
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Identification of Thermal Degradation Products of Titanium Polyethers
Using Coupled Thermogravimetric Analysis-Mass Spectroscopy:
Development and Evaluation of Instrumentation
Charles E. Carraher Jr.a; H. Michael Molloya; Thomas O. Tiernana; Michael L. Taylora; Jack A.
Schroedera

a Department of Chemistry and The Brehm Laboratory, Wright State University, Dayton, OH

To cite this Article Carraher Jr., Charles E. , Molloy, H. Michael , Tiernan, Thomas O. , Taylor, Michael L. and Schroeder,
Jack A.(1981) 'Identification of Thermal Degradation Products of Titanium Polyethers Using Coupled Thermogravimetric
Analysis-Mass Spectroscopy: Development and Evaluation of Instrumentation', Journal of Macromolecular Science, Part
A, 16: 1, 195 — 230
To link to this Article: DOI: 10.1080/00222338108082047
URL: http://dx.doi.org/10.1080/00222338108082047

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338108082047
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SC1.-CHEM., A16(1), pp. 195-230 (1981) 

Identification of Thermal Degradation Products of 
Titanium Polyethers Using Coupled 
Thermogravimetric Analysis-Mass Spectroscopy: 
Development and Evaluation of Instrumentation 

C h a r l e s  E. Ca r rahe r ,  Jr. 
H. Michael Molloy 
Thomas 0. T ie rnan  
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Jack  A. Schroeder  
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ABSTRACT 

The c o n s t r u c t i o n  and e v a l u a t i o n  of a coupled  Thermogravi- 
metric Analyzer-Mass Spec t rometer  (TC-MS) in s t rumen t ,  capab le  o f  
h e a t i n g  samples as small as one mi l l i g ram t o  t empera tu res  as h igh  
as 1200°C, wh i l e  con t inuous ly  moni tor ing  t h e  gaseous  e f f l u e n t s  
u s i n g  mass spec t romet ry ,  is desc r ibed .  Degradation of t i t a n i u m  
p o l y e t h e r s  was s t u d i e d  t o  assess t h e  performance of t h e  TG-MS. 

INTRODUCTION 

Th i s  r e p o r t  d e s c r i b e s  t h e  c o n s t r u c t i o n  and e v a l u a t i o n  of a 
coupled Thermogravimetric Analyzer-Mass Spec t rometer  i n s t rumen t  

as a tool f o r  t h e  d e t e c t i o n  and i d e n t i f i c a t i o n  of  thermal  degra- 

d a t i o n  p roduc t s  a r i s i n g  from t h e  combustion of polymer ic  materi- 
als.  I n  t h e  s t u d i e s  desc r ibed ,  i n f r a r e d  s p e c t r a l  a n a l y s i s  h a s  
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196 CARRAHER ET AL. 

been employed to  o b t a i n  supplementa l  i n fo rma t ion  on combustion 

r e s i d u e s .  
The materials selected f o r  s tudy  i n  evacua t ing  t h e  perform- 

ance of t h e  TC-MS are o rganometa l l i c  polymers. These polymers 

were chosen f o r  s e v e r a l  reasons .  F i r s t ,  since degrada t ion  of 

t h e s e  compounds t y p i c a l l y  occur  by d i f f e r e n t  r o u t e s  i n  a i r  and i n  

i n e r t  environments,  t h e  two environments can be c l e a r l y ,  e a s i l y  

d i f f e r e n t i a t e d .  Second, some of  t h e  o rganometa l l i c  polymers ex- 
h i b i t  good h igh  tempera ture  s t a b i l i t y ,  l o s i n g  less than  20% o f  

t h e i r  i n i t i a l  weight t o  t h e  800-1200°C range. I d e n t i f i c a t i o n  o f  

t h e  deg rada t ion  p roduc t s  from t h e  polymer would be u s e f u l  i n  

b e t t e r  unders tanding  t h e i r  good s t a b i l i t y ,  and i n  des ign ing  and 

s y n t h e s i z i n g  s t i l l  more s t ab le  polymers. A t h i r d  r eason  f o r  

u s i n g  o rganometa l l i c  polymers i n  a s s e s s i n g  t h e  TG-MS is t h a t  t h e  

deg rada t ion  of these materials occurs  i n  a s t epwise  manner over  a 

wide tempera ture  range  ( o f t e n  ove r  a range  i n  e x c e s s  of  800 C o )  

w i t h  i n t e r g p e r s e d  " s t a b i l i t y  p l a t eaus"  ( t empera tu re  r anges  where 

l i t t l e  o r  no weight change o c c u r s ) .  Continuous mon i to r ing  of  t h e  

evolved chemical p roduc t s ,  as is p o s s i b l e  wi th  t h e  TG-MS desc r ib -  

ed, is t h e r e f o r e  necessa ry  i n  o r d e r  t o  unders tand  t h e s e  t r a n s i -  

t i o n s  i n  t h e  deg rada t ion  sequence. F i n a l l y ,  t h e  o rganometa l l i c  

polymers are good c a n d i d a t e s  f o r  s tudy  by TG-MS because  they  are 
d i f f i c u l t  t o  c h a r a c t e r i z e  by o t h e r  t echn iques .  Convent iona l  C ,  

H ,  N e lemen ta l  a n a l y s i s  o f t e n  y i e l d s  poor r e s u l t s ,  and s i n c e  many 

of t h e s e  polymers are only  s p a r i n g l y  s o l u b l e  i n  most s o l v e n t s ,  
c h a r a c t e r i z a t i o n  by NMR o r  ESR is no t  p r a c t i c a l .  Methods such  as 
t h o s e  desc r ibed  h e r e i n  are t h e r e f o r e  needed f o r  c h a r a c t e r i z i n g  

t h e  s t r u c t u r e s  of such  o rganometa l l i c  polymer materials. 
A v a r i e t y  of TC-MS combina t ions  have been used p rev ious ly  by 

o t h e r  i n v e s t i g a t o r s  t o  e v a l u a t e  t h e  thermal  p r o p e r t i e s  of poly- 

mers and s e v e r a l  p u b l i c a t i o n s  have appeared  which are concerned 
wi th  t h e  a p p l i c a t i o n  of  t h e s e  t echn iques  f o r  s t u d y i n g  organo- 
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metallic p roduc t s  (1-7).  However, on ly  Go ld fa rb ,  e t  a l .  ( 7 )  
have r e p o r t e d  e x t e n s i v e  i n v e s t i g a t i o n s  of t h e  u s e s  of TG-MS f o r  

t h e  s tudy  of o rganometa l l i c  polymers. The l a t t e r  a u t h o r s  u t i l i z -  

ed t h i s  t echn ique  t o  i d e n t i f y  the rma l ly  produced f r agmen t s  of 
po lys i loxanes .  

The o rganometa l l i c  polymers i n v e s t i g a t e d  h e r e  comprise a 
fami ly  of  t i t a n i u m  p o l y e t h e r s  which are p o t e n t i a l l y  u s e f u l  i n  
e x t e r i o r  s u r f a c e  c o a t i n g s ,  owing t o  t h e i r  excel lent  r e s i s t a n c e  t o  

u l t r a v i o l e t  r a d i a t i o n  (8-10). 

INSTRUMENTATION 

The TG-MS in s t rumen t  c o n s t r u c t e d  i n  t h e  p r e s e n t  s tudy  con- 

sists of a double- focus ing  duPont 21-491 Mass Spec t romete r  coupl- 

ed through a s i n g l e - s t a g e  g l a s s  j e t  s e p a r a t o r  t o  a duPont 951 

Thermal Grav ime t r i c  Analyzer which is a t t a c h e d  t o  a duPont 990 

Thermal Analyzer Console. The MS is equipped w i t h  a Hewlett- 

Packard,  HP-2216C computer having  24K c o r e  memory and a d i s c -  

o r i e n t e d  d a t a  system s p e c i a l l y  developed f o r  t h e  duPont 21-49 1 

Mass Spect rometer .  The MS system can  be c o n t r o l l e d  by t h e  com- 
p u t e r  system, which i n c l u d e s  a d u a l  2.5M b y t e  d i s c  d r i v e ,  a 

Hewlett-Packard Cathode Ray Tube t e r m i n a l ,  a Tek t ron ix  s t o r a g e  

scope  ( f o r  d i s p l a y )  d r i v e n  by a d u a l  12 b i t  d i g i t a l - t o - a n a l o g  

( W A )  c o n v e r t e r ,  and a Versa t ec  p r i n t e r / p l o t t e r .  Data is a c q u i r -  

ed us ing  a 14 b i t  a n a l o g - t o - d i g i t a l  ( A / D )  c o n v e r t e r  (13 p l u s  

s i g n ) .  Th i s  system can o p e r a t e  and p r o c e s s  d a t a  a t  rates up t o  8 
KHZ. F igu re  1 is  a b lock  diagram of t h e  TG-MS combina t ion ,  and 

t h e  Hewlett-Packard 2116C computer and a p p r o p r i a t e  p e r i p h e r a l s .  

