Reaction 1.
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Routes to 
Low Temperature 

Cure Coatings (cont.)

Modified Amine Adducts

Several classes of chemicals accelerate this crosslinking reaction, including organic acids
(e.g., salicylic or benzoic acid), tertiary amines (e.g., BDMA - benzyl dimethyl amine, tris-
2,4,6-dimethylaminomethyl phenol), alcohols (e.g., methanol), water, alkyl-substituted phenols
(e.g., nonylphenol, bisphenol A) and primary aliphatic amines (e.g., DETA - diethylenetriamine,
TETA- triethylene tetramine). The degree of acceleration depends on the specific chemical
chosen and the concentration of active accelerator in the final formulation.

The traditional workhorse amine curatives are the polyamidoamines (or polyamides). Polyamides
find applications in such diverse areas as marine, industrial maintenance, water storage
and treatment, pulp and paper industry, equipment manufacture and transportation coatings.
Polyamides are made by reacting dimer fatty acid with multifunctional amines such as DETA
or TETA. Polyamides are generally not recommended for application at temperatures below
60 °F because of their slow reactivity. Acceptable cure rates at lower temperatures (45-55
°F) are possible if the epoxy/polyamide is accelerated with phenolic tertiary amines such
as tris-2,4,6-(dimethyl aminomethyl) phenol (e.g., EPI-CURE™ Curing Agent 3253, RPPLLC;
DMP-30, Rohm and Haas Co.). However, accelerator concentrations in the film must be
minimized if ultimate coating properties are to be maintained. Shortened pot life is another
disadvantage to using accelerators in these binder systems.

In addition to meeting cure rate and chemical resistance requirements, low temperature cure
epoxy coatings must be designed for blush and water spot resistance. Primary amines react
with atmospheric carbon dioxide and water to form carbamates that can exude to the surface
and produce blush. The formation of blush (sometimes called blooming or exudate) has a
detrimental effect on coating performance because it can lead to gloss reduction, increased
yellowing, poor recoatability and intercoat adhesion problems. Low temperature, high humidity
conditions increase the probability of blush formation. The chemical reactions which lead
to carbamate formation are depicted in Reaction 2.

Reaction 1/Simplified Epoxy/Amine Reaction

CH2-CH      CH-CH2 + 2 (H-N-H)

O                O        

H-N-CH2-CH      CH-CH2-N-H + 2 (CH2-CH      CH-CH2)

OH      OH                            O               O
Partially cross linked epoxy resin                                  Unreacted epoxy (oxirane)

CH-CH2-N-CH2-CH     CH-CH2-N-CH2-CH

OH                    OH     OH                    OH
Fully cross linked epoxy resin

Terminal group of
alyklene amine

Unreacted epoxy resin
(oxirane groups)
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Modified Amine Adducts
(cont.)

To minimize carbamate formation and improve early water spot resistance, curing agent
manufacturers have developed a wide variety of modified amine adducts. These adducts
reduce or eliminate blush formation because the primary amine hydrogens are prereacted
with epoxide groups. Amine adducts are prepared by reacting excess primary amines with
epoxy resin. The amine adduct reaction between liquid epoxy resin and an aliphatic polyamine
is depicted in Reaction 3.

Reaction 2/Blush Reaction: Formation of Carbamates by Amines and Moist Air

H20
Water

H2CO3

Carbonic acid

NHCOOH
Carbamic acid

C02

Carbon dioxide

NH2

Amine

NH2

Amine

H2CO3

Carbonic acid 

NHCOOH
Carbamic acid 

NH30CONH
Carbamate

H20
Water

+ -

+

+

+

+

Reaction 3/Formation of Standard Amine Adduct

O                                CH3 O

2 H2N—R-NH2 + CH2—CH-CH2—O—    —C—     —O—CH2—CH—CH2

Alkylene plyamine CH3

Epoxy resin

H             OH                            CH3 OH          H

H2N—R—N—CH2—CH—CH2—O— —C—     —O—CH2—CH—CH2-N—R—NH2

CH3

Amine adduct

A wide variety of amine curatives and epoxy resins are utilized for amine adduct reactions.
Some of the most common aliphatic and cycloaliphatic amines include: diethylene triamine
(DETA), triethylene tetramine (TETA), tetraethylene pentamine (TEPA), isophorone diamine
(IPDA), bis-paraaminocyclohexyl methane (PACM) and 1,2-diaminocyclohexane (1,2-DACH).
Epoxy resins used for this purpose range from liquid epoxy resins through solid epoxy resins.
Since the amine adduct reaction increases molecular weight, these products are less cor-
rosive and have lower volatility than their unmodified amine precursors. Most importantly,
amine adducts are less susceptible to blush formation so they are well-suited for low 
temperature cure coatings. However, these advantages come at the cost of a significant
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Modified Amine Adducts
(cont.)

Mannich Bases

Performance Survey 
of Low Temperature

Curatives

increase in curative viscosity. To lower viscosity, amine adducts are reduced with solvents
or modified with plasticizers (such as benzyl alcohol). For low temperature cure, these
adducts are often formulated with accelerators to further speed property development in
the final coating.

These curatives are prepared by reacting amines with phenol and formaldehyde to form
condensates, or Mannich bases, as they are commonly known. The reaction to form a Mannich
base is depicted in Reaction 4.

Reaction 4/Mannich Base Reaction

OH                             OH                                                               OH

—CH2—OH                                            —CH2 NHRNH2+ HCHO                                           +   NH2-R—NH2

Phenol    Formaldehyde                              Methylol phenol                        Alkylene polyamine                             Mannich base

Although this reaction decreases the functionality of the amine, the presence of the phenolic
hydroxyl functionality on the aromatic ring produces a substantial accelerating effect on the
epoxy/amine reaction. Mannich bases cure rapidly at low temperatures (35-45 °F). They have
better compatibility with epoxy resins than unmodified alkylene amines and are more resistant
to blush and water spotting. In certain cases, external phenolic accelerators are added to
further improve low temperature cure performance. The choice of phenol-type and amine
dictate the coating film performance properties. In some cases, plasticizers are added to
improve film flexibility but these plasticizers often detract from the chemical resistance of
the coating film.

A naturally occuring Mannich base is 3-(n-penta8’-decenyl)phenol which is the major con-
stituent of the oil of cashew nutshell. Using this constituent (Figure 1), several multifunctional
phenalkamine curatives have been developed for low temperature cure applications. These
curatives are generally darkly colored and, depending upon molecular weight, highly viscous.

Experimental Section
Several commercial curatives were studied to determine the performance of these products
in low temperature applications. A phenalkamine curing agent (Cardolite NC541 ; Cardolite
Corporation) was used as the control in this study because its low temperature performance
is well-known to the industry. Curative 1 is a modified amine adduct (EPI-CURE Curing Agent
3378; RPPLLC) designed for low temperature applications. Curative 2 is a high molecular
weight amine adduct supplied at 60%wt nonvolatiles in n-butanol/xylene. Low temperature
epoxy coatings made from this curative have rapid hardness development with excellent
solvent resistance (EPI-CURE Curing Agent 3292-FX-60, RPPLLC), Curative 3 is a phenol-free,
modified Mannich base that provides fast-setting low temperature cure coatings (EPI-CURE
Curing Agent 3251; RPPLLC). Their physical properties are summarized in Table 1.
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The first part of this study evaluates the performance of these curatives with standard
difunctional liquid epoxy resin (EPON Resin 828; RPPLLC). Each binder system was mixed and
reduced to Gardner H viscosity with an equal weight blend of MIBK/xylene/n-butanol. The
varnish was mixed for five minutes and then applied to glass panels with a draw-down bar
(1.5 mil DFT, 63 microns). After application, the coating was immediately placed in a constant
temperature, constant humidity chamber. Film clarity, film tack and pencil hardness were
evaluated over a two week period. Each binder system was cured using three different
conditions: 77 °F, 55% R.H.; 50 °F, 90% R. H. and 40 °F, 80% R.H. The results are summarized
in Table 2.

In addition to studying the performance of clear films, we monitored the rate of cure devel-
opment using DSC (Differential Scanning Calorimetry). Our technique involved three steps.
The first step is to run simultaneous DSC/TGA (thermog ravi metric analysis) on the mixed
components (no solvent) to determine the temperature scanning range. This DSC/TGA
technique shows the range of temperatures covered by the curing exotherm and sets the
upper temperature limit where weight loss is still negligible (< 1 %wt).

After the temperature range was established by DSC/TGA scan (in this study, from -50 to
170 °C), a constant heating rate (10 °C/min.) DSC scan was performed to determine the total
heat of reaction (∆Htotal) for each binder system. After reaching the upper temperature limit,
the sample was quenchcooled to -50 °C and reheated to determine if any  post-curing occurred
and to measure the Tg of the cured system. In all cases, no post-curing was observed during
the second scan.

Figure 1/Chemical Structure of 3-(n-penta-8’-decenyl)phenol

OH

CH2—CH2—CH2—CH2—CH2—CH2—CH2=CH2—CH2—CH2—CH2—CH2—CH2—CH3

Table 1/Physical Properties of Curatives Used in Study

Amine value
Viscosity, cP at 25 °C
Gardner, color
Solvent content, %w
Solvent

Control
(Phenalkamine)

300-335
30,000

17 max.
0
–

Curative 1
(Amine Adduct)

240-265
2500 cP
4 max.

0
–

Curative 2
(High Visc Adduct)

225-257
2500 cP
9 max.

40
n-butanol/xylene

Curative 3
(Mannich Base)

350-390
500 cP
5 max.

0
–
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Table 2/Property Development with Liquid Epoxy Resin1

CURE CONDITIONS: 77 °F and 55% R.H. 
Solids content, % wt (theory)
Mix ratio, phr
Shyodu gel time (100 gm)
Thin film, dry times 

Set to touch, hrs. 
Cotton free, hrs.
Thru-dry, hrs.

Days to clear film
Days to tack-free film
Pencil hardness (ASTM D 3363) 

1 day
5 days 
7 days 
14 days

CURE CONDITIONS: 50 °F and 90% R.H. 
Days to clear film
Film tack2

1 day
3 days

Pencil hardness (ASTM D 3363) 
1 day
5 days
7 days 
14 days

CURE CONDITIONS: 40 °F and 80% R.H. 
Pot life @ 40 °F

(hrs to double initial viscosity) 
Days to clear film
Film tack3

1 day
3 days 
5 days 

Pencil hardness (ASTM D 3363) 
1 day
5 days 
7 days 
14 days

Control
(Phenalkamine)

81
72

49 min.

0.5
4.75
6.75

1
1

4
B

HB
F

14 (w/Sl. haze)

SI. tack
Tack-free

6B
5B
4B
3B

2.5

14 (w/haze)

M tack
Sl. tack

Tack-free

<6B
<6B
5B
3B

Curative 1
(Amine Adduct)

85
60

21 min.

1.25
3.5
5.75

1
1

F 
F 
F 
H

1

Tack-free

5B
B
B

HB

2.5

3

M. tack
Sl. tack

Tack-free

<6B
4B
3B
2B

Curative 2
(High Mw2 Adduct)

65
124

63 min.

1.25
2.75
5.0
1
1

HB
F
F
F

1

Sl. tack
Tack-free

6B
4B
B

HB

3.0

1

M. tack
Tack-free

<6B
5B
4B
4B

Curative 3
(Mannich Base)

88
40

13 min.

0.75
1.75
4.25

1
1

F 
F 
F 
F

1

Tack-free

4B
HB
F
F

2.5

5 (w/Sl. blush)

Sl. tack
Tack-free

<6B
2B
2B
B

1EPON™ Resin 828
2Mw = Molecular weight
3Film tack: Sl = slight, M = moderate; V = very
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The final step of analysis was to load a freshly mixed sample into a DSC cell and immedi-
ately freeze the sample to -130 °C; while waiting for all seven samples to be prepared. Total
preparation time for these seven samples was less than five minutes. The sealed DSC cells
were stored at 40 °C in a refrigerator for a specific number of days (1, 2, 3, 4, 7, 10 and 14).
On the appropriate day, a sample was removed and immediately scanned by DSC using a
10 °C/min. temperature ramp. The %cure for each sample measured by DSC was calculat-
ed by using Equation 1.

Equation 1:

Extent of reaction, %

The results of this DSC study are summarized in Figure 2.

[1 - (∆H residual) * 100]∆H total

Figure 2/Cure Development with Liquid Epoxy Resin (EPON™ Resin 828) at 40 °F
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Observations/Conclusions (with difunctional liquid epoxy resins)
Under standard ambient conditions (77 °F and 55% R. H.), we find that each curative yields
coatings with fast dry times and relatively short gel times. Acceptable pot life in fast reacting
systems is a practical concern for coatings applicators. Curative 3 has the highest reactivity
as demonstrated by its short gel time when combined with liquid epoxy resin (no solvent).
Curative 2 has the longest gel time but this system contains solvent which slows down the
reactivity. Curative 2 is a solid in the absence of solvent, so a true measure of its gel time is
impractical. To better understand the relative reactivities of these curatives, the clear varnish-
formulations (reduced to Gardner H viscosity) were cooled to 40 °F in an ice/water bath.
Initial Brookfield viscosities at 40 °F ranged from 1200 cP-1500 cP. At 40 °F, each binder
system required 2.5-3.0 hours for the varnish to double its viscosity. These results show
that these curatives will have similar pot lives in high solids formulations.

At 50 °F and 90% relative humidity, each curing agent gives good tack-free times and clarity
development but some differences become apparent. Film clarity and film hardness devel-
opment in clear enamels based on Curative 3 are superior to the other curatives tested in
this study. The tack-free time for Curative 3 is longer than that for Curative 1 but acceptable
for many applications. Curative 1 gives overnight tack-free films with good ultimate film
hardness. The phenalkamine control gives acceptable tack-free times but film hardness,
even after 14 days, is significantly softer than the film hardness of the other curatives.

At 40 °F and 80% R.H., each curative has its own particular strengths and limitations which
might influence selection of one curative versus another depending on the requirements of
a specific application. In clear formulations, ultimate film clarity and blush resistance are very
important properties but in pigmented formulations, other properties such as film hardness
and tack-free times may be more important. To address these types of situations, a powerful
graphing technique called “spider graphs” or “radar graphs” is available in today’s spread-
sheet software packages. The axes in spider graphs are oriented so that better performance
gives a longer ray; therefore, binders with more balanced performance have a larger area
enclosed by their polygon. The performance of these curatives at 40 °F is summarized in
Figure 3.
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Observations/Conclusions (with difunctional liquid epoxy resins) (cont.)
The DSC technique used in this study is a powerful tool for studying the extent of reaction in
low temperature coatings. When cured with the standard liquid resin, the curatives in this
work give excellent cure development at 40 °F. To illustrate this, we have compared the
performance of these low temperature curatives to the performance of polyamide curatives.
The cure rate of two polyamide curatives (accelerated and non-accelerated) was determined
at 40 °F using a similar DSC technique1. The data show that the extent of reaction on the
third day ranged from 33-43% and after 14 days, the extent of reaction was only 55-65%
complete. With the low temperature curatives in this study (Figure 2), the extent of reaction
at three days ranged from 65-75% and after 14 days, the extent of reaction ranged from 75-
95% complete.