Also shown i n  F igu re  1 (below t h e  d o t t e d  l i n e ) ,  as  components of 

t h i s  t o t a l  system, a r e  two o t h e r  computer sys tems (HP-2100A and 

Data Genera l  Nova 2 )  which a r e  u t i l i z e d  f o r  a d d i t i o n a l  d a t a  pro- 

c e s s i n g  and for  mass s p e c t r a l  l i b r a r y  s e a r c h e s  and i d e n t i f i c a -  

t i o n s .  Data from t h e  HP-2116C is  manually t r a n s f e r r e d  t o  o t h e r  
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computer banks by moving t h e  d i s c  storage c a r t r i d g e  from one sys-  

tem t o  t h e  o t h e r .  

The duPont 95 1 Thermal Grav ime t r i c  Analyzer,  suppor t ed  by f o u r  

f l e x i b l e  legs, was p laced  i n  a 2 2 x 1 6 ~ 3  i n c h  deep sand  bed t o  

reduce  v i b r a t i o n s  gene ra t ed  by o t h e r  i n s t rumen t s  i n  t h e  l abora -  

t o r y  and by pe r sonne l  movements. 

The l i n e  which t r a n s m i t s  t h e  purge  g a s  t o  t h e  TG is &-inch  

0.d. s t a i n l e s s  s teel  w i t h  a Swagelok qu ick  d i s c o n n e c t  which is 
used d u r i n g  sample l o a d i n g  and p r e l i m i n a r y  ad jus tmen t  of t h e  sys-  

tem. Also i n c o r p o r a t e d  i n  t h e  purge gas l i n e  were a d r y i n g  t u b e  

and a shut -of f  va lve  t o  r e g u l a t e  t h e  helium flow. The p r e s s u r e  o f  

t h e  second-s tage  purge gas r e g u l a t o r  was set  a t  40 P.S.I .  t o  

reduce  t h e  p o s s i b i l i t y  o f  a l a r g e  volume o f . a i r  e n t e r i n g  and 

subsequen t ly  damaging t h e  TG-MS sys tem i n  t h e  e v e n t  of  a l e a k  i n  

t h e  gas l i n e .  

The TG qua r t z - fu rnace  t u b e  was a t t a c h e d  t o  t h e  MS a s  shown i n  

F i g u r e  2. The q u a r t z  fu rnace  t u b e  was extended  by adding  24 

i n c h e s  of 4-inch 0.d. q u a r t z  t u b i n g  i n  o r d e r  t o  fac i l i t a te  con- 

n e c t i o n  wi th  t h e  j e t  s e p a r a t o r .  Connection was made by means of a 
Swagelok union wi th  a *-inch ce ramic - t e f lon  f r o n t  f e r r u l e  and a 

s t a i n l e s s  steel  back f e r r u l e  t o  reduce  t h e  p r o b a b i l i t y  of  break- 

i n g  t h e  t i p  o f  t h e  q u a r t z  tube .  

A 2-inch s e c t i o n  of &-inch 0.d. glass t u b i n g  was connected ,  

a l s o  u s i n g  Swagelok unions ,  between t h e  j e t  s e p a r a t o r  and q u a r t z  

t u b e  and t h e  e n t i r e  i n t e r f a c e  assembly was p laced  i n  a s p e c i a l l y  

c o n s t r u c t e d  hea ted  oven. Th i s  arrangement pe rmi t s  t h e  j e t  sepa- 

r a t o r  t o  be e a s i l y  d isconnec ted  and c l eaned  by s imply  l o o s e n i n g  

t h e  connec t ions  on t h e  Swagelok f i t t i n g  which s e c u r e  t h e  2-inch 

glass t u b e  ( F i g u r e  2). A g l a s s - l i n e d  s t a i n l e s s  s teel  t r a n s f e r  

l i n e  is  used t o  connec t  t h e  MS t o  t h e  j e t  s e p a r a t o r  oven. T h i s  

l i n e  is t h i r t y  i n c h e s  i n  l e n g t h  and 1/8-inch 0.d. g l a s s  l i n e d  

s t a i n l e s s  s teel  t u b i n g  is employed. 
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A thermocouple,  i n t e r f a c e d  w i t h  t h e  Hewlett-Packard 2116c 

computer, was employed t o  s e n s e  t h e  t empera tu re  d u r i n g  t h e  c o u r s e  

o f  t h e  thermogravimet r ic  a n a l y s i s .  Th i s  probe was a t t a c h e d  t o  
t h e  TG i n  o r d e r  t o  moni tor  t h e  a c t u a l  t empera tu re  of  t h e  sample 

d u r i n g  each run  (F igu re  1 ) .  During sample a n a l y s i s ,  t h e  T G - j e t  

s e p a r a t o r  connec t ion  was wrapped wi th  h e a t i n g  t a p e  and ma in ta ined  

a t  a tempera ture  of  125OC whi le  t h e  je t  s e p a r a t o r  oven was main- 

t a i n e d  a t  135OC. The MS-jet s e p a r a t o r  t r a n s f e r  l i n e  was a l s o  

wrapped wi th  h e a t  t a p e  and main ta ined  a t  165OC whi le  t h e  s o u r c e  

t empera tu re  was he ld  a t  23OoC. 

The mass s p e c t r a l  data acqu i red  us ing  t h e  TG-MS combination 

can a l s o  be compared wi th  s t a n d a r d  mass s p e c t r a l  f i l es  u t i l i z i n g  

a low c o s t  l i b r a r y  s e a r c h  sys tem which c u r r e n t l y  c o n t a i n s  some 

41,000 mass s p e c t r a .  T h i s  t ime-shar ing  computer data sys tem is 

located a t  Corne l l  U n i v e r s i t y  and is f r e q u e n t l y  c a p a b l e  of provi -  

d i n g  u s e f u l  i d e n t i f i c a t i o n  d a t a  even when t h e  unknown s p e c t r a  

r e s u l t s  from a mixture  of sample components (11,121. The HP 2100A 
computer system is i n t e r f a c e d  d i r e c t l y  t o  t h i s  s e a r c h  sys tem v i a  

a n  a c o u s t i c  c o u p l e r ,  u s i n g  normal t e l ephone  l i n e s .  ( F i g u r e  1 ) .  

T h i s  mass s p e c t r a l  data sys tem was used i n  t h e  p r e s e n t  s t u d y  t o  

f a c i l i t a t e  a n a l y s i s  of t h e  d a t a  o b t a i n e d  f o r  s e v e r a l  samples from 

t h e  TG-MS system. 

The i n f r a r e d  s p e c t r a l  d a t a  ga the red  on t h e  o r i g i n a l  samples  

and degrada t ion  r e s i d u e s  were ob ta ined  u t i l i z i n g  KBr p e l l e t s  and 

Perkin-Elmer 237B, 457 and 621 G r a t i n g  I n f r a r e d  Spec t raphoto-  

meters. 
Ins t rumen t  C a l i b r a t i o n  Procedures  

The mass scale from m/e 12 t o  m/e 1000 o f  t h e  dePont 21-491 
Mass Spect rometer  was c a l i b r a t e d  ove r  t h e  r ange  from m/e 12-1000 

by i n t r o d u c i n g  pe r f luo roke rosene  (PFK)  i n t o  t h e  MS sys tem and 

t h e n  fo l lowing  t h e  s t e p s  i n d i c a t e d  i n  t h e  b lock  diagram given  i n  