The DSC work, combined with the performance in clear enamels, demonstrates that these
aminefunctional curatives have excellent reactivity under low temperature, high humidity
conditions. The superior cure development of these curatives, compared to polyamides, is
most evident in the initial stages of cure when development of coating properties is most
critical. As the extent of reaction increases, properties such as chemical resistance, cor-
rosion resistance and tensile strength increase accordingly.

Curative 2 had the initial cure rate during the first four days but, after 14 days, it had the
highest extent of reaction. Although the curatives in this study have excellent cure response at
low temperatures, other performance testing2 demonstrates that each curative is best suited
for particular applications. RPPLLC recommends Curative 2 for industrial maintenance primers,
marine primers and solvent-resistant tank linings. Curative 1 has excellent water resistance

Figure 3/Performance of Low Temperature Curatives (with EPON™ Resin 828) 
at 40 °F and 80% Relative Humidity



R1 O                         R1 = H or CH3

CH2 = C —C—OR2 R2 = H or alkyl
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Observations/Conclusions (with difunctional liquid epoxy resins) (cont.)
and good corrosion resistance so it is recommended for waste water coatings and solvent-
free marine coatings. The high reactivity of Curative 3 and its excellent chemical resistance
makes this curative a candidate for use in chemical ly-resistant tank linings, synthetic flooring
applications and as a co-curing agent for polyamide-based coatings.

Although these curatives have good performance with difunctional liquid epoxy resin, even
under low temperature, high humidity conditions, an improved binder system can be developed
by replacing the standard liquid epoxy resin with low viscosity epoxy/polyacrylate resins.
These resins are based on liquid epoxy resin that has been modified with multiacrylate esters.
By tailoring the amount and type of modification, a wide range of resin reactivities can be
obtained in the final film (Table 4). Acrylate esters are represented by the general formula:

Viscosity, cP @ 25 °C 
Shyodu gel time (w/ EPI-CURE™

Curing Agent 3271) 
Equivalent wt,

by reaction with amine 
WPE

Table 4/Physical Properties of Polyacrylated Epoxy Resins

Poly- 
acrylated

Epoxy One1

2180

7 min.

177
210

Poly- 
acrylated

Epoxy Two2

950

1 min.

140 
310

Poly- 
acrylated

Epoxy Three3

700

5 min.

192
220

Poly- 
acrylated

Epoxy Four4

110

5.5 min.

150
315

The nature of the R groups determine the properties of each monomeric ester and the polymers
derived from it. Aliphatic primary amines add rapidly across the acrylate double bond in a
Michael’s addition reaction. Secondary amines do not react well with the acrylic modifications.
For this reason, aliphatic amines and cycloaliphatic amines are recommended for use with
polyacrylated epoxy resins but amidoamines and polyamides are generally not recommended
as hardeners for these resins.

In the second phase of this study, we examined the performance of Polyacrylated Epoxy
Four with the low temperature curatives studied earlier. Using the procedures described in
the Experimental Section, we applied the binder varnishes to glass panels and cured them
in the environmental chamber. The results of this testing are summarized in Table 5.

1EPON™ Resin 8161 (RPPLLC) 
2EPON Resin 8111
3EPON Resin 8101
4EPON Resin 8021
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Control
(Phenalkamine)

85
90

43 min.

1.25
3.5
13.5

1
4

<6B
5B
3B
2B

3

Tacky
M. tacky
Tack-free

<6B
5B
3B
HB

1.0
3

V. tacky
Tacky

Sl. tacky
Tack-free

<6B
<6B
<6B
4B

Table 5/Film Properties With Polyacrylate-modified Liquid Epoxy Resin1

CURE CONDITIONS: 77 °F and 55% R.H.
Solids content, % wt (theory)
Mix ratio, phr
Shyodu gel time (100 gm)
Thin film, dry times

Set to touch, hrs.
Cotton free, hrs.
Thru-dry, hrs.

Days to clear film
Days to tack-free film
Pencil hardness (ASTM D 3363)

1 day
5 days
7 days
14 days

CURE CONDITIONS: 50 °F and 90% R.H.
Days to clear film
Film tack3

1 day
3 days 
5 days

Pencil hardness (ASTM D 3363)
1 day
5 days
7 days
14 days

CURE CONDITIONS: 40 °F and 80% R.H.
Pot life @ 40 °F (hrs to double initial viscosity)
Days to clear film
Film tack3

1 day
3 days 
5 days 
7 days 

Pencil hardness (ASTM D 3363)
1 day
5 days
7 days
14 days

Curative I
(Amine Adduct)

95
76

18.5 min.

1.25
4.0
6.0
1
2

4B
2B
HB
F

1

M. tack
Tack-free

<6B
6B
HB
HB

0.75
3

Tacky
Tack-free

<6B
5B
4B
2B

Curative 2
(High Mw2 Adduct)

67
155

27 min.

1.25
3.5
5.25

1
1

F
F
F
F

1

Tack-free

4B
HB
F
F

1.5
1

Tack-free

<6B
F
F
F

Curative 3
(Mannich Base)

100
51

5 min.

0.5
1.25
1.75

1
1

HB
F
F
F

1

Tack-free

B
HB
F
F

0.25
3

Tack-free

<6B
HB
F
F

1EPON™ Resin 8021
2MW = Molecular weight
3Film tack: Sl = slight; M = moderate, V = very
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Observations/Conclusions (with polyacrylated epoxy resins)
Polyacrylated epoxy resins, in combination with these low temperature curatives, show
significant advantages over standard liquid epoxies in low temperature, high humidity con-
ditions. The significant improvements in the rate of film hardness, blush resistance, and
clarity come from the rapidity of the Michael’s addition reaction. A unique feature of epoxy
polyacrylates is that their reactivity is relatively independent of temperature effects3. (See
Figure 4).

Figure 4/Polyacrylated Epoxy-amine Reactivity versus Temperature

The advantage of this unique reactivity in low temperature applications is that the cure rate
of polyacrylated epoxy resin is less affected by temperature than the cure rate of standard
liquid epoxy resins. Polyacrylated epoxy resins bring two additional advantages to low
temperature coating applications: increased blush resistance at high humidity and low vis-
cosity for high solids or solventless formulations.

The gel times for these binder systems are very short, as shown in Table 5. For example,
Curatives 2 and 3 have gel times which are shorter than the gel times with standard liquid
epoxy resin (Table 2) by a factor of two. The Control and Curative 1 also have shorter gel
times but the difference is not as dramatic (e.g., Curative 1/Polyacrylate Epoxy: 18 minute
gel, Curative 1/Standard Epoxy: 21 minute gel time).

The higher reactivity is also reflected in faster thin film set times for room temperature
applications. Curative 3 is particularly interesting because its thrudry time drops from 4.25
hours with standard liquid epoxy down to only 1.75 hours with Polyacrylated Epoxy Four.
Faster dry times are the key reason that these resins are used extensively in flooring and
adhesive applications. Other applications for fast dry epoxy resin systems include auto
refinish, railcar applications, and OEM coatings.
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Observations/Conclusions (with polyacrylated epoxy resins) (cont.)
Even at low temperature, the pot life of these systems is unacceptably short for standard
application equipment. However, the low viscosity of these systems is perfectly suited for
plural component, solventless equipment which is gaining acceptance in many shop-based
applications. Since the binder viscosity is low, heated plural component equipment may not
be required. Two formulation alternatives for longer pot life are to either blend standard epoxy
resin with the polyacrylated resin to decrease reactivity or choose alternative aliphatic
amines which are less reactive than the low temperature curatives described in this study.
The binder system based on Curative 2/Polyacrylated Epoxy Resin Four is unique because
it has a pot life of 1.5 hours at 40 °F with fast clarity and hardness development. The per-
formance of each binder system at 40 °F is summarized in Figure 5.

Figure 5/Performance of Low Temperature Curatives with Polyacrylate-modified Liquid
Epoxy Resin (EPON Resin 8021) at 40 °F and 80% Relative Humidity

The long tack-free times and slow hardness development in the Control Curative and Curative
1 show that these curing agents may not be suitable for use with Polyacrylated Epoxy Four.
These results suggest that these curatives have a low primary amine content. Since Polyacryl-
ated Epoxy Four has a high level of modification, an alternative polyacrylated epoxy resin
with lower modification (such as Polyacrylated Epoxy Three) might be a more suitable epoxy
resin for these curatives.

In addition to the film performance, we determined the cure rates of these new binder sys-
tems using the DSC technique described earlier. Curative 3 was not included in this study
because the reactivity of the binder at 40 °F was too fast to allow accurate determination
of the ∆Htotal. The results of this DSC study are summarized in Figure 6. 
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The figure indicates that binders based on Curatives 1 and 2 have a very fast rate of cure
during the first few days after application. The Control curative has a much slower cure rate.
It eventually reaches a reasonable degree of crosslinking but the film hardness is unac-
ceptably soft (4B after 14 days).

Compared to standard liquid epoxy resin, the extent of reaction for these binder systems is
comparable but the clear films have significantly better blush resistance and clarity devel-
opment. The dry times of the polyacrylated resins are also greatly improved relative to
standard liquid epoxy resin. The one drawback of these new binder systems is that the pot
life is significantly shorter than standard liquid epoxy resin.

Figure 6/Cure Development with Polyacrylated Epoxy Resin (EPON™ Resin 8021) at 40 °F
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This paper summarizes recent efforts to evaluate epoxy/amine binder systems for low
temperature cure coatings. The first section reviews the curing agent technologies used
for these applications. Several commercial ly-available low temperature curatives were
evaluated with standard liquid epoxy resin in clear varnish formulations to determine their
film performance under different cure conditions: 77 °F and 50% R.H., 50 °F and 90% R.H.,
40 °F and 80% R. H. A DSC (Differential Scanning Calorimetry) technique is discussed in
detail which measures the extent of reaction during the critical early cure period. Polyacrylate-
modified liquid epoxy resins have been used for several years in the flooring industry for
their superior low temperature reactivity. This study evaluates the performance of a stan-
dard polyacrylate-modified liquid epoxy resin with these low temperature curatives, The
results of this study demonstrate that these new binder systems have significantly better
clarity, blush-resistance and hardness development than comparable systems based
onstandard liquid epoxy resin. Based on the positive results from this study, additional
work is being started to determine the performance of these binder systems in fully-pig-
mented starting point formulations.
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This document may contain starting point formulations which are not proven for use in the
user’s particular application, but are simply meant to demonstrate the efficacy of the products
and to assist in the development of the user’s own formulations. It is the user’s responsibility
to fully test and qualify the formulation, along with the ingredients, methods, applications,
or equipment identified herein (“Information”), by the user’s knowledgeable formulator or
scientist, and to determine the appropriate use conditions and legal restrictions, prior to use
of any Information.
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Abstract

Dental adhesives are designed to bond composite resins to enamel and dentin. Their chemical formulation determines to a large extent

their adhesive performance in clinic. Irrespective of the number of bottles, an adhesive system typically contains resin monomers, curing

initiators, inhibitors or stabilizers, solvents and sometimes inorganic filler. Each one of these components has a specific function.

The aim of this article is to systematically review the ingredients commonly used in current dental adhesives as well as the properties of

these ingredients. This paper includes an extensive table with the chemical formulation of contemporary dental adhesives.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The primary aim of dental adhesives is to provide retention
to composite fillings or composite cements. In addition to
withstanding mechanical forces, and in particular shrinkage
stress from the lining composite, a good adhesive also should
be able to prevent leakage along the restoration’s margins.
Clinically, failure of restorations occurs more often due to
inadequate sealing, with subsequent discoloration of the
cavity margins, than due to loss of retention [1,2].

The adhesive capacity of dental adhesives is based on a
twofold adhesion. First, the adhesive adheres to enamel and
dentin, and second, the adhesive binds the lining composite.
The latter has been shown to be a process of co-polymeriza-
tion of residual double bonds (–CQC–) in the oxygen
inhibition layer. As for the bond to enamel and dentin,
micromechanical adhesion is assumed to be the prime
bonding mechanism [3]. This is achieved by an exchange
process by which inorganic tooth material is replaced by resin
monomers that become interlocked in the retentions upon
curing [4,5]. Diffusion and capillarity are the primary
mechanisms to obtain micro-mechanical retention. Micro-
scopically, this process is called ‘hybridization’ [6]. Whereas
this process entails simple interlocking of resin in etch-pits in
enamel, entanglement of resin within the exposed collagen
lattice occurs in dentin. However, recent self-etch adhesives
with a mild (relatively high) pH do not completely expose
collagen anymore. An additional mechanism of ionic bonding
of acidic monomers and calcium in hydroxyapatite was
recently established [7], which may explain the good clinical
performance of some of these mild self-etch adhesives [8].

Considering these underlying bonding mechanisms, one
can define some requirements for adhesive systems.
Micromechanical interlocking will occur after consecutive
demineralization, resin infiltration and polymer setting. As
a consequence, adequately removing the smear layer
together with demineralizing enamel and dentin to a small
extent, good wetting, diffusion, penetration and good
polymerization of the resin components are all important.
Chemical bonding can be achieved by adding specific
monomers with affinity for hydroxyapatite. Last, sufficient

co-polymerization between the adhesive and the lining
composite will provide good adhesion to the composite.
The chemical composition of adhesives is (—or at least

should be—) aimed at fulfilling all above-mentioned
processes. Even though dental adhesives can be classified
in two main groups, i.e. etch&rinse (E&Rs) and self-etch
adhesives (SEAs) (Fig. 1), they all contain similar
ingredients, irrespective of the number of bottles of which
an adhesive consists. Nevertheless, the proportional
composition differs between the different classes of
adhesives. Traditionally, adhesives contain acrylic resin
monomers, organic solvents, initiators and inhibitors, and
sometimes filler particles. It is self-evident that every
component has a specific function. Good insights in the
chemical properties of the adhesives’ components are
paramount to understand or even predict their behavior.
The objective of this review article is to gather informa-

tion on the properties of chemical components of which
contemporary adhesives commonly consist. Regrettably,
specific information about some chemical components of
adhesives is scarce, like for example for the proprietary
monomers. In addition, manufacturers are usually reluctant
to reveal the composition of their adhesives. In order to
avoid disclosure of the components, they often use
descriptive terms. Unbiased research as to the composition
of adhesives is also limited (or maybe not always published
when performed by manufacturers themselves).
Factors related to common ingredients, such as resin,

initiator, inhibitor, solvent and filler particles will be
reviewed. After some general information, some specific
ingredients will be discussed. Table 1 lists the chemical
formulation of current dental adhesives according to the
aforementioned classification, as gathered from commer-
cial manufacturers (abbreviations Table 2).