F igu re  3. PFK was used as a mass c a l i b r a t i o n  s t a n d a r d  s i n c e  i t  is  
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a widely u t i l i z e d  and well c h a r a c t e r i z e d  r e f e r e n c e  s t a n d a r d  which 

e x h i b i t s  a l a r g e  number of fragment i o n s  (13).  The MS is equipped 
w i t h  a Hall probe  t o  measure t h e  magnet ic  f i e l d  s t r e n g t h .  The 

computer mon i to r s  t h e  Hall probe v o l t a g e  (as an i n d i c a t o r  of t h e  

magnetic f i e l d ,  and, upon c a l i b r a t i o n ,  t h e  mass s c a l e ,  t h e  i o n  

beam i n t e n s i t y  and t h e  thermocouple o u t p u t  s imul taneous ly .  The 
p o s i t i o n s  of i o n  peaks on t h e  mass s c a l e  a r e  determined by on - l ine  
c e n t r o i d i n g  o f  t h a t  p o r t i o n  of each peak wi th  i n t e n s i t y  greater 

t h a n  50% of t h e  maximum of t h a t  peak, which y i e l d s  t y p i c a l  s c a n  t o  

scan  r e p r o d u c i b i l i t y  i n  mass ass ignments  of 200 t o  500 PPM. The 

Hall probe v o l t a g e  c e n t r o i d s  are conve r t ed  t o  mass u s i n g  a poly- 

nomial equa t ion ,  t y p i c a l l y  e i g h t h  o rde r .  R e p e t i t i v e  s c a n s  of t h e  

PFK s t anda rd  are acqu i red  u n t i l  t e n  c o n s i s t e n t  s c a n s  are ob ta in -  

ed.  The Hall probe v o l t a g e s  co r re spond ing  t o  t h e  mass peaks  

d e t e c t e d  i n  each Scan are then  averaged  and d i sp layed  or p r i n t e d  
o u t .  A check of t h e  p r i n t  o u t  is  made t o  e l i m i n a t e  p o s s i b l e  

e r r o r s  which may occur  a t  t h i s  s t a g e  such  as peaks  of  a d j a c e n t  

mass be ing  averaged t o g e t h e r ,  or one or more obv ious ly  e r roneous  
v a l u e s  be ing  inc luded  i n  t h e  average .  The peaks are then  compared 

one by one w i t h  t h e  r e f e r e n c e  spectrum s t o r e d  on t h e  d i s c .  A t  

t h i s  p o i n t ,  a nominal mass f o r  each expe r imen ta l  peak is computed 

by u s i n g  an  approximate polynomial.  The nominal mass is  used on ly  

a s  an i n i t i a l  s t e p  i n  t h e  i d e n t i f i c a t i o n  of t h e  masses and t h e r e -  

fore does not  need t o  be accu ra t e .  The poorer  t h e  approximate  

polynomial is ,  however, the g r e a t e r  w i l l  be t h e  need t o  e d i t  t h e  

c a l c u l a t e d  r e s u l t s .  Next, each nominal mass i n  t h e  unknown spec- 
trum is compared ( w i t h  s p e c i f i c  t o l e r a n c e  l i m i t s )  t o  a peak i n  t h e  

r e f e r e n c e  spectrum f i l e  and t h i s  list is d i sp layed .  A t  t h i s  p o i n t  

t h e  o p e r a t o r  can change o r  delete  any of t h e  matches made by t h e  

computer, as well as add any appa ren t  matches which were missed.  

These data ,  c o n s i s t i n g  of a list o f  t h e  Hall probe  v o l t a g e s ,  

masses as s igned ,  and weight ing  f a c t o r s ,  determined from t h e  mass 
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204 CARRAHER ET AL. 

o f  e a c h  peak,  and  t h e  number o f  s p e c t r a  i n  which i t  o c c u r r e d ,  are 
r e c o r d e d  on t h e  d i sc .  

The data are t h e n  p r o c e s s e d  by a least  s q u a r e s  c u r v e  f i t t i n g  

program which d e t e r m i n e s  a c c u r a t e l y  t h e  polynomia l  e x p r e s s i o n  

which b e s t  f i t s  t h e  data. A table is t h e n  d i s p l a y e d  showing the 

c o e f f i c i e n t s  of a l l  t h e  terms f o r  p o l y n o m i a l s  r a n g i n g  i n  order 

f rom two t o  e i g h t ,  and i n d i c a t i n g  t h e  a c c u r a c y  of t h e  f i t  fo r  
each. F i n a l l y ,  t h e  d e s i r e d  order of smooth ing  is c h o s e n ,  t h e  

computer  a u t o m a t i c a l l y  records t h e  i n f o r m a t i o n  on t h e  d i s c  and  

t h e  mass m u l t i p l i e r  is  set  t o  a p r e d e t e r m i n e d  v a l u e  ( f o r  more 
i n f o r m a t i o n  on t h i s  p r o c e d u r e  see r e f e r e n c e s  14-16 ). The cal i -  

b r a t i o n  p r o c e d u r e  t y p i c a l l y  r e q u i r e s  t h i r t y  t o  s i x t y  m i n u t e s ,  and  

y i e l d s  a c c u r a t e  mass a s s i g n m e n t s .  The mass s p e c t r o m e t e r ,  when 

p r o p e r l y  t u n e d ,  p r o v i d e s  u n i t  mass s p e c t r a l  r e s o l u t i o n  up t o  mass 

1000. However, fo r  t h e  p r e s e n t  s t u d y ,  o n l y  t h e  mass r a n g e  from 
m/e 12 t o  m / e  400 was u t i l i z e d .  

C a l i b r a t i o n  of  t h e  TC-MS i n s t r u m e n t  was accompl ished  u s i n g  

2.5 t o  3.5 milligrams of a s t a n d a r d  calcium o x a l a t e  monohydra te ,  

and e n t a i l e d  c o r r e l a t i n g  t h e  TG thermogram w i t h  t h e  mass s p e c t r a l  

d a t a .  Calcium o x a l a t e  monohydrate  was u s e d  f o r  c a l i b r a t i o n  s i n c e  

i t  is t h e  s t a n d a r d  commonly used t o  ca l ibra te  t h e  a p p a r a t u s e s .  I n  

a d d i t i o n ,  t h e  d e g r a d a t i o n  p r o d u c t s  are well known, w i t h  water, 
c a r b o n  monoxide and c a r b o n  d i o x i d e  b e i n g  t h e  t h r e e  p r i n c i p l e  de- 

g r a d a t i o n  p r o d u c t s  ( 1 7 ) .  F i g u r e  4 i l l u s t r a t e s  the  c o r r e l a t i o n  

between weight  l o s s  as i n d i c a t e d  by t h e  TG p r o f i l e  and  t h e  appear -  

a n c e  o f  i d e n t i f i a b l e  i o n s  i n  t h e  mass s p e c t r a .  I n  F i g u r e  4 ,  t h e  

p l o t  label led T is a p l o t  of t h e  t o t a l  i o n  c u r r e n t  as a f u n c t i o n  

of t e m p e r a t u r e ,  A is a p l o t  of m/e 18 ( i n d i c a t i v e  of water) as a 
f u n c t i o n  o f  t e m p e r a t u r e ,  B i s  a p l o t  of m/e 28 ( i n d i c a t i v e  of 

c a r b o n  monoxide) as a f u n c t i o n  of  t e m p e r a t u r e ,  C is a p l o t  o f  m/e 

44 ( i n d i c a t i v e  o f  c a r b o n  d i o x i d e )  as a f u n c t i o n  of t e m p e r a t u r e  

and C is a p l o t  of p e r  c e n t  weight  loss  as a f u n c t i o n  of tempera-  
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THERMOGRAVIMETRIC ANALYSIS-MASS SPECTROSCOPY 205 

FIGURE 4 .  TG(---) AND MS(-) PLOTS FOR CALCIUM OXALATE MONA- 
HYDRATE DECOMPOSITION. THE MS I O N I Z I N G  VOLTAGE WAS Toe;, THE FLOW 
RATE OF HELIUM WAS 55mL/MIN AND THE HEATING RATE WAS 20 C/MIN. THE 
SAMPLING FREQUENCY OF THE DATA ACQUISITION SYSTEM WAS 4 1  KC. T = 
TOTAL ION CURRENT A = PLOT OF m/e 18 B PLOT OF m/e 28 C PLOT 
OF m/e 44 C = TG 

t u r e .  The TG-MS c a l i b r a t i o n  is normally v a l i d  f o r  s e v e r a l  weeks, 

i f  t h e  system i s  used r e g u l a r l y  and i f  no in s t rumen t  ma l func t ions  

occur.  
During a t y p i c a l  TG-MS a n a l y s i s  r e q u i r i n g  4 5  minutes  t h e  TG 

t empera tu re  was programmed t o  i n c r e a s e  a t  a c o n s t a n t  h e a t i n g  

ra te  of 20 Co pe r  minute,  over  t h e  range  from ambient t empera tu re  

t o  900°C,  wh i l e  v o l a t i l e  deg rada t ion  p r o d u c t s  formed from degra- 

d a t i o n  of t h e  o rganometa l l i c  polymer were con t inuous ly  swept from 

t h e  TG tube  by t h e  helium carrier g a s  ( f lowing  through t h e  f u r n a c e  
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206 CARRAHER ET AL. 

t u b e  a t  55 mil l i l i ters  per  minu te ) ,  t h e n  through t h e  helium jet 
s e p a r a t o r ,  and f i n a l l y  i n t o  t h e  mass spec t romete r  i o n  source  

where i o n i z a t i o n  occurred  a n d  a c h a r a c t e r i s t i c  mass spectrum was 

produced. The t y p i c a l  MS i o n  source  t empera tu re  was 230°C and the  

i o n i z i n g  v o l t a g e  was 70eV. 

The TG-MS system was monitored p e r i o d i c a l l y  t o  ensu re  t h a t  

sample I fcar ry  over" o r  %emery effects" d i d  no t  occur .  T h i s  was 
accomplished by conduct ing  a run wi th  no sample i n  t h e  TC pan. 

The data ga the red  from such  blank r u n s  were checked and i n  a l l  

i n s t a n c e s ,  i n d i c a t e d  no sample r e s i d u e s  from p rev ious  ana lyses .  

RESULTS AND DISCUSSION 

Titanium p o l y e t h e r s  are of t h e  g e n e r a l  form I. As previous-  

l y  noted ,  t h e s e  compounds have been sugges t ed  as u l t r a v i o l e t  sta- 

b i l i z e r s  f o r  e x t e r i o r  c o a t i n g s  (8-10). Also,  t i t a n i u m  p o l y e t h e r s  

have been shown t o  be semiconductors ,  e x h i b i t i n g  s p e c i f i c  resis- 
7 t i v i t y  i n  t h e  r ange  of lo5 t o  10 It is p a r t i c u -  

l a r l y  i n t e r e s t i n g  t h a t  t h e  t i t a n i u m  p o l y e t h e r s ,  as a f ami ly ,  ex- 

h i b i t  poor low tempera ture  s t a b i l i t y  (below 2OO0C) bu t  moderate 

t o  good h igh  tempera ture  s t a b i l i t y  ( r e t a i n i n g  up t o  80% weight a t  

t empera tu res  UP t o  900Oc) (8,101. It  was hoped t h a t  TG-MS ana ly-  

sis of t h e s e  compounds would p rov ide  in fo rma t ion  on t h e  decompo- 
s i t i o n  mechanism, i n c l u d i n g  i d e n t i f i c a t i o n  of t h e  major evolved 

degrada t ion  f ragments  and t h e  sequence of bond breakage ,  t o  (po- 
t e n t i a l l y )  i d e n t i f y  t h e  s i t e  of least  s t a b i l i t y ,  e v e n t u a l l y  en- 

a b l i n g  t h e  des ign  of more the rma l ly  s t a b l e  p o l y e t h e r s  and would 

r e v e a l  t h e  weakest bond i n  t h e  compounds. R e s u l t s  ob ta ined  from 

t h e s e  deg rada t ion  s t u d i e s  are summarized below. 

ohm-cm (18,191. 

Cp2TiC12 and Hydroquinone 

The po lye the r  de r ived  from t h e  condensa t ion  of d i cyc lopen ta -  

d i e n y l  t i t a n i u m  d i c h l o r i d e ,  Cp2TiC12, w i t h  hydroquinone e x h i b i t e d  
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THERMOGRAVIMETRIC ANALYSIS-MASS SPECTROSCOPY 207 

0 an  i n i t i a l  weight  l o s s  a t  a t empera tu re  of  89 C ,  w i t h  t h e  most 

r a p i d  weight  l o s s  ( abou t  8 % )  o c c u r r i n g  between 1 0 0  and 18OoC, 

fo l lowed  by a n  a lmost  cons t an t - s lope  weight  loss  of 20% over  t h e  

n e x t  600 Co r ange  ( F i g u r e  5 ) .  The compara t ive ly  r a p i d  d e g r a d a t i o n  

FIGURE 5. TG(---) AND MS (-) PLOTS FOR THE CONDENSATION PRODUCT 
FROM DICYCLOPENTADIENYL TITANIUM DICHLORIDE AND HYDROQUINONE 
DECOMPOSITION. THE MS IONIZING VOLTAGE WAS 7 0 ~ 4 ,  THE FLOW RATE OF 
HELIUM WAS 55 AIMIN AND THE HEATING RATE WAS 20 COIMIN. THE 
SAMPLING FREQUENCY OF 4 1  KC WAS USED. 
PLOT OF d e  66-,B = PLOT O F  m / e  65 -C  = PLOT OF m/e 108 . . . .  
D = PLOT OF m / e  7 8 0 0 0 0 E  = PLOT OF m/e 94 -ccccc 

T TOTAL ION CURRENTA = 
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208 CARRAHER ET AL. 

o c c u r i n g  between 100 and 180°C g i v e s  r ise  t o  v o l a t i l e  d e g r a d a t i o n  

p r o d u c t s  which e x h i b i t  15 major  ( n o r m a l i z e d  i n t e n s i t i e s  greater 
t h a n  1 % )  mass peaks  ( T a b l e  1). Peaks are observed  at  m/e 6 6 ,  6 5 ,  

39, 40, 26 63,  64 ,  31, 62 ,  67 ,  41 and 51 and t h e s e  i o n s  and t h e i r  

r e s p e c t i v e  i n t e n s i t i e s  cor respond t o  t h o s e  which are characteris- 

t i c  of  the s t a n d a r d  spec t rum of c y c l o p e n t a d i e n e  as l i s t e d  i n  t h e  

John Wiley c o m p i l a t i o n  by McLaffer ty ,  e t  a l .  ( T a b l e  2 ) .  I n  

a d d i t i o n ,  a t  t e m p e r a t u r e s  between 120 and  180°C t h r e e  a d d i t i o n a l  

major  mass peaks  appeared  i n  t h e  mass spec t rum of  t h e  d e g r a d a t i o n  

p r o d u c t s  (m/e = 108, 54 and 82).  Thus peaks  a t  m/e 108, 54 ,  82,  

26 ,  51 ,  41 and t h e i r  r e s p e c t i v e  i n t e n s i t i e s  are c o n s i s t e n t  w i t h  

t h e  s t a n d a r d  spec t rum of  p-benzoquinone ( T a b l e  2 ) .  Over t h i s  

t e m p e r a t u r e  r a n g e ,  however, t h e  i o n s  c h a r a c t e r i s t i c  o f  c y c l o -  

p e n t a d i e n e  are greater i n  i n t e n s i t y  t h a n  t h o s e  a t t r i b u t a b l e  t o  p- 

benzoquinone. Thus,  d e g r a d a t i o n  a p p a r e n t l y  o c c u r s  a t  modera te  

T a b l e  1 
Major I o n s  i n  t h e  Mass S p e c t r a  of t h e  D e g r a d a t i o n  P r o d u c t s  
f r o m t h e P y r o l y s i s  o f theCondensa t ionProduc to fDicyc lopen tad&eny l  
Ti tan ium D i c h l o r i d e ,  Cp2TiC1 and Hydroquinone,  H Q ,  a t  143 C 2’  

Apparent Apparent  
Degrada t ion  Normalized D e g r a d a t i o n  Normalized 

~ m/e Product  I n t e n s i t y  m/e P r o d u c t  I n t e n s i t y  

66 CP 52.129 31 CP 3.852 

65 CP 23.439 51a H Q , C P  1.257 
39 CP 17.985 26a HQ,Cp 4.704 

40 CP 16.991 41a HQicP 2.656 

63  CP 4.217 108 HQ 7.117 

64 CP 3.427 54 HQ 4.542 

67 CP 3.021 82 HQ 2.595 

62 CP 3.183 

a. t h e s e  f ragment  i o n s  can  be d e r i v e d  from Cp and HQ 
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THERMOGRAVIMETRIC ANALYSIS-MASS SPECTROSCOPY 209 