2. Chemical composition

2.1. Resin components

In order to assure a good covalent bond between the
adhesive and the lining composite, dental adhesives contain
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resin monomers that are similar to those in composite
restorative materials. Similar to composites, the cured resin
in the adhesive, also called the matrix, functions as a
backbone providing structural continuity and thus physi-
co-mechanical properties such as strength. Monomers
should thus be considered as most important components
of the adhesive. They are the key constituents of adhesives.
Basically, two kinds of monomers can be distinguished:
cross-linkers and functional monomers (Fig. 2). Whereas
the latter commonly have only one polymerizable group,
cross-linkers have two polymerizable groups (vinyl-groups
or –CQC–) or more [9]. Most functional monomers also
exhibit a particular chemical group, the so-called func-
tional group, which will impart monomer-specific func-
tions. Functional monomers will form linear polymers
upon curing, in contrast to cross-linkers that form cross-
linked polymers. Compared to linear polymers, the latter
have proven to exhibit better mechanical strength, and
cross-linking monomers are therefore important to re-
inforce the adhesive resin [10,10–14]. Some monomers have
a more intricate molecular structure, and have several
polymerizable and functional groups [15]. So, they belong
both to the group of functional and cross-linking mono-
mers (for example PENTA, BPDM, TCB and PMD (Fig. 3
and Table 1) [16]. However, some of these monomers will
readily hydrolyze upon admixture with water and form
separate functional monomers. Typical examples are
di-HEMA phosphate and pyro-EMA (DENTSPLY)
that will hydrolyze to form HEMA-phosphate (Fig. 3).
Traditionally, primers contained the hydrophilic functional

monomers, while the hydrophobic cross-linkers were
applied in a following application step (e.g.: three-step
etch&rinse (3-E&R) and two step self-etch adhesives
(2-SEAs) (Fig. 1). A trend towards simplification has
urged manufacturers into conceiving adhesives in which
both are blended (two-step etch&rinse (2-E&R) and one-
step self-etch adhesives (1-SEAs)) [17].
The structure of monomers can be divided in three

distinct parts: one or more polymerizable groups grafted
onto a spacer, and a functional group (Fig. 2).
Different kinds of polymerizable groups, and hence

resin systems exist (Fig. 2). Acrylates, and especially
methacrylate monomers are most common. In general,
the advantages of acrylic systems are an easy radical
polymerization reaction, and their colorless and tasteless
character [14]. The main difference between acrylates
and methacrylates (one additional methylgroup) is
their reactivity. In contrast to methacrylates, the double
bonds of acrylates are much more reactive and may
therefore pose biocompatibility and shelf-life problems
[18]. Moreover, methacrylates are also less sensitive to
oxygen inhibition [19]. Both acrylates and methacrylates
are vulnerable to water degradation (hydrolysis) of
the ester group (R1–CO–OR2) [20]. A new group of
monomers, methacrylamides, was designed to overcome
these problems (Fig. 2). Methacrylamides have an amide
group (R1–CO–NH–R2) instead of an ester group, which
is more resistant to water [21–23]. Considering polarity,
the polymerizable group generally exhibits hydrophobic
behavior.
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Fig. 1. Classification of contemporary adhesives according to Van Meerbeek et al. [5]. Even though most adhesives contain the same components, they

may differ significantly considering the proportional amount of ingredients. As indicated, most adhesives contain methacrylate-based monomers. The

mentioned percentages of ingredients are approximations; nevertheless a lot of variation considering the proportional composition of adhesives exists

between different products. Two-step etch&rinse adhesives are often referred to as ‘one-bottle’systems. Irrespective of the classification, each component,

either primer or bonding or self-etching adhesive can come in two bottles that need to be mixed prior to application. As such, one-step self-etch adhesives

are often subdivided in one- and two-component systems.
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Table 1

The chemical composition of currently available adhesive systems

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

Three-step etch&rinse adhesives (3-E&R)

Adper Scotchbond

Multi-Purpose

3M ESPE, St

Paul, MN,

USA

Component 1(etchant): 35% H3PO4 Primer: 3.3

Component 2: (Scotchbond Multi-Purpose

primer) HEMA, polyalkenoic acid polymer,

water

Bonding: 8.2

Component 3: (Scotchbond Multi-Purpose

adhesive) Bis-GMA, HEMA, tertiary amines

(both for light-cure and self-cure initiators),

photo-initiator

Adper Scotchbond

Multi-Purpose Plus

3M ESPE, St

Paul, MN,

USA

Component 1 (etchant): 35% H3PO4 Comp 1,5: 8,1 Dual cure

Component 1,5: (Scotchbond Multi-Purpose

Plus activator) ethanol, sulfinic acid salt,

sodium salt

Comp 2: 3,3

Component 2: (Scotchbond Multi-Purpose

primer) HEMA, polyalkenoic adic polymer,

water

Comp1,5 +comp 2:

4,7

Component 3: (Scotchbond Multi-Purpose

adhesive) Bis-GMA, HEMA, tertiary amines

(both for light-cure and self-cure initiators),

photo-initiator

Comp 3: 8,2

Component 3,5: (Scotchbond Multi-Purpose

Plus catalyst) Bis-GMA, HEMA, BPO

Comp 3,5: 5,7

Comp 3,5+comp 3:

6,9

All-Bond 2 Bisco Inc,

Schaumburg,

IL, USA

Etchant: 10% H3PO4 (All-etch) or 32% H3PO4

(Uni-etch)

Primers mixed: 5.7 Dual cure primer Wet

Primer A: NTG-GMA, acetone, ethanol, water Bonding: 7.5 Dual cure bonding

when mixed with Pre-

bond

Primer B: BPDM, photo-initiator, acetone Pre-bond: 7

Bonding: Bis-GMA, UDMA, HEMA Pre-bond+bonding: 7

Pre-Bond: Bis-GMA, TEGDMA, BPO,

HEMA

Bond-it Pentron

Corporation,

Wallingford,

CT, USA

Etchant: 37% H3PO4 Light cure (or dual

cure when activator is

added)

Wet bonding

Primer A: NTG-GMA, acetone

Primer B: PMGDM, Bis-GMA, HEMA,

acetone, photo-initiator

Adhesive resin: Bis-GMA, HEMA, UDMA,

HDDMA with amine accelerator, photo-

initiator, BPO

Clearfil Liner Bond Kuraray

Medical Inc,

Tokyo, Japan

Etchant: K-etchant

SA primer: 5-NMSA, ethanol, water

Photo bond:

Catalyst liquid: MDP, HEMA, Bis-GMA,

hydrophobic dimethacrylate, BPO, CQ

Universal liquid: N,N0-diethanol p-toluidine,

sodium benzen sulfinate, ethanol

Ecusit-Primer/

Mono

DMG,

Hamburg,

Germany

Ecusit-Etch: 37% H3PO4 2.6 Light cure Preferentially

moistPrimer: maleic acid, HEMA,

polymethacrylated polycarbonic acid

Bonding: Bis-GMA, TEGDMA,

polymethacrylated oligomaleic acid

FL bond (Imperva

Fluorobond in

Japan)

Shofu Inc.,

Kyoto, Japan

Etchant: 7% H3PO4 2.2 Fluoride releasing Dry

Primer A: water, acetone, initiator Light cure

Primer B: 4-AET, 4-AETA, HEMA, UDMA,

TEGDMA, initiator

Bond: F-PRG Filler, HEMA, UDMA,

TEGDMA, photo-initiator

Gluma Solid Bond Gluma Etch: 20–35% H3PO4 1.8 Light cure Wet
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

Heraeus

Kulzer, Hanau,

Germany

Gluma solid bond P: TEGDMA, HEMA,

modified polyacrylic acid, maleic acid, acetone,

water, photo-initiators, stabilizers

Gluma solid bond S: Bis-GMA, TEGDMA,

glass filler, SiO2, photo-initiators, stabilizers

Optibond Kerr, Orange,

CA, USA

Etchant: 37.5% H3PO4 Dual cure

Primer: HEMA, GPDM, MMEP, water,

ethanol, CQ, BHT

Dual cure activator (3A): Bis-GMA, HEMA,

MMEP, BPO, UV-9, BHT, CQ

Dual Cure Paste (3B): Bis-GMA, HEMA,

GDMA, DHEPT, ODMAB, filler (fumed

SiO2, barium aluminoborosilicate, barium

aluminosilicate, Na2SiF6), coupling factor

A174

Optibond FL Kerr, Orange,

CA, USA

Etchant: 37.5% H3PO4 FL Prime: 1.9 Light cure

FL Prime: HEMA, GPDM, MMEP, water,

ethanol, CQ, BHT

Fl Adhesive: 6.9

FL Adhesive: Bis-GMA, HEMA, GDMA, CQ,

ODMAB, filler (fumed SiO2, barium

aluminoborosilicat, Na2SiF6), coupling factor

A174 (approximately 48wt% filled)

PAAMA SDI limited,

Bayswater,

Victoria,

Australia

Etchant: 37% H3PO4 Primer: 3.5 Wet

Primer: acetone, proprietary hydrophilic/

hydrophobic monomer, TEGDMA

Bonding: 5

Bonding: UDMA, TEGDMA, stabilizers, CQ

Probond DENTSPLY

Caulk,

Milford, DE,

USA

Etchant: H3PO4 Wet

Primer: PENTA, acetone, ethanol, stabilizers

Adhesive: PENTA, UDMA, methacrylate

monomers, glutaraldehyde, CQ, stabilizers

Quadrant Unibond Cavex Holland

B.V., Haarlem,

the

Netherlands

Quadrant total-etch: 20% H3PO4 Light cure Dry

Primer: HEMA, TEGDMA, maleic acid,

polycarboxylic acid, ethanol, water, CQ

Bonding: Bis-GMA, TEGDMA, silicate glass

fillers, silica, polycarboxylic acid, CQ

Solobond Plus VOCO,

Cuxhaven,

Germany

Etchant: Vococid 35% H3PO4 Primer: 2,4 Wet

Primer: water, acetone, hydroxymethacrylate

fluorides, acidic monomers, maleic acid

Adhesive: 5,8

Adhesive: acetone, BIS-GMA, TEGDMA,

hydroxymethacrylate, CQ

Syntac Ivoclar

Vivadent,

Schaan,

Liechtenstein

Total Etch: 37% H3PO4 Light cure

Primer: TEGDMA, PEGDMA, maleic acid,

dimethylketon, water

Adhesive: PEGDMA, glutaraldehyde, water

Two-step etch&rinse adhesive (2-E&R)

Adper Scotchbond

1 XT Adhesive

(also Single Bond)

3M ESPE, St

Paul, USA

Etchant: 35% H3PO4 Light cure Wet (blot dried

surface)

Adhesive: dimethacrylates, HEMA,

polyalkenoid acid copolymer, 5 nm silane

treated colloidal silica, ethanol, water, photo-

initiator

Bond-1 Pentron

Corporation,

Wallingford,

CT, USA

Etchant: 37% H3PO4 Light cure

Adhesive: PMGDM, HEMA, TMPTMA,

initiators, acetone

Clearfil Photobond K-etchant Dual cure
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

Kuraray

Medical Inc,

Tokyo, Japan

Catalyst liquid: MDP, HEMA, Bis-GMA,

hydrophobic dimethacrylate, BPO, CQ

Universal liquid: N,N0-diethanol p-toluidine,

sodium benzen sulfinate, ethanol

Clearfil New Bond Kuraray

Medical Inc,

Tokyo, Japan

K-etchant Self-cure

Catalyst liquid: MDP, HEMA, Bis-GMA,

hydrophobic dimethacrylate, BPO

Universal liquid: N,N0-diethanol p-toluidine,

sodium benzen sulfinate, ethanol

Excite Ivoclar

Vivadent,

Schaan,

Liechtenstein

Total Etch: 37% H3PO4 Light cure

Adhesive: HEMA, phosphonic acid acrylate,

Bis-GMA, dimethacrylates, silica, ethanol,

catalysts, stabilizers

Excite DSC Ivoclar

Vivadent,

Schaan,

Liechtenstein

Total Etch: 37% H3PO4 Dual cure

Adhesive: HEMA, phosphonic acid acrylate,

dimethacrylates, silica, ethanol, catalysts,

stabilizers

Microbrush: layered with initiators

Gluma Comfort

Bond

Heraeus

Kulzer, Hanau,

Germany

Gluma Etch: 20–35% H3PO4 2.8 Light cure Wet

Adhesive: UDMA, HEMA, 4-META,

modified polyacrylic acid, ethanol, water,

photo-initiators, stabilizers

Gluma One Bond Heraeus

Kulzer, Hanau,

Germany

Gluma Etch: 20–35% H3PO4 Light cure Wet

Adhesive: UDMA, HEMA, 4-META, acetone,

photo-initiators, stabilizers

Heliobond Ivoclar

Vivadent,

Schaan,

Liechtenstein

Total Etch etchant: 37% H3PO4 Dry

Adhesive: Bis-GMA, TEGDMA, catalysts,

stabilizers

One Coat Bond Coltene-

Whaledent,

Altstätten,

Switzerland

Etchant: Coltene etchant 15 (15% H3PO4) or

Coltene etchant gel s (35% H3PO4)

Adhesive: HEMA, HPMA, glycerol

dimethacrylate, methacrylized polyalkenoate,

UDMA, amorphous silica, CQ

One-Step Bisco Inc,

Schaumburg,

IL, USA

Etchant: 32% H3PO4 (Uni-etch), 37% H3PO4

(Etch-37) or Tyrian SPE

Light cure Wet

Adhesive: BPDM, Bis-GMA, HEMA, acetone,

photo-initiator

One-Step Plus Bisco Inc,

Schaumburg,

IL, USA

Etchant: 32% H3PO4 (Uni-etch), 37%H3PO4

(Etch-37) or Tyrian SPE

Light cure Wet

Adhesive: BPDM, Bis-GMA, HEMA, acetone,

photo-initiator, 8.5wt% fluoroaluminosilicate

glass fillers (proprietary fillers) (1mm)

Optibond Solo

Plus

Kerr, Orange,

CA, USA

Etchant: 37.5% H3PO4 Light cure

Adhesive: Bis-GMA, HEMA, GDMA,

GPDM, ethanol, CQ, ODMAB, BHT, filler

(fumed SiO2, barium aluminoborosilicate,

Na2SiF6), coupling factor A174

(approximately 15wt% filled)

Optibond Solo

Plus Dual cure

Kerr, Orange,

CA, USA

Etchant and adhesive: (see above) Dual cure

Activator: Bis-GMA, HEMA, ethanol,

DHEPT, BS acid

Polibond VOCO,

Cuxhaven,

Germany

Etchant: Vococid 35% H3PO4 6.9 Dual cure

Bottle A+B: BIS-GMA, TEGDMA,

hexandioldimethacrylate, BPO

Enamel adhesive
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

Prime&Bond NT DENTSPLY

De Trey,

Konstanz,

Germany

Etchant: H3PO4

Adhesive: PENTA, TEGDMA, Bis-GMA,

cetylamine hydrofluoride, acetone, nanofiller

(amorphous silicon dioxide 8 nm), resin R5-62-

1, T-resin, D-resin, CQ

Prime&Bond NT

dual cure

DENTSPLY

Caulk,

Milford, DE,

USA

Self-cure activator: aromatic sodium sulfinate,

acetone, ethanol

Dual cure

Needs to be mixed with

Prime&Bond NT

Quadrant Uni-1-

Bond

Cavex Holland

B.V., Haarlem,

the

Netherlands

Quadrant Total-Etch: 20% H3PO4 Light cure Dry & wet

Adhesive: 4-META, Bis-GMA, HEMA,

UDMA, maleic acid, polycarboxylic acid,

ethanol, water, CQ

Solist DMG,

Hamburg,

Germany

Ecusit-Etch: 37% H3PO4 2.2 Wet

Adhesive: HEMA, TEGDMA, elastomers,

methacrylated phosphoric acid

Solobond M VOCO,

Cuxhaven,

Germany

Etchant: Vococid 35% H3PO4 2.2 Wet

Adhesive: BIS-GMA, HEMA, phosphate

methacrylates, BHT, acetone, CQ, amine

accelerator

Stae SDI limited,

Bayswater,

Victoria,

Australia

Etchant: 37% H3PO4 3.5 Light cure Wet

Adhesive: acetone, water, proprietary

hydrophilic/hydrophobic monomer, HEMA,

CQ, stabilizer

Superbond C&B Sun Medical

Co, Shiga,

Japan

Red activator (for enamel): aqueous phosphoric

acid, organic thickener

Red Activator: 1 Self-cure Dry

Green activator (for dentin): aqueous citric acid,

ferric chloride

Green Activator: 1 Used as cement to

bond indirect

restorations to tooth

surfaces

Monomer: 4-META, MMA Cement mixture: 6

Monomer, catalyst and

polymer are mixed

together

Catalyst: partially oxidated tributylborane

(TBB)

Polymer (clear): polymethylmethacrylate

XPBOND DENTSPLY

De Trey,

Konstanz,

Germany

PENTA, TCB, HEMA, TEGDMA, UDMA,

tert-butanol, nanofiller, CQ, stabilizer

�2.1 Wet

2-step self-etch adhsesive (2-SEA)

AdheSE Ivoclar

Vivadent,

Schaan,

Liechtenstein

Primer: acrylic ether phosphonic acid,

bisacrylamide, water, CQ, stabilizers

Primer: 1.7 Light cure Dry

Bonding: Bis-GMA, GDMA, HEMA, fumed

silica, CQ, tertiary amine, stabilizers

Bonding: 7.7

Clearfil Liner Bond

2 (Clearfil Liner

Bond II in Japan)

Kuraray

Medical Inc,

Tokyo, Japan

Primer A: Phenyl-P, 5-NMSA, CQ, ethanol Mixed primer: 1.4 Light cure

Primer B: HEMA, water

LB BOND: MDP, HEMA, hydrophobic

dimethacrylate, CQ, silanated colloidal silica

Clearfil Liner Bond

2V (Clearfil Liner

Bond II S in

Japan)

Kuraray

Medical Inc,

Tokyo, Japan

Primer A: MDP, HEMA, hydrophilic

dimethacrylate, N-N-diethanol p-toluidine,

photo-initiator, water

Mixed primer: 2.8 Dual cure

Primer B: HEMA, hydrophilic dimethacrylate,

water

Bond A: MDP, HEMA, Bis-GMA,

hydrophobic dimethacrylate, CQ, silanated

colloidal silica

Bond B: HEMA, Bis-GMA, hydrophobic

dimethacrylate, BPO, N,N0-diethanol p-

toluidine, CQ, silanated colloidal silica
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

Clearfil Protect

Bond

Kuraray

Medical Inc,

Tokyo, Japan

Primer: MDPB, MDP, HEMA, hydrophilic

dimethacrylate, photo-initiator, water

2 Light cure Dry

Bond: MDP, HEMA, Bis-GMA, hydrophobic

dimethacrylate, photo-initiators, silanated

colloidal silica, surface-treated NaF

Clearfil SE Bond Kuraray

Medical Inc,

Tokyo, Japan

Primer: MDP, HEMA, hydrophilic

dimethacrylate, photo-initiator, water

2 Light cure Dry

Clearfil Mega

(Bond) in Japan Bond: MDP, HEMA, Bis-GMA, hydrophobic

dimethacrylate, photo-intiators, silanated

colloidal silica

Contax DMG,

Hamburg,

Germany

Primer: Maleic acid, water 2.6; 1.3 in water An optional activator

(contains BPO as

active ingredient) is

available to ensure

compatibility with dual

cure and chemical cure

materials. However,

Contax still needs to be

light cured

Preferentially

moistBonding: Bis-GMA, methacrylic esters of

polyalcohols, HEMA

Nano-Bond Pentron

Corporation,

Wallingford,

CT, USA

Self-etch primer: sulfonic acid terminated resin,

HEMA, water

Light cure or dual cure

when activator is

added

Adhesive: PMGDM, HEMA, UDMA,

TMPTMA, POSS nano-particulates, photo-

initiator, amine accelerator, acetone

Self-cure activator: BPO, acetone

One Coat Self

Etching Bond

Coltene-

Whaledent,

Altstätten,

Switzerland

Primer: water, HEMA, acrylamidosulfonic

acid, glycerol mono- and dimethacrylate,

methacrylized polyalkenoate

Bonding: HEMA, glycerol mono- and

dimethacrylate, UDMA, methacrylized

polyalkenoate, CQ

Optibond Solo

Plus Self-etch

Kerr, Orange,

CA, USA

Self-etch primer: HFGA-GMA, GPDM,

ethanol, water, MEHQ, ODMAB, CQ

SE primer: 1.9 Light cure

Adhesive: Bis-GMA, HEMA, GDMA,

GPDM, ethanol, CQ, ODMAB, BHT, filler

(fumed SiO2, barium aluminoborosilicat,

Na2SiF6), coupling factor A174

(approximately 15wt% filled)

Adhesive: 2.2

Tokuso Mac Bond

II

Tokuyama

Dental

Corporation,

Tokyo, Japan

Self-etching primer (primer a+primer b):

MAC-10, methacryloylalkyl acid phosphate,

water, acetone

Dry

Bonding: MAC-10, HEMA, Bis-GMA,

TEGDMA, CQ

Unifil Bond GC, Tokyo,

Japan

Primer: 4-MET, HEMA, ethanol, water, CQ

Bonding: UDMA, HEMA, DMA, CQ, silica

One-step self-etch adhesive (1-SEA)

Absolute DENTSPLY

Sankin Kogyo,

Otahara, Japan

Methacrylate ester, fluoride compound,

anhydrous silicic acid, acetone

Does not contain water Wet

Admira Bond VOCO,

Cuxhaven,

Germany

Ormocers, BIS-GMA, HEMA, phosphate

methacrylates, BHT, acetone, CQ, amine

accelerator

2.1 Wet

Adper Prompt L

Pop

3M ESPE, ST

Paul, USA

Red cushion: Methacrylic phosphates, BIS-

GMA, photo-initiator

Light cure Dry

Yellow cushion: Water, HEMA, polyalkenoic

acid polymer
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

AQ Bond (also

marketed as

Touch&Bond by

Parkell, USA)

Sun Medical

Co, Shiga,

Japan

AQ Bond: water, acetone, 4-META, UDMA,

monomethacrylates, photo-initiator, stabilizer

2.5 Light cure Dry

AQ-sponge: sodium p-toluenesulfinate

adsorbed in polyurethane foam

Contains special

ternary catalysts to

enhance coupling with

chemically cured resins

Clearfil S3 Bond Kuraray

Medical Inc,

Tokyo, Japan

MDP, Bis-GMA, HEMA, photo-initiators,

ethanol, water, silanated colloidal silica

2.7 Light cure Dry

Futurabond NR VOCO,

Cuxhaven,

Germany

Bottle A and B: BIS-GMA, HEMA, phosphate

methacrylates, BHT, ethanol, fluorides, CQ,

siliciumdioxide nanoparticles

1.4

G-Bond GC, Tokyo,

Japan

4-MET, phosphoric ester-monomer, UDMA,

TEGDMA, acetone, water, stabilizer, silica

filler, water, photo-initiator

2 Light cure Dry

Hybrid Bond Sun Medical

Co, Shiga,

Japan

Hybrid base: water, acetone, 4-META,

polyfunctional acrylate, monomethacrylates,

photo-initiators, stabilizer

2.5 Light cure Dry

Hybrid brushes: sodium p-toluenesulfinate and

aromatic amine adsorbed on the brush-hairs

iBond Heraeus

Kulzer, Hanau,

Germany

UDMA, 4-META, glutaraldehyde, acetone,

water, photo-initiators, stabilizers

2 Light cure Dry

Contains

glutaraldehyde

One-up F Bond Tokuyama

Dental

Corporation,

Tokyo, Japan

Bonding Agent A: MAC-10, photo-initiator,

methacryloylalkyl acid phosphate, multi-

functional methacrylic monomers

Bonding agent A:0.3 Light cure Dry

Bonding Agent B: MMA, HEMA, water,

F-deliverable micro-filler (fluoro-alumino-

silicate glass), photo-initiator

Bonding agent B:8.0

Contains special

ternary catalysts to

enhance coupling with

chemically-cured

composites

Mixture:1.2

Color-indicator

One-up Bond F

Plus

Tokuyama

Dental

Corporation,

Tokyo, Japan

Bonding agent A: MAC-10, photo-initiator,

methacryloylalkyl acid phosphate, multi-

functional methacrylic monomer

Bonding agent A:0.7 In addition to the

above features for One-

up F Bond, less

technical sensitivity is

featured

Dry and moist

Bonding agent B: MMA, HEMA, water,

F-deliverable micro-filler (fluoro-alumino-

silicate glass), photo-initiator

Bonding agent B:7.7

Mixture:1.2

Reactmer Bond Shofu Inc,

Kyoto, Japan

Bond A: F-PRG filler, fluoro-alumino silicate

glass, water, acetone, initiator

2.6 Fluoride releasing Dry

Bond B: 4-AET, 4-AETA, HEMA, UDMA,

photo-initiator

Light cure

Tyrian SPE Bisco Inc,

Schaumburg,

IL, USA

Primer A: thymol blue, ethanol, water Color indicator Dry

Primer B: AMPS, BidMEP (Bis[2-

ethyl]phospate), TPO, ethanol

Can be used as self-

etching primer together

with All-Bond2, One-

Step and One Step Plus

Unicem 3M ESPE, ST

Paul, MN,

USA

Liquid: methacrylated phosphoric acid ester,

dimethacrylates, photo-initiator, stabilizer

Dual cure

Powder: glasspowder, silica, calciumhydroxide,

initiator, pigment, polymer

Xeno III (Xeno CF

II in japan)

DENTSPLY

De Trey,

Konstanz,

Germany

Bottle A: HEMA, ethanol, water, aerosil,

stabilizers (BHT)

o1 Dry
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The spacer of the monomer does not have a function as
such, except for keeping both functional and polymerizable
groups well separated, but it has an important influence on
the properties of the monomer and the resulting polymer
[24]. The spacer is usually an alkyl chain, but can also
contain several other groups, like esters, amides, or
aromatic groups. The polarity of the spacer will partly
determine the solubility of the monomer in water, and in
other solvents. The hydrophilicity of the spacer group
may also cause water uptake, which leads to higher
hydrolysis susceptibility of the monomers as well as
swelling and discoloration of the cured resin. The size of
the spacer group determines the viscosity of the monomers,
and as a consequence also their wetting and penetration
behavior. In addition, small monomers will be more
volatile than larger molecules [18]. The spacer also
influences the flexibility of the monomer. Moreover,
stereochemic and substituent effects by the spacer will
modify the reactivity of polymerizable and/or functional
groups [14]. Voluminous groups may cause other mono-
mers not to reach the polymerizable group, thereby
hindering good polymerization (steric hindering) [14].
It was shown in homopolymerization studies that the
reactivity of monomers increases with increasing distance
between the methacrylate groups [18] and the flexibility of
the spacer of the monomer [25].