T a b l e  2 

Comparison of Mass S p e c t r a l  Data f o r  C y c l o p e n t a d i e n e ,  p-Benzo- 
q u i n o n e ,  Phenol  and Benzene Compared w i t h  t h e  TG-MS S p e c t r a  of 
t h e  Condensa t ion  P r o d u c t  of D i c y c l o p e n t a d i e n y l  T i t a n i u m  D i c h l o r i d e  
and  Hydroquinone 

m/ e 

C yc 1 open t a d i  e n e  

66 65 39 40 48 64 67 63 31 

Relative I n t e n s i t y  
John  Wiley Atlas 1000 473 316 273 82 82 63 58 49 
Mass Specirum 

TG-MS Degrada- 1000 450 345 326 - 81 58 61 74 
t i o n  P r o d u c t  
Spec t rum 

p-Benzoquinone 

m/ e 108 54 82 26 50 51 

Relative I n t e n s i t y  

John  Wiley Atlas 1000 790 357 298 54 43 
Mass Spectrum 

TG-MS Degrada- 1000 638 365 661 68 43 
t i o n  P r o d u c t  
Spec t rum 

Phenol  Mass 

m/ e 94 39 66 65 40 55 

Relative I n t e n s i t y  

John  Wiley Atlas 1000 531 467 395 219 151 
Mass Spectrum 

TG-MS Degrada- 1000 430 - 319 612 665 
t i o n  P r o d u c t  
Spec t rum 

Benzene Mass 

m/ e 78 51  52 50 39 

Relative I n t e n s i t y  

John  Wiley Atlas 1000 205 196 179 141 
Mass Spectrum 

TG-MS Degrada- 1000 240 481 - 100 
t i o n  P r o d u c t  
Spec t rum 
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210 CARRAHER ET AL. 

t empera tures  mainly through e v o l u t i o n  of t h e  cyc lopen tad iene  moi- 

e t y ,  and less so,  bu t  still  t o  a s i g n i f i c a n t  e x t e n t ,  through t h e  

e v o l u t i o n  of  p-benzoquinone. A t  t h e  t empera tu re  of 227OC i o n s  a t  

m/e of  141-142 appea r ,  which are c h a r a c t e r i s t i c  o f  the p roduc t  

r e s u l t i n g  from coup l ing  of  phenylene and cyc lopen tad iene  was ( T a b l e  

3 ) .  
A t  t empera tu res  above 388OC, t h e  mode of deg rada t ion  h a s  

changed and 13 a d d i t i o n a l  major mass peaks appea r  i n  t h e  mass 
s p e c t r a  of t h e  deg rada t ion  p roduc t s  (Tab le  3 1. Between 388OC and 

588OC, peaks are observed a t  m/e 78, 51, 52, 50, 39 2nd 27 and t h e  

r e s p e c t i v e  i n t e n s i t i e s  of t h e s e  i o n s  match t h o s e  which a r e  re- 
p o r t e d  i n  s t anda rd  spectrum of  phenol (Table 2 ) .  I o n s  were ob- 

se rved  a t  m/e 154, above 488OC, presumably i n d i c a t i v e  of  t h e  

phenylene dlmer (Tab le  3 ) .  Therefore ,  h ighe r  t empera tu res  ap- 

p a r e n t l y  r e s u l t  i n  g r e a t e r  f r agmen ta t ion  of t h e  oxyphenylene,-0- 

0,  moiety. 

Tab le  3 
Major I o n s  i n  t h e  Mass S p e c t r a  of t h e  Degradation Products  from 
t h e  P y r o l y s i s  of t h e  Condensation Product  of Dicyc lopentadhenyl  
Ti tan ium Dich lo r ide ,  Cp2TiC12, and Hydroquinone, HQ, a t  503 C 

Apparent Apparent 
Degradation Normalized Degrada t ion  Normalized 

m/e Product I n t e n s i t y  m / e  Product  I n t e n s i t y  - - 
78 Benzene 8.816 55 Phenol 2.497 
52 Benzene 4.238 40 Phenol 2.299 
27 Benzene 0.860 4 3  Phenol 2.239 

142 Benzene , Cp 1.857 41 Phenol 1.859 

5 1 Benzene, Phenol 2.599 65 Phenol 1.200 

94 Phenol 3.758 
39 Benzene,Phenol 2.479 154a Benzene 2.039 

a. mass 154 r e p r e s e n t s  t h e  coup l ing  of  benzene 
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THERMOGRAVIMETRIC ANALYSIS-MASS SPECTROSCOPY 2 1 1  

The mass s p e c t r a l  i o n s  c h a r a c t e r i s t i c  of  t h e  cyc lopen tad iene  

and p-benzoquinone m o i e t i e s  reached  maximum i n t e n s i t i e s  a t  a de- 

g r a d a t i o n  t empera tu re  of 15 l0C and then  dec reased  s t e a d i l y ,  be- 

coming i n s i g n i f i c a n t  a t  t empera tu res  above 48OoC (Table 4 ). I o n s  
i n d i c a t i v e  of benzene reached an i n t e n s i t y  maximum a t  51loC, de- 

creased markedly a t  t empera tu res  above  588 C, and f e l l  o f f  gradu- 

a l l y  i n  i n t e n s i t y  t o  a t empera tu re  of 749OC (Tab le  4 ) .  The i o n  

i n d i c a t i v e  o f  phenylene d i m e r i z a t i o n  reached  a maximum a t  557OC, 
and was d e t e c t a b l e  t o  t empera tu res  of 618OC (Tab le  4 ) .  

0 

The o r d e r  of  deg rada t ion  was deduced by n o t i n g  t h e  TG t e m -  

p e r a t u r e  a t  which s e l e c t e d  i o n  f ragments  i n i t i a l l y  appeared  (Ta- 

b l e  4 ) .  The f irst  s i g n i f i c a n t  i o n  d e t e c t e d  i n  t h e  mass spec t rum 

of  t h e  deg rada t ion  p roduc t s  was m/e 66,  co r re spond ing  to  cyc lo-  

pen tad iene  (see A i n  Form II), fo l lowed s h o r t l y  by m/e 108 c o r r e s -  

ponding t o  p-benzoquinone (see B i n  Form 11). The i o n  n e x t  

observed  was m / e  1 4 1 ,  d e r i v e d  from t h e  coup l ing  of  t h e  phenylene  
and cyc lopen tad iene  moie t i e s .  A t  388OC, benzene was detected as 

i n d i c a t e d  by the appearance  of m/e o f  78 (see C i n  Form 111,  fo l lowed  

by obse rva t ion  of  m/e of 94 a t t r i b u t a b l e  t o  phenol (see D i n  Form 

11). F i n a l l y ,  m/e 154, r e p r e s e n t i n g  t h e  p roduc t  from coup l ing  o f  

phenylene, 0-0, was de tec t ed .  The f r agmen ta t ions  l e a d i n g  t o  t h e  

observed m o i e t i e s  which are desc r ibed  above are i l l u s t r a t e d  i n  

form 11, below, w i t h  t h e i r  sequence of occur rence  i n d i c a t e d  by 

t h e  a l p h a b e t i c a l  designat;%n? - 
I I / &  

- - - - - - - - 
I 

/ - - - - - - - - -  
' /' 

I 1  
\ \  ,'- c 
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I - - ----- -- - -- -. : '- 
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The absence of i o n s  with s i g n i f i c a n t  i n t e n s i t i e s  a t  m/e 47 
( T i ) ,  m/e 79 (Ti02)  and m/e 170-180 (Ti-0) i n d i c a t e  t h a t  t i t a n i -  

um-containing, v o l a t i l e  s p e c i e s  were no t  formed, which is consis-  

t e n t  with t h e  metal remaining wi th in  t h e  TG residue.  

I n  summary, t h e  o rde r  of appearance of degradat ion products  

from t h e  degradat ion of t h e  condensation products  of dicyclopen- 

t ad iene  t i t an ium d i c h l o r i d e  with p-benzoquinone are: A-cyclopen- 

t ad iene ,  B-p-benzoquinone, C-benzene and D-phenol. 

The i n f r a r e d  spectrum of t h e  degradat ion r e s i d u e  of t h e  pro- 

duct  derived from t h e  t i t an ium po lye the r  shows i d e n t i f i a b l e  bands 

only a t  wave numbers below 800 cm-’, and t h e  observed spectrum is 

i d e n t i c a l  t o  t h a t  of t i t an ium d iox ide ,  Ti02 (F igu re  6 ) .  T i 0 2  is 

white  whereas the  s o l i d  r e s idue  der ived from t h e  t i t an ium poly- 
e t h e r  was l i g h t  brown i n  co lo r .  If t h e  r e s u l t i n g  r e s i d u e  contain-  

ed only T i  o r  T i 0 2 ,  then t h e  weight of t h e  r e s idue  would be 17 o r  

28% r e s p e c t i v e l y  of t h e  i n i t i a l  sample. The observed r e s i d u e  

weight from t h e  TG was 56% of t h e  o r i g i n a l  sample, however cons i s -  

t e n t  with t h e  i n c l u s i o n  o f  materials o t h e r  than t i t a n i u m  (F igure  

6 ) .  Polymeric tttarstt t y p i c a l l y  y i e l d  s p e c t r a  which e x h i b i t  broad 
bands having l i t t l e  i f  any d e f i n i t i o n .  Therefore ,  such tars 

I I 

I I I 1 1 J 
3000 2 0 0 0  1600 . 1200 800 2 5 0  

WAVENUMBE R (CM”) 

FIGURE 6 .  INFRARED SPECTRA OF THE CONDENSATION PRODUCT OF DICYCLO- 
PENTADIENYL TITANIUM DICHLORADE AND HYDROQUINONE (-) OF THE 
RESIDUE AFTER HEATING TO goo c IN HELIUM AT A RATE OF 20 C’/MIN 
(---), AND OF T I T A N I U M  DIOXIDE (-o-*-). 
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y i e l d  e s s e n t i a l l y  o n l y  background c o n t r i b u t i o n s  t o  t h e  i n f r a r e d  

spectra o f  t h e  r e s i d u e .  It is l i k e l y  t h a t  t h e  f o r m a t i o n  of T i 0 2  

o c c u r s  s u b s e q u e n t  t o  t h e  removal  o f  t h e  he l ium envi ronment  s i n c e  

oxygen is  needed t o  form T i 0 2  and s e v e r a l  o x y g e n - c o n t a i n i n g  moie- 

t i e s  were detected i n  t h e  e v o l v e d  d e g r a d a t i o n  p r o d u c t s .  Q u a n t i -  

t a t i v e  e l e m e n t a l  a n a l y s i s  of t h e  amount o f  t i t a n i u m  p r e s e n t  i n  

t h e  r e s i d u e  as T i  or T i 0 2  would have t o  be comple ted  t o  satis- 

f a c t o r i l y  r e s o l v e  t h e  q u e s t i o n  of whether  o r  n o t  t h e  oxygen was 

d e r i v e d  from the sample  i t s e l f ,  t h e  s u r r o u n d i n g  a t m o s p h e r e ,  or 

b o t h .  

Cp2TiC12 and B i s p h e n o l  A 

The p o l y e t h e r  d e r i v e d  f rom t h e  c o n d e n s a t i o n  of d i c y c l o p e n t a -  

d i e n y l  t i t a n i u m  d i c h l o r i d e ,  Cp2TiC12, w i t h  b i s p h e n o l  A ,  e x h i b i t e d  
major weight  l o s s  i n  two t e m p e r a t u r e  r a n g e s  ( F i g u r e  7 ) .  I n  the 

first r a n g e  between 105 and 400°C t h e  p r o d u c t s  e v o l v e d  i n i t i a l l y  

( a t  105OC) y i e l d  i o n s  c h a r a c t e r i s t i c  of t h e  c y c l o p e n t a d i e n e  moie- 
t y  (m/e 6 6 )  ( F i g u r e  6 ) .  I o n s  c h a r a c t e r i s t i c  of t h e  p r o p y l  m o i e t y  

(m/e 4 4 )  began t o  a p p e a r  i n  s i g n i f i c a n t  ( > l % )  i n t e n s i t i e s  a t  
around 204OC and c o n t i n u e  t o  be detected u n t i l  t h e  h e a t i n g  c y c l e  
i s  completed.  Two maxima i n  t h e  m/e 44 i n t e n s i t y  are observed  a t  
342 and 42OoC. The second t e m p e r a t u r e  r a n g e  i n  which s i g n i f i c a n t  

w e i g h t  l o s s  o c c u r s  is  c o i n c i d e n t  w i t h  t h e  o b s e r v a t i o n  o f  i o n s  i n  

t h e  mass spec t rum o f  t h e  d e g r a d a t i o n  p r o d u c t  which are c h a r a c t e r -  

i s t i c  of t h e  phenol  moie ty  (m/e 9 4 ) .  There are i n i t i a l l y  o b s e r v e d  
a t  a b o u t  273OC, r e a c h  a maximum a t  a r o u n d  419OC, and become i n s i g -  

n i f i c a n t  a t  a b o u t  641OC. The p r o b a b l e  o r i g i n  of t h e  moieties j u s t  
ment ioned are i n d i c a t e d  i n  Form 111 where t h e  s e q u e n c e  of elimi- 

n a t i o n  of these f r a g m e n t s  is  i n d i c a t e d  by t h e  a l p h a b e t i c a l  d e s i g -  

n a t i o n s .  Table 5 summarizes  t h e  order of a p p e a r a n c e  of t h e  degra-  

d a t i o n  p r o d u c t s .  

As i n  t h e  case w i t h  t h e  p r o d u c t s  f rom t h e  c o n d e n s a t i o n  w i t h  

hydroquinone ,  a s i g n i f i c a n t  q u a n t i t y  of n o n m e t a l l i c  r e s i d u e  was 
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FIGURE 7 .  TG (---) AND MS(-) PLOTS FROM THERMAL DEGRADATION OF 
THE CONDENSATION PRODUCT FROM DICYCLOPENTADIENYL TITANIUM 

eV, TG FLOW RATE OF HELIUM AT 55 mL/MIN FOR A HEATING RATE OF 20 

T = TOTAL I O N  CURRENT A = PLOT OF m/e 44 (-) 
B = PLOT OF m/e 94 (+) C = PLOT OF m/e 66 ( . . . I  

DICHLORIDE AND BISPHENOL A OBTAINED AT A MS IONIZING VOLTAGE OF 70 

C'IMIN AND A DATA SAMPLING FREQUENCY OF 41 KC. 

o b s e r v e d  from t h e  d e g r a d a t i o n  of t h e  Cp TiC12/b isphenol  A conden- 

s a t i o n  p r o d u c t  a t  t e m p e r a t u r e s  up t o  900°C. The r e s i d u e  c o n s t i -  

t u t e d  44% of t h e  i n i t i a l  sample  (see F i g u r e  6 )  (Ti-12%; T i 0 2 =  

2 

20%). 

I n  summary, t h e  o r d e r  of a p p e a r a n c e  of  t h e  d e g r a d a t i o n  pro- 

d u c t s  f rom t h e  p y r o l y s i s  of t h e  c o n d e n s a t i o n  p r o d u c t s  of d i c y c l o -  

p e n t a d i e n y l  t i t a n i u m  d i c h l o r i d e  w i t h  b i s p h e n o l  A was: A-cyclo- 

p e n t a d i e n e ,  B-propyl and  C-phenol. 
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I1 I 

Degradation occur s  th rough s e v e r a l  k i n e t i c a l l y  c o n t r o l l e d  

s t a b i l i t y  p l a t e a u s .  Again, a s t a b i l i t y  p l a t e a u  I s  a t empera tu re  

r ange  i n  which l i t t l e  o r  no weight l o s s  occur s ,  and a k i n e t i c a l l y  

c o n t r o l l e d  s t a b i l i t y  p l a t e a u  is a r e g i o n  where weight  loss  o c c u r s  
independent ly  of h e a t i n g  rate, which is ev iden t  expe r imen ta l ly ,  

because t h e  p l a t e a u  is not  p a r a l l e l  t o  t h e  t empera tu re  a x i s  b u t  

e x h i b i t s  a low p i t c h .  