The functional group in functional monomers usually
exhibits hydrophilic properties. This group may serve
several purposes: enhancing wetting and demineralization
of dentin, but also releasing fluoride or imparting the
monomer antibacterial properties. So-called adhesion-
promoting functional monomers self-evidently enhance
bond strength of adhesives to dentin by their hydrophilic
properties [26]. The most common functional groups used
in commercial monomers are phosphate, carboxyl acid and
alcohol groups (Figs. 2 and 3). Sulfonic acid, phosphate,
phosphonate and carboxyl groups will dissociate to release
protons in aqueous solutions, and will be able to react in
acid–base reactions. Apart from ‘adhesion-promoting’ or
wetting effects, these proton-releasing functional groups
may establish surface demineralization to a certain extent
when applied in a sufficient concentration. A ranking on

etching aggressiveness can be made according to the acidity
of these groups: sulfonic acid4phosphonic4phosphoric4
carboxylic acidbalcohol [21,22]. Dihydrogen acids are
always more acidic that their monohydrogen counterparts,
as they can dissociate to form more protons [27]. Some-
times, very particular functional groups can be built into a
monomer. PEM-F (DENTSPLY) (Fig. 3) is a monomer
with 5 methacrylate-alkyl chains grafted onto a ring
structure (cyclophosphazene), onto which also a fluoride
as a functional group is grafted. The rationale for this
monomer is the release of fluoride upon admixture with
water, which will scavenge calcium in order to intensify the
demineralization reaction, and not to release fluoride.
NPG-GMA and NTG-GMA (Fig. 3) are adhesion-
promoting monomers that also function as co-initiator
due to their tertiary aromatic amine group [28]. DMAE-
MA (Fig. 3) is a water-soluble monomer that has a tertiary
amine moiety also functioning as a co-initiator for
camphorquinone [29]. As these molecules will be fixed in
the polymer network upon curing, good biocompatibility is
assured. MDPB (Fig. 3), a monomer patented by Kuraray,
is a compound of the antibacterial agent dodecylpyridi-
nium bromide and a methacryl group [30]. In contrast to
the majority of functional monomers, this molecule is
rather hydrophobic. 5-NMSA, a monomer used in former
adhesives of Kuraray and in Panavia cements, has a salicyl
group that is intended to chelate with calcium in order to
obtain a desensitizing effect.
Depending on several factors, such as hydrophilic

behavior, methacrylate monomers are susceptible to
hydrolysis in aqueous solutions. Not only the ester-group
typical of acrylates can hydrolyze, but also phosphate and
carboxyl groups used in functional monomers may be
vulnerable to hydrolysis in water (Fig. 4).
The conversion rate is an important determinant of the

physico-mechanical strength of the resulting polymer
[14,31,32]. Conversion is seldom complete and is generally
accepted to be rather low in dental composites and
adhesives [33,34]. Especially in simplified adhesives the
degree of conversion was shown to be low [35,36].
Apart from low mechanical strength, low conversion
rate also results in higher permeability [36], more water
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Table 1 (continued )

Adhesive Manufacturer Composition pH Remarks Dry or wet

bonding

DENTSPLY

Sankin Kogyo,

Otahara, Japan

Bottle B: Pyro-EMA, PEM-F, UDMA, CQ,

BHT, ethyl-4-dimethylaminobenzoate (co-

intiator)

Xeno IV DENTSPLY

Caulk,

Milford, DE,

USA

PENTA, Mono-, Di- and Trimethacrylate

resins, cetylamine hydrofluoride,

acetone–water

�2.1 Dry

Data provided by the manufacturer. The adhesives are categorized according to the classification of Van Meerbeek [5]. Abbreviations: see Table 2.
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sorption [37], more nanoleakage [38], degradation of the
tooth-composite bond [39] and more leaching of residual
uncured monomers and thus lower biocompatibility of

dental adhesives. Polymerization is inhibited by several
factors, such as the presence of oxygen (resulting in the
oxygen-inhibition layer) [40,41], the presence of intrinsic

ARTICLE IN PRESS

Table 2

Abbreviations of monomers, initiators and inhibitors, filler particles and coupling factors used in adhesives

Abbreviations monomers

4-AETA: 4-acryloyloxyethyl trimellitate anhydride

4-AET: 4-acryloylethyl trimellitic acid

AMPS: 2-acrylamido-2-methyl-1-propanesulfonic acid

Bis-MEP: bis[2-(methacryloyloxy)ethyl] phospate

Bis-EMA: ethoxylated bisphenol A glycol dimethacrylate

Bis-GMA: bisphenol A diglycidyl methacrylate

BPDM: biphenyl dimethacrylate or 4,40-dimethacryloyloxyethyloxycarbonylbiphenyl-3,30-dicarboxylic acid

Di-HEMA phosphate: di-2-hydroxyethyl methacryl hydrogenphosphate

DMAEMA: dimethylaminoethyl methacrylate

EAEPA: ethyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl]acrylate

EGDMA: ethyleneglycol dimethacrylate

GDMA: glycerol dimethacrylate

GPDM: glycerol phosphate dimethacrylate

HDDMA: 1,6-hexanediol dimethacrylate

HEMA: 2-hydroxyethyl methacrylate

HEMA-phosphate: 2-hydroxyethyl methacryl dihydrogenphosphate

HFGA-GMA: hexafluoroglutaric anhydride-glycerodimethacrylate adduct

HPMA: 2-hydroxypropyl methacrylate

MA: methacrylic acid

MAEPA: 2,4,6 trimethylphenyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl]acrylate

MAC-10: 11-methacryloyloxy-1,10-undecanedicarboxylic acid

10-MDP: 10-methacryloyloxydecyl dihydrogenphosphate

MDPB: methacryloyloxydodecylpyridinium bromide

4-META: 4-methacryloyloxyethyl trimellitate anhydride

4-MET: 4-methacryloyloxyethyl trimellitic acid

MMA: methyl methacrylate

MMEP: mono-2-methacryloyloxyethyl phthalate (sometimes also called PAMA: phtalic acid monomethacrylate)

5-NMSA (or MASA): N-methacryloyl-5-aminosalicylic acid

NPG-GMA: N-phenylglycine glycidyl methacrylate

NTG-GMA: N-tolylglycine glycidyl methacrylate or N-(2-hydroxy-3-((2-methyl-1-oxo-2-propenyl)oxy)propyl)-N-tolyl glycine

PEGDMA: polyethylene glycol dimethacrylate

PEM-F: pentamethacryloyloxyethylcyclohexaphosphazene monofluoride

PENTA: dipentaerythritol pentaacrylate monophosphate

Phenyl-P: 2-(methacryloyloxyethyl)phenyl hydrogenphosphate

PMDM: pyromellitic diethylmethacrylate or 2,5-dimethacryloyloxyethyloxycarbonyl-1,4-benzenedicarboxylic acid

PMGDM: pyromellitic glycerol dimethacrylate or 2,5-bis(1,3-dimethacryloyloxyprop-2-yloxycarbonyl)benzene-1,4-dicarboxylic acid

Pyro-EMA: tetramethacryloyloxyethyl pyrophosphate

TCB: butan-1,2,3,4-tetracarboxylic acid di-2-hydroxyethylmethacrylate ester

TEGDMA: triethylene glycol dimethacrylate

TMPTMA: trimethylolpropane trimethacrylate

UDMA: urethane dimethacrylate or 1,6-di(methacryloyloxyethylcarbamoyl)-3,30,5-trimethylhexaan

Abbreviations initiators and inhibitors

BHT: butylhydroxytoluene or butylated hydroxytoluene or ,2,6-di-(tert-butyl)-4-methylphenol (inhibitor)

BPO: benzoylperoxide (redox initiator)

BS acid: benzenesulfinic acid sodium salt (redox initiator)

CQ: camphorquinone or camphoroquinone or 1.7.7-trimethylbicyclo-[2,2,1]-hepta-2,3-dione (photo-initiator)

DHEPT: N,N-di-(2-hydroxyethyl)-4-toluidine (co-initiator)

MEHQ: 4-methoxyphenol or monoethyl ether hydroquinone (inhibitor)

ODMAB: 2-(ethylhexyl)-4-(dimethylamino)benzoate (co-initiator)

TPO: Lucirin TPO, BASF (photo-initiator)

UV-9: 2-hydroxy-4-methoxybenzophenone (photo-initiator)

Abbreviations fillers and silane coupling factors

Coupling factor A174: g-methacryloxypropyltrimethoxysilane

F-PRG: full reaction type pre-reacted glass-ionomer fillers

NaF: sodium fluoride

Na2SiF6: disodium hexafluorosilicate

POSS nano-particulates: polyhedral oligomer silsesquioxanes
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water from dentin and the presence of residual solvents in
the adhesive [42,43].

Volumetric shrinkage and resulting shrinkage stresses
are inherent to polymerization reactions as the intermole-
cular distance between the monomers is replaced by a
covalent bond [14].

VOCO (Germany) replaced a certain amount of
conventional resin in some composite filling materials
and adhesives (Table 1) by a specific sort of polymer called
ormocer (organically modified ceramics). These polymers
have a polymerized backbone of SiO2 with methacrylate
sidebranches. The latter ensure cross-linking with conven-

tional resin compounds. The constitution and the proper-
ties of the ‘ormocer’ polymer can be modified by changing
individual units. Main advantages are said to be lower
shrinkage and toxicity [44].
Recently, the biocompatibility of resin monomers has come

under extensive scrutiny. Several studies showed that residual
monomers may dilute into saliva after curing and that
degradation of resin may lead to further release of monomers
into the oral environment [45]. Many monomers, especially
dimethacrylates have been shown to exert cytotoxic effects
[46,47]. Besides cytotoxicity, possible endocrine-disruptive
effects of monomers have raised some concern [48,49].

ARTICLE IN PRESS

Fig. 2. General make-up of either a cross-linking or a functional monomer. The vast majority of monomers currently used in adhesives correspond to this

structure. Moreover, adhesive monomers belong usually to the group of methacrylates.
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The way monomers are named is most confusing. Apart
from the full chemical name, an acronym or trade name is
very popular. Sometimes, several synonyms exist for the
same monomer. For example, hydroxyethyl methacrylate
(HEMA) has many chemical synonyms, like ethylene
glycol methacrylate; 2-(methacryloyloxy) ethanol; 2-
methyl-2-propenoic acid 2-hydroxyethyl ester; 2-methyl-,
2-hydroxyethyl ester methacrylic acid; 2-hydroxyethyl
ester; hydroxyethyl methacrylate; ethylene glycol mono-
methacrylate; glycol methacrylate; glycol monomethacry-
late; 2-HEMA.

Research as to the properties and the effectiveness of
monomers used in dental adhesive systems is remarkably
scarce. Whereas composite filling materials are mostly
composed of monomers that have been amply researched
such as Bis-GMA, TEGDMA and UDMA, adhesives also
contain rather ‘unknown’ monomers. Several manufac-
turers have started synthesizing proprietary monomers,
which they protect by patents. It is self-evident that active
patents may also hinder objective research. Moreover, only
a study set-up with experimental adhesives with different
amounts of one single component can truly investigate the
role of an ingredient. Most studies have so far tested
commercial products, which only leads to hypotheses
concerning the properties of particular monomers. How-
ever, some of their properties may be deducted from the
chemical structure. Fig. 3 shows the chemical structure of
several frequently used monomers in commercial adhe-
sives. Next, we will discuss the main characteristics of some
frequently used monomers.

2.1.1. Methacrylic acid (MA)

Because MA is a strong irritant and corrosive due to its
strongly acidic nature, and because it can rapidly penetrate
gloves and skin to cause allergic reactions, this monomer is
hardly ever added to adhesives (Fig. 3). However, it is most
probably present in varying amounts in the majority of
adhesive resins, due to hydrolysis of the ester group in
other monomers (Fig. 4). Hydrolysis of methacrylate

monomers is generally an issue in SEAs, which standardly
contain water and have a relatively low pH [50].

2.1.2. Methyl methacrylate (MMA)

Like MA, MMA is one of the oldest monomers and is
very sporadically added to adhesives (Fig. 3). Again, due to
its small molecular dimensions, this monomer is at high
risk to elicit allergic reactions [51]. Use for cosmetic
purposes has already been banned for this reason. Its
function in adhesives is restricted to dissolving other
monomers.

2.1.3. HEMA

HEMA is a small monomer that is in widespread use
[52], not only in dentistry (Fig. 3). Its popularity in medical
applications must be attributed to its relatively good
biocompatibility [53], even though the uncured monomer
is notorious for its high allergenic potential [54,55].
Uncured HEMA presents as a fluid that is well solvable
in water, ethanol and/or acetone. Moreover, HEMA has
been described to be able to evaporate from the adhesive
solutions, though only in very small amounts [56].
Another important characteristic of HEMA is its

hydrophilicity. Even though this monomer cannot be used
as a demineralizing agent, its hydrophilicity makes it an
excellent adhesion-promoting monomer [57–61]. By en-
hancing wetting of dentin, HEMA significantly improves
bond strengths [62,63]. Nevertheless, both in uncured and
cured state, HEMA will readily absorb water. Jacobsen
and Söderholm hypothesized that HEMA-containing
adhesives are more susceptible to water contamination, as
the HEMA in the uncured adhesive may absorb water,
which can lead to dilution of the monomers to the extent
that polymerization is inhibited [64]. HEMA fixed in a
polymer chain after polymerizing will still exhibit hydro-
philic properties and will lead to water uptake with
consequent swelling and discoloration [59]. Apart from
the water uptake, which adversely influences the mechan-
ical strength, high amounts of HEMA will result in flexible
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Fig. 4. Some chemical groups are susceptible to hydrolysis, especially in acidic environment. The ester group, typical of all methacrylate monomers, is

vulnerable to hydrolytic dissociation. Here, hydrolysis of HEMA is shown, resulting in MA and ethylene glycol. Likewise, other ester groups in a

monomer can also be hydrolyzed, to form a carboxylic acid. Unlike phosphonate groups, phosphate groups are also at risk of hydrolysis, resulting in

release of phosphoric acid into the adhesive. Both last described reactions may render an adhesive more acidic with increased shelf time.
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polymers with inferior qualities [27]. PolyHEMA is
basically a flexible porous polymer (‘gel’) [65,66]. As such,
high concentrations of HEMA in an adhesive may have
deteriorating effects on the mechanical properties of the
resulting polymer. HEMA also lowers the vapor pressure
of water, and probably also of alcohol. High amounts may
therefore hinder good solvent evaporation from adhesive
solutions [56]. Like all methacrylates, HEMA is vulnerable
to hydrolysis, especially at basic pH, but also at acidic pH
[67] (Fig. 4). HEMA is very frequently added to adhesives,
not only to ensure good wetting, but also because of its
solvent-like nature. This property improves the stability of
solutions containing hydrophobic and hydrophilic compo-
nents and will keep ingredients into solution [68].

2.1.4. 4-MET

4-MET is also frequently used, originally as an adhesion-
promoting monomer [69], and later as a demineralizing
monomer (Fig. 3) [70]. Moreover, 4-MET is known to
improve wetting to metals, such as amalgam [71] or gold
[72]. Its popularity is partially due to its easy synthesizing
method and its being free of patent. 4-MET is easily
available as its anhydride, 4-META, which is a crystalline
powder. After addition of water to 4-META powder, an
easy and swift hydrolysis reaction will take place to form
4-MET (Fig. 3). The two carboxylic groups attached to the
aromatic group provide acidic and thus demineralizing
properties, and also enhance wetting. The aromatic group,
however, is hydrophobic and will moderate the acidity
and the hydrophilicity of the carboxyl groups [73]. As a
consequence, this monomer is well solvable in acetone,
moderately solvable in ethanol, and difficultly solvable in
water. Nevertheless, ethanol is not an appropriate solvent
for this monomer as esterification of the carboxylic groups
with the hydroxyl group can occur, especially in acidic
conditions (Fig. 5) [68]. Many authors have reported
improved adhesion to enamel and dentin due to the

addition of 4-MET [74]. 4-MET is also frequently used
together with MMA in the so-called 4-META/MMA TBB
adhesive [57,58,75]. Recently, Yoshida et al. [7] showed
that 4-MET is able to establish an ionic bond with calcium
in hydroxyapatite, though, less intense than other func-
tional monomers, such as 10-MDP (see below). Moreover,
the resulting Ca-4MET salt has a relatively high solubility
and is therefore not very stable.