Cp2TiC12 and Di-tert-butyl-p-hydrquinone 

The o rde r  of appearance  of deg rada t ion  p roduc t s  from t h e  

p y r o l y s i s  of t h e  condensa t ion  p roduc t  of d i c y c l o p e n t a d i e n y l  t i t a -  

nium d i c h l o r i d e  and di-tert-butyl-p-hydroquinone is shown i n  

Table  6 and i l l u s t r a t e d  s c h e m a t i c a l l y  i n  Form I V ,  where t h e  de- 

g r a d a t i o n  sequence is i n d i c a t e d  by t h e  a l p h a b e t i c a l  d e s i g n a t i o n s .  
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I H 
I 

' I  I 
I - B  
I I 

I 

IV 

Ions c h a r a c t e r i s t i c  of the  cyclopentadiene moiety were aga in  
t h e  f i r s t  t o  appear  i n  t h e  mass spectrum of t h e  degradat ion pro- 

d u c t s ,  i n i t i a l l y  a t  a temperature of 74OC. Unlike the  two com- 

pounds discussed above, degradat ion i n  t h i s  case occur s  r a p i d l y  
l a r g e l y  over a narrow 50 C temperature range (from 130 t o  18OoC), 
with about 80% weight l o s s  from t h e  sample (see F igure  8) .  Evolu- 

t i o n  of cyclopentadiene (m/e 66)  and appearance of t he  m/e 220 
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(Y 

OD 4 

t 

TEMPERATURE (OC) 

FIGURE 8. TG(---) AND MS(-) PLOTS FROM THERMAL DEGRADATION OF 
THE CONDENSATION PRODUCT FROM DICYCLOPENTADIENYL TITANIUM 

I O N I Z I N G  VOLTAGE OF 70eV, TG FLOW RATE OF HELIUM AT 55 mL/MIN FOR 

KC. T = TOTAL I O N  CURRENT A = PLOT OF m/e 66 (+) B = PLOT OF 
m/e 220 (-1 C = PLOT OF m / e  4 4  (...) 

DICHLORIDE AND DI-TERT-BUTYL-P-HYDROQUINONE OBTAINED AT A MS 

A HEATING RATE OF 20 C'IMIN AND A DATA SAMPLING FREQUENCY OF 4 1  

D PLOT OF m/e 205 (00) 

i o n ,  which c o r r e s p o n d s  t o  t h e  e n t i r e  di-tert-butyl-p-hydroquinone 
m o i e t y  ( l e s s  2 p r o t o n s ) ,  began a t  74OC (see A i n  Form I V ) .  The 

mass s p e c t r a l  i o n  a t  m/e 205 c o r r e s p o n d s  t o  t h e  d i - t e r t - b u t y l - p -  

hydroquinone m o i e t y  ( less  a methyl  g r o u p )  and a p p e a r e d  i n i t i a l l y  

a t  a t e m p e r a t u r e  of 82OC. A s  e x p e c t e d ,  e v o l u t i o n  of t h i s  p r o d u c t  

c l o s e l y  p a r a l l e l s  t h a t  which is i n d i c a t e d  by t h e  mass 220 moie ty .  
Other major  i o n s  o b s e r v e d  i n  t h e  mass s p e c t r a  of t h e  d e g r a d a t i o n  

p r o d u c t s  of t h i s  compound were m/e 44 p r o b a b l y  i n d i c a t i v e  of 
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p r o p a n e ,  m/e 94 which a p p a r e n t l y  r e s u l t s  from t h e  p h e n o l  p r o d u c t ,  

a n d  m/e 108 which c o r r e s p o n d s  t o  t h e  p-hydroquinone p r o d u c t .  

A t  9 7 O C  i o n  masses were d e t e c t e d  i n  t h e  d e g r a d a t i o n  p r o d u c t  

s p e c t r a ,  14 b e i n g  greater t h a n  1% i n  n o r m a l i z e d  i n t e n s i t y .  The 

number of i o n  masses d e t e c t e d  i n  t h e  mass s p e c t r a  maximized a t  a 

p y r o l y s i s  t e m p e r a t u r e  of 235OC, and 50 of t h e  67  i o n s  o b s e r v e d  

were greater t h a n  1% i n  n o r m a l i z e d  i n t e n s i t y .  The number and 

i n t e n s i t y  of mass s p e c t r a l  p e a k s  t h e n  d e c r e a s e d  s t e a d i l y ,  as t h e  

t e m p e r a t u r e  i n c r e a s e d  t o  40OoC. I t  is clear,  t h e r e f o r e ,  t h a t  

d e g r a d a t i o n  of t h i s  compound o c c u r r e d  a b r u p t l y  w i t h  t h e  g e n e r a -  

t i o n  of a large number of f r a g m e n t s .  These f r a g m e n t s  a p p e a r  t o  b e  

l a r g e l y  d e r i v e d  f rom t h e  d i - te r t -buty l -p-hydroquinone  m o i e t y ,  a n d  

t h e  mass s p e c t r a  are i n  good agreement  w i t h  t a b u l a t e d  mass s p e c -  

t ra l  d a t a  for  t h e  12 most abundant  f r a g m e n t s .  

The r e s i d u e  r e s u l t i n g  from d e g r a d a t i o n  of the  Cp T i C l  / d i -  

t e r t -buty l -p-hydroquinone  c o n d e n s a t i o n  p r o d u c t s ,  i n  c o n t r a s t  t o  

t h e  p r e v i o u s l y  d i s c u s s e d  compounds, cons is t s  e n t i r e l y  of t i t a n i u m  

(% r e s i d u e  = 12,  % T i  = 13,  % T i 0 2  = 2 2 )  w i t h o u t  o r g a n i c  c o n t e n t .  

Cp T i C 1 2  and Tetrachloro-p-hydroquinone 

2 2  

2 

D e g r a d a t i o n  o f  t h e  c o n d e n s a t i o n  p r o d u c t  from d i c y c l o p e n t a -  

d i e n y l  t i t a n i u m  d i c h l o r i d e ,  Cp2TiC12, w i t h  t e t r a c h l o r o - p - h y d r o -  

q u i n o n e  began a t  a t e m p e r a t u r e  of 1 0 5 O C ,  as i n d i c a t e d  by t h e  

o b s e r v a t i o n  of m/e 246-249 i n  t h e  mass s p e c t r a  of e v o l v e d  pro-  

d u c t s .  These  i o n s  are i n d i c a t i v e  of t h e  t e t r a c h l o r o - p - h y d r o -  

q u i n o n e  m o i e t y  (m/e 246 1 ( T a b l e  7 1. The e v o l u t i o n  of c y c l o p e n t a -  

d i e n e  f o l l o w e d ,  i n i t i a l l y  a t  a b o u t  143'C, and c o n t i n u e d  t o  404OC 

( F i g u r e  9 ,  T a b l e  7 1. D e g r a d a t i o n  was r a p i d  ( s i m i l a r  t o  t h a t  of 

t h e  c o n d e n s a t i o n  p r o d u c t  of d i c y c l o p e n t a d i e n y l  t i t a n i u m  d i c h l o -  

r i d e  w i t h  di-tert-butyl-p-hydroquinone) w i t h  70% w e i g h t  l o s s  oc- 

c u r r i n g  i n  t h e  r a n g e  from 170 t o  23OoC. T h i s  was f o l l o w e d  by a 

g r a d u a l  weight  l o s s  of a n  a d d i t i o n a l  10% from 420 t o  52OoC. I n  
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TEMPERATURE (OC) 

FIGURE 9.  TC(---) AND MS(-) PLOTS FROM THERMAL DEGRADATION OF 
THE CONDENSATION PRODUCT FROM DICYCLOPENTADIENYL TITANIUM D I -  
CHLORIDE AND TETRACHLORO-P-HYDROQUINONE OBTAINED AT A I O N I Z I N G  
VOLTAGE OF 70eV, TG FLOW RATE OF HELIUM AT 55 mL/MIN FOR A HEATING 

T = TOTAL ION CURRENT A = PLOT OF m/e 66 
RATE OF 20 C'IMIN AND A DATA SAMPLING FREQUENCY OF 41 IC. 

c o n t r a s t  t o  t h e  p rev ious ly  d i scussed  compound (Cp2TiC12 w i t h  d i -  

t e r t -buty l -p-hydroquinone)  e x c e s s i v e  f r agmen ta t ion  d i d  no t  occur  

e i t h e r  du r ing  o r  a f te r  t h e  r a p i d  weight  loss (on ly  29 i o n  masses 
were d e t e c t e d  i n  t h e  deg rada t ion  p roduc t  s p e c t r a  and on ly  7 ex- 
ceeded 1% i n  normalized i n t e n s i t y .  Fur thermore  t h e r e  d i d  n o t  
appea r  t o  be any s i g n i f i c a n t  change i n  t h e  observed  t o t a l  i o n  
c u r r e n t  over t h e  e n t i r e  tempera ture  range. Trace q u a n t i t i e s  of 
i o n s  i n d i c a t i v e  of tetrachloro-p-hydroquinone (less one o r  two 
c h l o r i n e  atoms)(m/e 175 and 210) were detected a t  t empera tu res  
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224 CAREUHER ET AL. 