2.1.5. 4-AETA

4-AETA differs from the structure of 4-META only by
having an acrylate polymerizable group instead of a
methacrylate group (Fig. 3). This group is regarded as an
advantage for better polymerization (Fig. 3) [76]. No
information could be found in literature as to differences in
bonding effectiveness between 4-AETA and 4-META.
Apart from facilitating resin penetration into dentin, the
highly reactive acrylate group of 4-AETA is regarded as an
advantage for better polymerization [76]. This functional
monomer can be found in products of Shofu [77].

2.1.6. 10-MDP

10-MDP is a monomer that was originally synthesized
by Kuraray (Osaka, Japan) and hence patented by them
(Fig. 3). It is mainly used as an etching monomer, due to
the dihydrogenphosphate group, which can dissociate in
water to form two protons [50]. Structurally, the long
carbonyl chain renders this monomer quite hydrophobic.
As a consequence, ethanol and acetone are most suitable
solvents for this monomer. Also, it is clear that 10-MDP
will be relatively hydrolysis stable, as water will be kept at a
distance. Yoshida et al. [7] showed that this monomer is
capable of forming strong ionic bonds with calcium due
to the low dissolution rate of the resulting Ca-salt in its
own solution. In this study, 10-MDP was rated as the
most promising monomer for chemical bonding to hydro-
xyapatite of enamel or dentin, as opposed to 4-MET and
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Fig. 5. Esterification of 4-MET when mixed with ethanol as solvent. One of the carboxylic groups may react in an esterification reaction with subsequent

inactivation of the carboxylic group for demineralization and adhesion promotion. A negligible amount of di-ethyl ester of 4-MET will also be formed.
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Phenyl-P. The good in vitro and clinical outcome of
Clearfil SE Bond from Kuraray [8,78,79], which is a 2-SEA
that contains 10-MDP, may be partly attributed to the
intense chemical adhesion with tooth tissue.

2.1.7. MAC-10

This monomer can be found in products by the Japanese
manufacturer Tokuyama (Fig. 3). Information about this
monomer in literature is very scarce. However, several
properties can still be deducted from its chemical structure.
Like 10-MDP, MAC-10 has a spacer group consisting of
10 carbon atoms. This for sure makes this monomer rather
hydrophobic, which may reflect in limited dissolution in
water. As the spacer group will not attract water, this
monomer is probably also relatively hydrolytically stable.

2.1.8. Phenyl-P

Phenyl-P was used as one of the first acidic monomers in
self-etching primers (Fig. 3) [26,80,81]. This monomer has
also been described to promote diffusion of resin in
demineralized dentin [82–84]. The monohydrogenpho-
sphate group of this functional monomer can dissociate
to form one proton. Phenyl-P has only very little chemical
bonding capacity to hydroxyapatite [7]. This monomer is
not frequently used anymore in contemporary adhesives
(Table 1).

2.1.9. Di-HEMA-phospate and HEMA-phosphate

HEMA-phosphate (also called MEP, 2-methacryloylox-
yethyl dihydrogen phosphate), and most probably also di-
HEMA-phosphate are hydrolytically instable (Fig. 3) [20].
In aqueous solutions, they will dissociate into HEMA and
the strongly acidic phosphoric acid. Adhesive systems that
contain these monomers may therefore be quite acidic.
Prompt-L-Pop (3M ESPE) is a two-component one-step
self-etch adhesive that contains such methacrylated phos-
phoric acid–HEMA esters [85]. It has been repeatedly
reported to exhibit a low pH, which results in a profound
demineralization of enamel and dentin [27]. The main
disadvantage of hydrolytic degradation into HEMA and
phosphoric acid, may be a dissimilar depth of penetration
and demineralization. Incomplete infiltration of resin into
the demineralized dentin is regarded as one of the
drawbacks of E&R adhesives and ‘strong’ SEA, and may
jeopardize longevity of adhesion [86,87]. Wang and
Spencer [88] also reported a continued dentin deminer-
alization effect of Prompt-L-Pop after 1 month storage in
water. Apart from incomplete polymerization of the
monomers as suggested, continued hydrolysis after curing,
and release of phosphoric acid could account for the
continuation of dentin demineralization.

2.1.10. Di-methacrylates

Bis-GMA, UDMA and TEGDMA are most frequently
used cross-linkers in adhesive systems (Fig. 3). Other cross-
linking monomers are also shown in Fig. 3. They directly
provide mechanical strength to the adhesive system by

forming densely cross-linked polymers [25]. When com-
pared to the mono-methacrylate monomers in adhesives,
they are usually characterized by hydrophobic behavior,
which makes them only limitedly solvable in water. This
feature will also prevent substantial water uptake after
curing with attendant discoloration of the adhesive resin.
Nevertheless, some water sorption is inevitable due to the
polar ether-linkages and/or hydroxyl groups [18,89].
A ranking in amount of water sorption could be
made: TEGDMA4Bis-GMA4UDMA [89]. Often, adhe-
sive resins consist of mixtures of cross-linking monomers,
and the relative amounts of Bis-GMA, TEGDMA and
UDMA used will have a significant influence on the
viscosity of the uncured adhesive resin [90] and on the
mechanical properties of the cured resin [12,91].
Bis-GMA, also called ‘Bowen-resin’ after its inventor, is

universally used, not only in adhesives but also in
composites. The core of this monomer is identical to the
one of Bisphenol A diglycidyl ether, an epoxy monomer.
Uncured, Bis-GMA is highly viscous. Due to its high
molecular weight, Bis-GMA provides lower polymeriza-
tion shrinkage and rapid hardening, and the resulting
polymer is characterized by superior mechanical qualities
[18]. The two voluminous aromatic rings in the spacer also
make this monomer quite rigid. This property has shown
to have a negative effect on conversion rate, as the
polymerizable methacrylate groups will have difficulty
finding a mating methacrylate group. Admixture of other,
lower-molecular-weight monomers is therefore required
not to compromise polymerization [31]. Both mono-
methacrylates and other dimethacrylates such as UDMA,
EGDMA or TEGDMA are used as ‘diluents’ [92,93].
TEGDMA is usually used in conjunction with Bis-GMA

or UDMA. The higher flexibility of TEGDMA will
compensate for the rigidity of Bis-GMA and admixture
will result in resins with higher conversion rate [12]. In
addition, this was also shown to result in increased tensile
but reduced flexural strength of the resulting polymer [91].
Although a whole group of urethane dimethacrylates

exist, UDMA (also called UEDMA) (Fig. 3) is most
commonly used in adhesives. In spite of its comparable
molecular weight to that of Bis-GMA, UDMA exhibits
lower viscosity properties. In adhesives, UDMA is often
used alone, or in combination with TEGDMA and/or Bis-
GMA. Its main difference from the latter is its flexibility, as
the ether bonds in UDMA allow easy rotation as compared
to the two bulky aromatic rings in Bis-GMA [18].
Some controversy exists about the biocompatibility of

these monomers. Apart from cytotoxicity, estrogenic
activity has been assigned to Bis-GMA. Moreover, some
studies indicated adverse effects of both Bis-GMA and
TEGDMA on the fertility of both male and female
mice [94–96]. It has been speculated that Bis-GMA
may be metabolized, by combined hydrolytical and
enzymatic degradation to form Bisphenol A, a compound
with known estrogenic activity [18,97,98]. Release of
Bisphenol A from Bis-GMA-containing resins is however
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still a matter of controversy. Some authors have demon-
strated its presence in saliva [99–101], while other
researchers concluded that the amounts of released Bi-
sphenol A are negligible [48,49,102]. Some manufacturers
have addressed this issue by omitting Bis-GMA from their
adhesive formulations.

2.1.11. (Meth)acrylamides

(Meth)acrylamides have an amide (–CO–NH– or
–CO–N–) group instead of an ester group (–CO–O–R–)
as in conventional acrylates and methacrylates (Fig. 2) [14].
Several amide monomers were investigated in experimental
adhesives in the past [24,103–108]. The rationale for the
use of amide monomers is their similarity to the amino
acids of which collagen consist [107], which promotes the
formation of hydrogen bonds between the carboxyl and
amide groups of the monomer with the carboxyl groups of
collagen [109–111]. Some experimental adhesives with
amino-acid-like priming monomers achieved equal or
better bond strengths than HEMA [104]. Recently,
acrylamides have regained attention due to the better
hydrolytic resistance of the amide as compared to the
ester group (CO–O–R) of conventional (meth)acrylates
[20–22]. The advent of self-etch adhesives, which stan-
dardly contain water and have an acidic pH, entails the
problem of hydrolysis of monomers and subsequent
reduced shelf life. AdheSE, a 2-SEA (Ivoclar-Vivadent)
contains a bis-acrylamide in order to improve the
shelf life of the adhesive. Many other (bis)acrylamides
have been synthetized, but more research is needed
concerning their features (solubility, polymerization reac-
tivity, biocompatibilityy) [22].

2.2. Initiator systems

It is generally accepted that adhesive systems should best
be cured before the application of the composite, first to
obtain an optimal degree of conversion and good mechan-
ical strength of the adhesive layer [112], and second to
prevent overly thinning of the adhesive resin layer by the
application of the composite. The monomers in dental
resins polymerize thanks to a radical polymerization
reaction (Fig. 6) [113,114]. In order to set off this reaction,
small amounts of initiator are required, which will be
consumed during the polymerization reaction [14]. Initia-
tors are generally molecules that possess atomic bonds with
low dissociation energy that will form radicals under
certain conditions [14]. Those radicals will set off the
radical polymerization reaction. The amount of initiator
was shown to be directly linked to the mechanical strength
of the resin [115,116]. Nevertheless, the importance of the
initiator is often overlooked [117].

Radicals can be produced by a variety of thermal,
photochemical and redox methods [14]. In composite
materials and their adhesives, redox as well as photo-
activated initiators are used (Fig. 7). Photo-initiators
absorb electromagnetic energy (photo-curing), while redox

initiators need admixture of another component (chemical
curing or self-curing). The choice between photo-initiation
and self-curing depends on the purpose of the adhesive
system. The main advantage of polymerization started by
irradiation is the easy control on the onset of the reaction.
However, whenever radiation is hampered to reach the
adhesive, self-curing systems are the better choice. Gen-
erally, adhesive systems devised to bond composite fillings
utilize photo-initiators, whereas resin-based cements usual-
ly rely on chemical initiation. When both photo-initiators
and chemically curing initiators are added, the adhesive
resin is said to be ‘dual-curing’. The aim of this double
setting mechanism in dual-cure resins is mainly to boost the
polymerization and consequently to achieve a higher
degree of conversion, especially at areas remote or hidden
from the light source.
The amount of initiator added to adhesive systems

depends on the type of initiator and on the adhesive
system, but is usually very small, in the range of 0.1–1wt%.
Optimal initiator/co-initiator concentrations in adhesives
depend on many factors, such as solubility of these
compounds in the monomer—solvent mixture, the absorp-
tion characteristics and compatibility with the used light-
curing unit, photo-reactivity (effectiveness to produce
radicals), color, and biocompatibility. In contrast to
composite filling materials, the polarity of the initiator/
co-initiator system must be taken into account when added
to hydrophilic adhesive systems, in order to obtain
homogenous polymerization [118,119].
The biocompatibility of adhesives is declined by the

addition of initiators. They have mainly been associated
with cytotoxicity, related to their ability to generate free
radicals [120–122].

2.2.1. Photo-initiators

Many compounds can dissociate into radicals upon
absorption of light energy. Although they can produce free
radicals by several mechanisms, they usually contain a
keton (CQO), the electrons of which can be promoted
into a higher orbital by the absorption of the required
wavelength (excitation) [123]. Subsequently, they can
undergo either decomposition to yield free radicals (type
I or photo-fragmentation photo-initiator, like benzoin
esters, benzophenone, acylphosphine oxides, PPD), or a
bimolecular reaction where the excited state of the photo-
initiator interacts with a second molecule (a co-initiator) to
produce free radicals (type II or electron-transfer photo-
initiator like camphorquinone (CQ), PPD) [14]. In the
latter reaction, a co-initiator is added to the photo-
initiator. Aliphatic and aromatic amine compounds have
proven to be efficient hydrogen donating co-initiators.
Several problems, however, have been associated with
amine co-initiators in adhesive systems. As amines are
nucleophilic, an acid–base reaction between the amine co-
initiator and the acidic monomers cannot be excluded
[22,124]. This reaction will lead to protonization of a
moiety of the amine, according to the equilibrium of the
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acid–base reaction, and thus, to a decrease of the available
amine that will form amine radicals. The amine concentra-
tion in adhesives therefore needs to be exactly adjusted to
the concentration of acidic monomers [22]. Using a second
co-initiator that will not be deactivated is always recom-
mendable in acidic adhesives [23]. Finger et al. [125]
showed that addition of an anionic resin to acidic adhesive
resins may help to overcome incompatibility problems.

Good dosing of the added amount of amines is also
indispensable as the by-product of tertiary amines by
degradation are notorious for inducing discoloration with
time, especially when added in high concentrations
[126,127]. Moreover, amines used as co-initiator have been
described to have limited biocompatibility and have been
shown to be both toxic and mutagenic [53,128]. A wide
variety of amines can be employed, some of which are also
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Fig. 6. (Meth)acrylates and (meth)acrylamides in adhesives polymerize due to a radical polymerization reaction. At the top of the figure, the radicalization

reaction of two main initiators in dental adhesives is shown. Camphorquinone is a typical photo-initiator, while benzoylperoxide is a thermal initiator that

also can be used in a redox reaction. Both initiators function with a co-initiator, which usually is a tertiary amine compound. At the bottom, the

polymerization reaction of methacrylates is shown. This reaction can be subdivided in an initiation, propagation and deactivation reaction. Termination of

the polymerization reaction refers to a bimolecular reaction by combination or disproportionation that leads to the deactivation of the propagating radical

chain ends. Combination refers to the reaction of two radical chain ends and disproportioning involves hydrogentransfer and formation of two dead

polymer chains (one saturated and one unsaturated) [113,114].
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methacrylates that can be polymerized, which is assumed
to reduce toxicity [112,128].

One of the main characteristics of photo-initiators is
their peak absorption wavelength and their absorption
spectrum. Commonly, photo-initiators absorbing in the
visible light spectrum are preferred. The absorption of
photo-initiators should correlate with the emission profiles
of dental curing units [129]. Moreover, the maximum
absorption wavelength varies depending on the solvent, in
which the photo-initiator is dissolved. Generally, the
maximum absorption wavelength shifts to lower wave-
lengths with increasing polarity of the solvent [116,130].
For adhesive systems that contain high amounts of solvent,
like 1-SEAs, these absorbance shifts may influence poly-
merization when a narrow spectral emission light source
(for example LED) is employed [130]. LED light-curing
units are becoming increasingly popular, and it can be
foreseen that they will eventually replace halogen light-
curing units. LED units however have a narrow emission
spectrum as opposed to halogen units, and their emission is
generally optimized for the use of CQ in dental resins. The
increased use of LED has urged many manufacturers that
used to add alternative photo-initiators with different
absorption spectra, to choose again for CQ.

2.3. Camphorquinone/co-initiator system

Among the most popular photo-initiators in adhesives
(and also composites) is CQ combined with a co-initiator
[131] (Figs. 6 and 7). After excitation by blue light, an
excited complex will be formed yielding radicals by
‘hydrogen abstraction’ (Fig. 6). Amines are efficient
hydrogen donors, and are extensively used. The effective-
ness of several different co-initiators in conjunction with
CQ has been tested [119,132]. CQ is an excellent photo-
initiator that absorbs over a wide spectrum of wavelengths
from 360–510 nm, with peak absorbance around 468 nm
(blue light). When dissolved in water, the absorption peak
shifts to lower wavelength of 457 nm, while dissolution in a
less polar environment such as TEGDMA results in a

bathochrome shift of the absorption spectrum with a peak
at 474 nm [130]. Its broad absorption spectrum is an
advantage. At room temperature, CQ is a crystalline
powder, and this molecule is only limitedly solvable in
water. One of the main disadvantages of CQ is its
inherently yellowish-brown color. Even though this in-
itiator is usually used in minute amounts (0.03–01%), it
influences the color of the adhesive resin significantly [127].
Notwithstanding that the yellow color partially fades after
curing, the remaining yellow color may possibly cause
problems in color matching, especially nowadays with the
trend of bleaching. This issue limits the amount of
camphorquinone used in both composites and adhesive
resin. This initiator has also been shown to be cytotoxic
[122,133].

2.4. 1-phenyl-1,2 propanedione (PPD)

The diketone PPD (Fig. 7) has recently been introduced
as a photo-initiator for dental resins [134], and yields
radicals both by cleavage and by proton transfer from an
amine co-initiator [123]. Compared to CQ, PPD absorbs
mainly over a spectrum with higher energy, but its
absorption profile extents into the visible range. Neumann
et al. [129] found that PPD was activated similarly by both
LED and halogen light-curing units. Its peak absorbance is
in the vicinity of 400 nm [116]. Unlike CQ, PPD is a slightly
yellow viscous fluid at room temperature. This physical
state allows PPD good compatibility with resin, where it
serves as a diluent as opposed to CQ. Its less intense yellow
color is also an advantage over CQ [123]. Sun and Chae
showed that PPD yields higher mechanical strengths, and
PPD has comparable or better polymerization efficiency
than CQ [116,123,135]. When used in combination with
CQ, PPD acts synergistically [123].

2.5. Acylphosphine oxides

Acylphosphines represent a wide group of photofrag-
mentation photo-initiators for free-radical polymerization
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Fig. 7. Chemical structure of photo-initiators and chemical initiators used in commercial adhesive systems. Typical are the aromatic rings in photo-

initiators, which will provided absorption of electromagnetic waves.
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processes (Fig. 7). They have a strong absorption near the
UV light, also extending into the visible part of the
spectrum [129]. Examples in dental resins would be (2,4,6-
trimethylbenzoyl) diphenylphoshine oxide or TPO (Lucirin
TPO, BASF), a monoacylphosphine (Fig. 7) and bis(2,4,6-
trimethylbenzoyl)-phenylphosphine oxide or Irgacure 819
(Ciba-Geigy). Their neutral color, as opposed to camphor-
quinone, is an important advantage. The popularity of
TPO, however, is diminishing due to the increased use of
LED curing units, which are not appropriate for curing
TPO-containing resins. Neumann et al. [129], however,
found that Irguracure is best light cured by a high-power
LED device. Due to the three-phenyl groups, TPO and also
Irguracure are rather hydrophobic molecules that are
difficultly dissolvable in water [136]. These photo-initators
are therefore less suitable for water-containing adhesive
systems, like 1-SEAs. Moreover, the stability of phosphine
oxides is not guaranteed in the presence of water and
ethanol [22].

2.5.1. Chemical initiators

The use of chemical initiators is usually restricted to
cements and resin that cannot rely (solely) on light curing
for polymerization. Adhesives that are chemically curing
standardly need the admixture of the initiator with the co-
initiator, after which the setting reaction will start.
Inherently, they consist of two separate bottles, the content
of which need to be mixed before application onto the
tooth surface. The most common initiator in self-curing
resins would be benzoylperoxide (BPO) in conjunction with
a tertiary amine [23,120] (Figs. 6 and 7). BPO will react
with the tertiary amine as a co-initiator, yielding radicals
(Fig. 6). It is a colorless, crystalline solid, that is very
limitedly soluble in water, but soluble in ethanol and
acetone. Like all organic peroxides, BPO undergoes slow
photolysis when exposed to light, and self-curing adhesives
should therefore always be stored in darkness. Elevated
temperatures will also favor the formation of radicals [14].
Storage in the refrigerator is thus recommended. When
dissolved in water, BPO undergoes rapid hydrolysis,
depending on the pH (better shelf life at acidic pHs). As
a consequence, BPO should not be used in water-contain-
ing adhesives, unless it is stored in a different bottle. The
same issues that arise from the use of amines with photo-
initiators (see above), such as neutralization in acidic
solutions, discoloration and toxicity, occur also in self-
curing systems with amines.

Tri-n-butyl borane (TBB) (Fig. 7) is another initiator
compound [137], described many times in research
literature [138]. Its commercial use is, however, restricted
to a couple of adhesives used for cementation (C&B,
Super-Bond Sun Medical and C&B Metabond, Parkell).
TBB is a very reactive molecule-producing radicals by an
autoxidation process (reaction with oxygen), which gives it
its excellent polymerization capacity (Fig. 7). No co-
initiator is required. However, this compound is also very
instable in water, air (self-ignating) and acid, which

severely restricts its use. Separate recipients are indispen-
sable. In C&B Super-Bond and in C&B Metabond, TBB is
delivered in separate metal syringes.

2.6. Inhibitors

Inhibitors added to dental resins are actually anti-
oxidants that are able to scavenge free radicals originating
from prematurely reacted initiators. Especially in extreme
storage conditions, such as high temperatures (for example
during transport and shipping), some initiator molecules
may decompose or react spontaneously to form radicals.
Inhibitors and retarders will then prevent spontaneous
initiation and propagation of the free-radical polymeriza-
tion reaction by readily quenching these radicals [14]. As
such, inhibitors promote shelf life. The required inhibitor
concentration depends on the inherent instability of the
monomers in the adhesive (acrylate versus methacrylate).
The effect of inhibitors on the actual polymerization is
negligible since only minute amounts are used. When the
polymerization reaction is set off by either light curing or
admixture of two components, a much higher amount
of radicals will be formed, outweighing the amount of
inhibitor. The firstly formed radicals will still be neutralized
by the small amount of inhibitor, after which the
polymerization reaction will start off, initiated by the
surplus of radicals available [139]. Great amounts of
inhibitor, however, can induce a decrease of cure rate.
A good balance must be struck between shelf life and cure
speed, and between the concentration of initiator and
inhibitor.
The most frequently used inhibitors in adhesives are

butylated hydroxytoluene, also butylhydroxytoluene
(BHT) and monomethyl ether hydroquinone (MEHQ)
(Fig. 8). Whereas BHT is most often used in composites
and hydrophobic adhesive resins, MEHQ is preferred for
more hydrophilic resins. Due to its hydrophobic nature,
BHT is frequently added as a food preservative for fats
(E321). Both inhibitors have been shown to elute from
resins and so far, these compounds deserve careful
evaluation for biocompatibility [29,140].

2.7. Solvent

The addition of solvents to resins is indispensable to the
composition of adhesives that need to bond to dentin. The
wet nature of dentine only allows good wetting when a
hydrophilic bonding is applied [26]. By adding hydrophilic
monomers on the one hand, and a solvent on the other
hand, the wetting behavior of the adhesive is drastically
improved [141]. The low viscosity of primers and/or
adhesive resins is partly due to the dissolution of the
monomers in a solvent and will improve its diffusion ability
in the micro-retentive tooth surface. In E&Rs, the main
function of the solvent, present within the primer of
3-E&Rs, and within the combined primer-adhesive resin
(‘one-bottle systems’) in 2-E&Rs (Fig. 1), is to promote
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good penetration of the monomers in the collagen network
of the demineralized dentin [142]. In case of bonding to air-
dried dentin, the solvent should also be capable of re-
expanding the collapsed network [64,143]. In SEAs, the use
of water as a solvent is indispensable to ensure ionization
of the acidic monomers [66,144].

Solvents are substances that are capable of dissolving or
dispersing one or more other substances [145]. When a
solvent dissolves a solid or a liquid, the molecules (or ions)
become separated from each other and the spaces in
between become occupied by solvent molecules. The energy
required to break the bonds between solute molecules is
supplied by the formation of bonds between the solute
particles and the solvent molecules: the old intermolecular
forces are replaced by new ones. The solubility character-
istics of molecules are determined chiefly by their polarity.
Non-polar or weakly polar compounds dissolve in non-
polar or weakly polar solvents; highly polar compounds
dissolve in highly polar solvents (‘like dissolves like’). The
polarity of solvents is determined by both the dipole
moment and the dielectric constant [145]. Chemists have
classified solvents into three categories according to their
polarity: polar protic, dipolar aprotic and apolar solvents.
Polar protic solvents consist of a hydroxyl-group that can
form strong hydrogen bonds. Examples are water and
ethanol. Polar aprotic solvents do not have the required
hydroxyl-group to form hydrogen bonds, but do have a
large dipole moment. They usually also contain a keton
group. Typical example is acetone. Apolar solvents have
both a low dielectric constant and dipole moment. The
polarity of a solvent is also important to predict the shelf
life of adhesives, as apolar solvents will more easily pass
through traditional polyethylene packaging.

In adhesives, water, ethanol and acetone are the most
commonly used solvents (Table 3). Other polyvalent
alcohol solvents have been evaluated, but are not used
commercially [146]. The use of these organic solvents in
adhesives must be explained by their inexpensiveness, their
wide availability, and their good biocompatibility. Most
other typical solvents are toxic. MMA and HEMA, both
small monomer compounds have also been described as
diluents for other monomers and can therefore also be
called solvents. Moreover, the hydroxyl-group of HEMA
also provides in hydrogen bonds [147]. However, the
H-bonding capacity of HEMA is limited. DENTSPLY
added tert-butanol to a recent 2-E&R, because of its
similar vapor pressure as ethanol, but better stability
towards chemical reaction with monomers.
Most important characteristics of a solvent are its dipole

moment, dielectric constant, boiling point, vapor pressure
and H-bonding capacity (Table 3). The vapor pressure of a
solvent is important to ensure good evaporation of the
solvent after application of the adhesive onto tooth tissue
[148,149]. Air-drying after application also facilitates the
removal of remaining solvent from the adhesive [150]. In
addition, air-drying will decrease the thickness of the
adhesive layer, which has been shown to promote further
solvent removal [151]. Complete evaporation is however
difficult to achieve and is hampered by the short clinical
air-blowing time [42,149]. Remaining solvent in the
adhesive may jeopardize polymerization due to dilution
of the monomers and may result in voids and hence
permeability of the adhesive layer [64,152,153]. Instructions
for air-blowing solvent-free adhesive resins of course do
not envisage solvent evaporation, but intend to render the
adhesive layer uniform and even.
The H-bonding capacity of a solvent has been shown to

be important to re-expand the shrunken demineralized
collagen network after dehydration [147,154]. Solvents that
have higher affinity to form H-bonds, will be able to break
stabilizing H-bonds and other forces that keep the collagen
in shrunken state.

2.7.1. Water

Water is a strongly polar solvent with a high dielectric
constant, capable of dissolving ionic lattices and polar
compounds. Its dissolving capacity is greatly determined by
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Table 3

Main characteristics of solvents used in adhesives

Dipole moment in gaseous state in

Debye at 25 1C

Dielectric constant at 2931K

(20 1C)

Boiling

temperature ( 1C)

Vapor pressure in mmHg

at 25 1C

H-bonding

capacity

Water H2O 1.85 80 100.0 23.8 +++

Ethanol

CH3–CH2–OH

1.69 24.3 78.5 54.1 +

Acetone 2.88 20.7 56.2 200 –

Fig. 8. Chemical structure of the two most frequently used inhibitors in

adhesive systems. Abbreviations: BHT: butylated hydroxytoluene;

MEHQ: monomethyl ether hydroquinone.
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its capability of forming strong hydrogen bonds. However,
water is a poor solvent for organic compounds (such as
monomers), which are usually rather hydrophobic. This
difficulty can be overcome by addition of a secondary
solvent, such as ethanol or acetone.

As mentioned before, water is an indispensable com-
pound of SEAs, in order to ionize the acidic monomers.
However, the higher the concentration of co-solvents
added, the fewer protons there will be formed [145]. In
E&Rs, water is capable of re-expanding the collapsed and
shrunken collagen network [155,156]. Thanks to its high
dielectric constant, only water is capable of breaking the
hydrogen bonds between the collagen fibers [63,156–158].

Yet, the high boiling temperature and low vapor
pressure of water imply that this solvent is difficult to
remove from adhesive solutions after application on the
tooth. In addition, the equilibrium of water between fluid
and gaseous state is also in favor of the fluid state in the
already damp oral environment, which will decrease the
rate of evaporation even more [56]. Moreover, Pashley
et al. [56] showed that monomers, such as HEMA, decrease
the vapor pressure of water even more, which may interfere
with the removal of the last amounts of water. Tay et al.
[159] showed that excess water in the adhesive resin
compromises the bond strength of adhesives due to
entrapment of water blisters (‘overwet phenomenon’).

2.7.2. Ethanol

Like water, ethanol is a polar solvent that will form
hydrogen bonds with its solutes. However, due to its much
lower dielectric constant, ethanol is also a more appro-
priate solvent for less polar solutes. Its higher vapor
pressure as compared to water allows better evaporation by
air-drying. Usually ethanol is used in conjunction with
water as co-solvent. Moreover, water–alcohol mixtures are
known to be ‘azeotropic’ [22,145]. This implies the
formation of hydrogen bonds between water and ethanol
molecules, resulting in a better evaporation of these
water–ethanol aggregates than pure water. Self-evidently,
this results in more water removal from the adhesive and in
increased surface dehydration. Maciel et al. [157] showed
that ethanol has a stiffening effect on demineralized
collagen. This feature may also explain why ethanol can
maintain wide interfibrillar spaces after evaporation of the
solvent [156]. Ethanol is not an appropriate solvent for
monomers with carboxylic acid moieties. Depending on the
reactivity, carboxylic acids esterify (esterification reaction)
with alcohols (Fig. 5), which may lead to inactivation of
the acidic function of the monomer.