nea r  3OO0C and 70OoC. 

m/e 36 were detected from 600 t o  900°C. 
Traces of hydrogen c h l o r i d e  and c h l o r i n e  

R e s u l t s  ob ta ined  f o r  t h i s  sample p rec lude  the p o s t u l a t i o n  of 
a wel l -def ined  degrada t ion  sequence. During t h e  h e a t i n g  c y c l e ,  

(a t  about  100 C )  a c loud  of gaseous  material was v i s u a l l y  e v i d e n t  

and a yellow d e p o s i t  appeared on t h e  i n s i d e  t i p  of  t h e  TG q u a r t z  

tube .  Thus, mass s p e c t r a l  i o n s  d e t e c t e d  a t  h i g h e r  t empera tu res  

may be due i n  p a r t  t o  t h e  e v o l u t i o n  and/or  deg rada t ion  of t h i s  

yellow s o l i d ,  r a t h e r  than  a r i s i n g  s o l e l y  d i r e c t l y  from t h e  con- 

densa t ion  product .  A t e n t a t i v e  sequence of  deg rada t ion  is  i n d i -  

c a t e d  by t h e  d a t e  i n  Table 7 and i l l u s t r a t e d  s c h e m a t i c a l l y  i n  

Form V ,  where t h e  o r d e r  of f r agmen ta t ion  is a g a i n  des igna ted  by 

t h e  a l p h a b e t i c a l  n o t a t i o n .  

0 

Ot V 

The f i n a l  weight of t h e  r e s i d u e  a t  gOO°C was approximate ly  

12% of t h e  i n i t i a l  sample which cor responds  t o  t h e  v a l u e  expec ted  
i f  t he  r e s i d u e  c o n s i s t s  on ly  of  t i t a n i u m  wi thou t  any o r g a n i c  

r e s i d u e  (% T i  = 14,  % T i 0 2  = 2 4 ) .  

Cp T i C l  and 2-methyl-p-hydroquinone 2 2  

The las t  t i t a n i u m  po lye the r  s t u d i e d  was t h a t  de r ived  from 

t h e  condensa t ion  of d i c y c l o p e n t a d i e n y l  t i t a n i u m  d i c h l o r i d e ,  
Cp T i C 1 2 ,  and 2-methyl-p-hydroquinone. The p o s t u l a t e d  degrada- 2 
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t i o n  sequence  f o r  t h i s  compound is  i n d i c a t e d  by t h e  data  shown i n  

Table 8 and  is i l l u s t r a t e d  s c h e m a t i c a l l y  i n  Form V I .  

H 
1 

I 1 

, 
\ 

/ \ 
1 

I 
I 
L 1 

I 
H-C-H 

VI 

The mass s p e c t r a l  i o n s  o b s e r v e d  i n i t i a l l y  from t h e  degrada-  

t i o n  p r o d u c t s  were m/e 18 and m/e 17 which were d e t e c t a b l e  i n  t h e  

t e m p e r a t u r e  r a n g e  from 51 t o  16OoC, r e a c h i n g  a maximum a t  a b o u t  

97OC. T h i s  p a r t i c u l a r  sample  e x h i b i t e d  a s t r o n g  i n f r a r e d  band a t  
a b o u t  3300 t o  3000 cm", which is  p r o b a b l y  i n d i c a t i v e  of t h e  

p r e s e n c e  of water. T h e r e f o r e ,  t h e  i n i t i a l  weight  l o s s  a p p a r e n t l y  

r e s u l t e d  from t h e  e l i m i n a t i o n  o f  water from t h e  h y d r a t e d  sample .  

The i n i t i a l  e v o l v e d  i o n s  and associated f r a g m e n t s  from t h e  poly-  

mer c h a i n  i t s e l f  which c o r r e s p o n d e d  t o  t h e  c y c l o p e n t a d i e n e  m o i e t y  

began a t  a b o u t  1 0 5 O C  and c o n t i n u e  t o  a round 45OoC. 
were no o t h e r  major i o n  masses detected i n  t h e  d e g r a d a t i o n  pro-  

d u c t  mass s p e c t r a  a l t h o u g h  trace i n t e n s i t i e s  of m/e 78 ( b e n z e n e ) ,  

m / e  109 (p-hydroquinone) ,  i n  t h e  d e g r a d a t i o n  p r o d u c t  mass spec-  

t ra ,  and m / e  123 (methyl-p-hydroquinone)  were o b s e r v e d .  No major 

change  i n  t h e  t o t a l  i o n  c u r r e n t  was e v i d e n t  and t h e  t o t a l  weight 

l o s s  amounted t o  o n l y  3 0 5 ,  which o c c u r r e d  g r a d u a l l y  o v e r  a n  800 C 
t e m p e r a t u r e  r a n g e  ( F i g u r e  10 ) .  The major  weight  loss was l a r g e l y  
due t o  c y c l o p e n t a d i e n e  e l i m i n a t i o n  (see A i n  Form VI) ( o n e  cyclo- 
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FIGURE 10. TG(---)  and MS(-) PLOTS FROM THERMAL DEGRADATION OF 
THE CONDENSATION PRODUCT FROM DICYCLOPENTADIENYL TITANIUM 

VOLTAGE OF 70eV, TG FLOW RATE OF HELIUM AT 55 mL/MIN FOR A HEATING 
RATE OF 20 C'IMIN AND A DATA SAMPLING FREQUENCY OF 4 1  KC. 
T = TOTAL ION CURRENT A = PLOT OF m/e 18 
B PLOT OF m/e 66 

DICHLORIDE AND 2-METHYL-P-HYDROQUINONE OBTAINED AT A I O N I Z I N G  

p e n t a d i e n e  = 22% and two c y c l o p e n t a d i e n e s  = 44% of t h e  r e s i d u e ) .  

The re fo re ,  t h e  r e s i d u e  c o n t a i n e d  a s u b s t a n t i a l  q u a n t i t y  o f  or- 
g a n i c  material ( %  T i  = 1 6 ,  % T i 0 2  = 26) .  

CONCLUSIONS 

The r e s u l t s  of t h e  p r e s e n t  s t u d y  show t h a t  t h e  coupled  TG-MS 

i n s t r u m e n t  can  p r o v i d e  much u s e f u l  data r e l e v a n t  t o  de t e rmin ing  

t h e  composi t ion  of polymer ic  materials of t h e  t y p e  s t u d i e d  he re .  
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The d a t a  ob ta ined  he re  s u g g e s t  s t r u c t u r e s  f o r  t h e  t i t a n i u m  poly- 

e t h e r  which are  c o n s i s t e n t  w i th  t h o s e  p r e v i o u s l y  propsed (8-10).  

Fur thermore ,  t h i s  t echn ique  o f t e n  pe rmi t s  d e t e c t i o n  of  major 

t r e n d s  i n  t h e  sample deg rada t ion  sequence. Two g e n e r a l  phenomena 

could  be t e n t a t i v e l y  i d e n t i f i e d  f o r  t h e  t i t a n i u m  p o l y e t h e r s  i n -  

v e s t i g a t e d  i n  t h e  p r e s e n t  s tudy .  F i r s t ,  t h e  i n i t i a l l y  evolved  

degrada t ion  p roduc t  has  cyc lopen tad ione ,  which t y p i c a l l y  appeared  

a t  a t empera tu re  i n  t h e  neighborhood of 100°C (Tab le  9 ). Second- 

l y ,  t h i s  was g e n e r a l l y  fo l lowed by t h e  e v o l u t i o n  of t h e  p-hydro- 

quinone-conta in ing  moiety , a long  wi th  t h e  a s s o c i a t e d  oxygen( s )  . 
A great d e a l  of v a r i a t i o n  was observed ,  however, w i th  r e s p e c t  t o  

t h e  e x t e n t  and rate of deg rada t ion  of  t h e  hydroquinone-conta in ing  

moie ty  from t h e  s e v e r a l  polymers s t u d i e d ,  and t h e  q u a n t i t i e s  of  

o rgan ic  components i n  t h e  f i n a l  r e s i d u e s  from d e g r a d a t i o n  a l s o  

v a r i e d  markedly. 
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