2.7.3. Acetone

Acetone’s high dipole moment in combination with its
relatively low dielectric constant allows mutually dissolving
polar and apolar compounds. For this reason, acetone is a
good choice of solvent in adhesives that combine hydro-
phobic and hydrophilic components. Its high vapor
pressure, which is about four times as high as that of

ethanol, is a main advantage. However, its high volatity
may also lead to reduce shelf life of acetone-containing
adhesives, by rapid evaporation of the solvent. Acetone is
frequently used as a solvent alone, but in SEAs it comes as
co-solvent with water. Similar to ethanol, acetone and
water make an azeotrope. Although the formation of
hydrogen bonds is much lower with ketons (CQO) than
with alcohols (–OH), acetone has a very good water-
removing capacity, because of its high dipole moment and
excellent evaporation capacities [148]. This is often referred
to as the ‘water-chasing’ capacity of acetone [64]. Wet-
bonding E&R systems usually contain acetone to facilitate
water removal [154,160]. These systems should be applied
on demineralized dentin that is kept in a wet state in order
to prevent collagen collapse, a technique coined ‘wet-
bonding technique’. The acetone of adhesives that follow
this strategy must ensure enhanced evaporation of water
left in dentin. Considering the low H-bonding capacity of
acetone, it is not able to re-expand shrunken demineralized
collagen [154].

2.8. Filler

Whereas composite resins by definition always contain
filler particles, this is not always the case for adhesive
resins. Adhesives containing fillers are said to be ‘filled’, in
contrast to ‘unfilled’ adhesives (Fig. 9). Adhesive systems
for bonding direct restorations to tooth tissue traditionally
did not contain filler particles [161].
Fillers can be added to adhesives for several reasons. The

adhesive resin layer, situated between the composite filling
and the tooth, is considered to be a weak link due to its low
tensile strength and low elastic modulus [32]. By analogy
with composites [162], several authors have suggested that
the addition of fillers may fortify the adhesive layer
[163–166]. However, the relevance of the strengthening
effect of the filler in adhesive resins is controversial,
especially because only small concentrations of fillers are
added to adhesive resins [167]. Secondly, manufacturers
often add filler particles to modify the viscosity of
adhesives. Moreover, their thickening effect prevents
overly thinning of the adhesive layer [85]. Too thin an
adhesive layer may suffer from incomplete resin polymer-
ization due to oxygen inhibition. It was shown that filled
adhesives yield thicker adhesive layers after air thinning
[161,168]. Moreover, thicker adhesive layers may also
provide good relief of contraction stresses produced by the
restorative resin composite, thanks to their inherently
higher elasticity [169,170]. Depending on their chemical
composition, fillers can also provide in fluoride release and
radio-opacity, which may prove important when the
adhesive is applied in relatively thick layers and differential
diagnosis with recurrent caries is necessary.
With regard to the filler content and size, adhesive resins

differ in two aspects from composite filling materials. First,
only low amounts of filler are appropriate in filled
adhesives, so as not to compromise the wetting of the
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bonding substrate due to high viscosity. Moreover,
adhesive systems that consist of separate resins (3-E&R
and 2-SEAs) are usually more loaded than adhesives that
combine the hydrophobic resins with the priming and/or
acidic monomers (2-E&R and 1-SEAs) [168] (Fig. 1). Some
adhesive resins may be loaded up to 50wt% [168]. Second,
the size of the filler particles is a key factor enabling the
filled resin to penetrate into dentin tubules and possibly
also the collagen network. After etching, the interfibrillar
spaces of the demineralized collagen network have been
shown to be in the range of 20 nm. Any appropriate size for
the filler is therefore preferably less than 20 nm. Conse-
quently, nanometer-sized silica (pure silicon dioxide), from
either colloidal or pyrogenic origin are most frequently
added, which also implies that only small concentrations of
filler can be added due to their unfavorable surface area to
weight ratio [22]. Nevertheless, in spite of their small size
(up to 7 nm and smaller), debate still exists as to whether
these particles can actually infiltrate demineralized collagen

networks. Moreover, it has been reported that exposed
collagen may even function as a filter [171,192].
Regarding the filler composition, they run the gamut

from silicon dioxide to composed silicate glasses containing
heavy metal atoms such as barium and strontium, tailored
to provide radio-opacity to the resin. However, most filled
adhesive resins for bonding composites contain only pure
silicon dioxide (either colloidal silica or pyrogenic silica),
and are consequently not radio-opaque. In addition,
adhesive systems are generally not filled to a level, which
will yield clinically effective radio-opacity. Fluorine-con-
taining reactive silicate glasses are sometimes added with
the intention to release fluoride (Imperva Fluorobond,
Shofu; One-up F Bond, Tokuyama; Optibond adhesives,
Kerr). Reactmer Bond (Shofu) contains both conventional
fluoro-alumino-silicate glasses and pre-reacted glass poly-
alkenoate fillers as a source of fluoride. It is assumed that
the acidic monomers function in water as donors of
protons, which can react with the fluoro-alumino silicate
glass (proton acceptor) following a typical glass-ionomer
acid–base reaction. Subsequently, a chemical bond between
the fluoro-alumino-silicate glass and the resin may be
formed and fluoride released. Clearfil Protect Bond
(Kuraray) contains polysiloxane-encapsulated sodium
fluoride particles, serving the same purpose (Fig. 9). The
clinical benefit of fluoride release from bonding systems
and its effect on the recurrence of caries, however, still need
to be established [172]. A particular type of nano-sized filler
is used in Nano-Bond (Pentron) (Table 1). This 2-SEA
contains POSS particles (polyhedral oligomeric silsesquiox-
ane), which have a unique cage structure (–Si–O) that can
be covalently bonded on the outside with functional
groups, such as methacrylate groups [173].
The surface chemistry of the filler particles determines

their hydrophilic behavior. In contrast to composite filling
materials and low-viscosity adhesive resins, hydrophilic
adhesives like 2-E&R and especially 1-SEAs may be better
off with hydrophilic filler particles. Both hydrophilic and
hydrophobic silica can be purchased from manufacturers
(Degussa, Germany). The silanol (–Si–OH) groups of
untreated silica account for the hydrophilic behavior of the
filler particles. Hydrophobized silica has dimethylsilyl
(–Si–(CH3)2–) and trimethylsilyl (–Si–(CH3)3) groups
at the surface. Most adhesive systems contain hydrophobic
fillers [166]. Kim et al. [166] tested different concentrations
of hydrophilic nanofiller in a 2-E&R system. In spite of
the hydrophilic composition of the experimental adhesives
in this study and the wet-bonding protocol, concentra-
tions of 3wt% filler already tended to cluster, hence
decreasing the bond strength. Some manufacturers use
functionalized nanofillers to prevent them from clustering
(DENTSPLY).
Generally, fillers in adhesive resins are silanized to allow

for chemical bonding between the filler and the resin
matrix. Silane coupling protects the adhesive resin against
premature degradation and improves the stress transmis-
sion between the resin matrix and filler particles [174].
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Fig. 9. Transmission electron photomicrographs showing the adhesive

layer of several adhesives bonded to dentin. (a) TEM of iBond (Heraeus-

Kulzer), an unfilled 1-SEA. No filler particles can be found in the adhesive

layer. (b) TEM of G-Bond (GC), a 1-SEA filled with nano-sized silica

particles. Filled adhesive resins tend to produce a thicker adhesive layer,

even after strong air-blowing the adhesive before light-curing (as per

manufacturer’s instructions). (c) TEM of Clearfil Protect Bond (Kuraray),

immersed in silver nitrate to disclose nanoleakage. Apart from silica filler

in the adhesive layer, several distinct oblong filler particles can be seen.

These filler particles are most probably the polysiloxane-encapsulated

sodium fluoride particles. (d) TEM of Optibond FL (Kerr), a 3-E&R filled

with a mixture of fumed silica, disodium hexafluorosilicate and barium

aluminum borosilicate glass. The latter renders the rather thick adhesive

layer (50mm) of this adhesive radio-opaque. However, adhesive systems

are generally not filled to a level, which will yield clinically effective radio-

opacity. Notice that these borosilicate glass particles are also much larger

than silica.
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2.9. Specific ingredients

Manufacturers sometimes add specific ingredients. The
adhesives of 3M ESPE (Adper Prompt, Single Bond,
Scotchbond Multipurpose) often contain a specific poly-
alkenoic copolymer (Fig. 10). The rationale for the use of
this polymer is to provide better moisture stability [86,175].
However, any positive effect of this compound on the
bond strength so far remains unclear. Moreover, several
authors have demonstrated that this monomer does not
dissolve in the adhesive’s solution, leading to a separate
phase producing many globules within the polymer of the
adhesive layer [175].

Another particular ingredient would be glutaraldehyde
(Fig. 11). This compound is frequently used as fixator or
disinfectant in several medical fields. In dentistry, it was
introduced as a desensitizing agent for treating hypersensi-
tive roots. Its desensitizing effect results from denaturation
of collagen in dentin [176,177] and the occlusion of dentinal
tubules [178]. The rationale for its use in dental adhesives is
prevention of post-operative pain [179] and stabilization of
the collagen fibers in the hybrid layer to improve durability
[180]. The Gluma bonding systems by Heraeus-Kulzer
(before Bayer) were the first adhesives that contained
glutaraldehyde [179,181]. In response, several other man-
ufacturers also added glutaraldehyde to their adhesive
formulation (Syntac, Vivadent; ProBond, DENTSPLY
Caulk). Generally, no more than 5% is added [177].
Additionally, glutaraldehyde has a strong antibacterial
activity [181–183]. In spite of some promising effects of pre-
treating etched dentin with glutaraldehyde [180], no actual
beneficial effect of the use of this compound in bonding
systems as compared to control adhesives has so far been
proven [184–186]. Moreover, some concern has risen
regarding the biocompatibility of glutaraldehyde [187],
which is known for its toxic [188], allergenic [189] and even
mutagenic effects [190,191]. Apart from direct incidental
contact with mucous tissues, inhalation of glutaraldehyde
evaporated from the adhesive should be considered as a

source of irritation and allergic asthma both for dentist and
patient. Considering the hydrophilicity of glutaraldehyde
(Fig. 11), stability problems in adhesives cannot be
excluded.
Currently, inclusion of antibacterial adjuncts into the

adhesive’s formulation has become popular. The main aim
of these antibacterial ingredients is preventing recurrent
caries underneath composite fillings. Furthermore, they are
also recommended when the clinical situation prevents
complete caries removal. Examples of such antibacterial
compounds are the MDPB monomer (described above),
fluoride (see also fillers), and parabenes (Adper Prompt-
L-Pop, 3M ESPE) (Fig. 11). Apart from fluoride-releasing
glass fillers, some manufactures also add simple fluorine
compounds to their adhesives. Prime&Bond NT (DENTS-
PLY) contains cetylamine hydrofluoride (Hetaflur,
C16H35NHF), also used as fluoride adjunct in toothpastes.
In contrast to antibacterial monomers, which co-polymer-
ize with the adhesive resin matrix, separate antibacterial
agents will be left detached from the polymer matrix, and
will leach out of the adhesive resin. Unfortunately, no
clinical trials exist that could determine a clinical positive
effect of adding antibacterial components to adhesives.
Apart from persisting antibacterial effects, it is clear
that these compounds could also pose biocompatibility
problems.
Some manufacturers add dyes to self-etch adhesives

(One-up Bond F, Tokuyama Japan; Tyrian SPE, Bisco,
USA). The use of dyes facilitates homogeneous admixture
of two components and better visual control of homo-
genous spreading of the adhesive across the whole tooth
surface [22]. After light curing, the bonding returns
colorless. Tyrian SPE contains thymol blue, a dye that is
actually an acid–base indicator (Fig. 11). Thymol blue is a
weak acid that is yellow when undissociated. Upon
ionization, this compound turns to a red color.
Some adhesives contain acids that are not monomers.

Maleic acid is added to Syntac (Ivoclar-Vivadent) in order
to render the primer acidic (Fig. 11). Similarly, silicic acid
can be found in Absolute (DENTSPLY Sankin).
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Fig. 10. Transmission electron photomicrograph of Adper Scotchbond

XT1 (Scotchbond 1 XT) on dentin. TEM-section stained with uranyl

acetate and led citrate. Notice how the poly-alkenoic co-polymer forms a

different phase in the adhesive layer, resulting in multiple globules with

varying size.

Fig. 11. Manufacturers sometimes add specific ingredients. The chemical

structure of some of these ingredients is shown in this figure.

K.L. Van Landuyt et al. / Biomaterials 28 (2007) 3757–37853780



3. Conclusion

Dental adhesives are intricate mixtures of ingredients.
Profound knowledge of these ingredients is one key to
better understanding the behavior of adhesives in studies
and in clinic. Good understanding also provides better
insights in the correct clinical use of adhesives. Each
ingredient has to some extent a specific effect on the bond
strength, bonding efficiency, bonding durability, shelf life
and biocompatibility of the adhesive system. In addition,
ingredients may affect each other in a complicated inter-
play of factors. Unbalanced mixtures of ingredients may
lead to reduced bonding effectiveness, durability, shelf life
and to phase-separation reactions, while a well thought-out
formulation will be the key to long-term clinical success.

More research is warranted as to the biocompatibility of
dental adhesives, as many ingredients exhibit cytotoxic
properties, and some are even suspected to interfere
hormonally. Moreover, systemic effects can so far not be
excluded. For these reasons, pulp capping by directly
applying the adhesive onto the exposed vital pulp seems
unwise. Lining with Ca(OH)2 is still very much advocated.

All in all, the chemical composition of contemporary
adhesives determines their clinical success. Improving their
clinical behavior can be achieved by two different means.
The first way entails adjusting the proportional amount of
ingredients in adhesives. Changing the number of bottles
and adding or omitting application steps also boils down to
changing the ‘cocktail formulation’ of adhesives. The
second avenue to pursue is to design new components. In
particular, monomers may be tailored to provide specific
qualities concerning polymerization, wetting and chemical
bonding. It is clear that the latter is a time-consuming and
expensive method, which explains why only few companies
choose to go this way. However, as the first method has
already been extensively exploited, the development of new
ingredients and custom-made monomers seems most
promising for further significant improvement of adhesives.
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