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VOORWOORD 

Zoals iedere  promovendus  wil ik het  voorwoord  gebruiken  om  de  vele  mensen  te  bedanken die 
een  bijdrage  hebben  geleverd  aan de, totstandkoming  van dit proefschrift. 

Tijdens  dit  onderzoek  zijn  een  groot  aantal  polymeren  bereid  en  onderzocht op hun . 

gasscheidingseigenschappen waarvoor ik dank  ben  verschuldigd.  aan  Judith  Wijnhoven, 
Leontine de Graaf,  Jeroen Boom en  Eugenia  Sena, die grote hoeveelheden  synthetisch  werk 
hebben  verzet. 

Kees  Smolders  en  Marcel  Mulder  wil ik bedanken  voor de prettige  en  stimulerende  begeleiding 
van  het  onderzoek  en  voor  de  correctie  van  het  proefschrift.  Qok  Jeroen Boom en  Evert  Smit 
wil ik bedanken  voor  het kritisch doornemen  van het proefschrift. 

Binnen Akzo  Research  wil. ik Prof. W.J.  Mijs  en Ir. J.H.  Rigterink  bedanken  voor  hun 
interesse en suggesties  gedurende de afgelopen vier jaar. 

Binnen en buiten  de  faculteit  CT wil ik de  vele  mensen, die ik  hier  niet  genoemd  heb  maar  die 
toch deel hebben  gehad in  de totstandkoming  van dit proefschrift,  bedanken. 

Tenslotte heeft de altijd plezierige sfeer binnen  de  onderzoekgroep  Membraantechnologie 
tijdens,  maar ook na  werktijd,  de  afgelopen vier jaar tot  een  onvergetelijke  tijd  gemaakt. 
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1 
Gas separation using membranes. 

An introduction. 

E.R. Hensema, M.H.V. Mulder  and C.A. Smolders 

SUMMARY 

Gas separation  using  membranes is utilised  with  increasing  interest.  This  separation  technology  has  distinct 
advantages  over  conventional  separation  technologies like ab- and adsorption  processes  and  cryogenic  distillation. 
The  technology  is  relatively  young  and  membrane  systems  are  still  being  improved  and  they  become  more  and 
more  competitive in comparison  with  conventional  techniques. 
Present  materials  research is dedicated to  the  development of asymmetric  and  composite  membranes  with 
improved flux at sufficient  selectivities, and  to the development of ‘ctailor-madey’  polymers as gas  separation 
membrane  materials.  In  this  thesis  two  families of “tailor-made”  polymers are studied  in  order  to  elucidate  the 
relation  between  the  macromolecular  structure  and  the  resulting  physical  properties  on  one  hand  and  the  gas 
separation  properties on the  other. 

HISTORY 

In 1830 Mitchell  discovered  that  balloons of natural  rubber  filled  with  hydrogen  gas  which had 
ascended in his lecture  room in the  Philadelphia Medical Institute would descend  after a period 
of time,  varying from an hour to two  days1.  According  .to  Mitchell  there  were a number of 
possibilities; either the gas reacted  with  the  rubber, or it permeated  through  the  dense  wall of 
rubber  balloon or the  gas  escaped at the  ligature. To gain  a  better  understanding  he  took  a  wide 
mouthed bottle  and  filled it with  hydrogen  gas.  Over  the  aperture  he  had f m l y  tied a  thin  sheet 
of rubber, see  figure 1. After  a  few  hours  the  cover  had  sagged into the  cavity of the  bottle  and 
finally  the  cover  did burst. The  rubber  sheet  had  not  gained  any  weight.  The  experiment  was 
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repeated under a glass  bell-shaped jar holding  atmospheric  air. Mitchell found that the  gas 
mixture  under the bell-jar  had  become an explosive  one,  while  the  covered  bottle  only  contained 
pure or nearly pure hydrogen. 
Mitchell  concluded  that  the  permeation  through  the  membrane,  which  was  able  to let the rubber 
cover burst, was caused by some inherent power of a considerable  magnitude. 
A year later Mitchell  presented  the  rates of escape of ten  gases  from  natural  rubber  balloons  and 
showed that there  was a range of a hundred-fold  between  carbon  monoxide  and  ammonia.  He 
also  noticed that the  rapidly  permeating  gases  were  absorbed by the  rubber to a considerable 
amount2. 
In 1866 the Scotchman Graham reported on the transport of gases  through  natural  rubber  and 
he postulated a simple  form  of  the solution/diffizsion  mechanism of transport3. He described the 
penneation of gases  as a sequence of three  steps; first the  gas  dissolves  in  the  membrane, 
permeates  through  the  membrane  and  desorbs at the  other  interface of the membrane. In the 
same  article he demonstrated  that  oxygen  enriched air will  permeate  into a vacuum  evacuated 
rubber bag which is exposed to air. The permeate  was  sufficiently  enriched to relight a glowing 
splint. 

/ later 
rubber 
film 

Fig. I Mitchell’s  permeation  experiments. 

In the early forties of this century gas  separation  with  membranes  was  used to enrich  uranium. 
In 1960 Loeb  and  Sourirajan  described  the  preparation of asymmetric  phase  inversion 
membranes with a very thin, dense,  selective skin layer whichis supported by a thicker  highly- 
porous, non-selective layer of the same material. This meant for the development of gas 
separation  membranes  that  membranes with a high  selectivity and a high  flux  might  become 
possible. 
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Then, two decades later; in 1979 Monsanto  presented the PrismTM  module  system for the 
recovery  of  hydrogen  from  purge  streams in the  ammonia  synthesis,  making  use  of  a  plugged 
type  of  asymmetric  membrane  which  shows  some  defects  before  coating. 
During this last decade,  both  the  number of companies  supplying  membrane  systems for the 
separation of  gas  mixtures  and the number  of  gas  mixtures to be  separated  has  increased 
because  of the development  and introduction of improved  membranes.  The interest in this 
"new"  method  of  separating  gases is still growing  and  the  expectations for the  future  are  high. 
Tomorrow's  membrane  systems  will  have  higher fluxes and  higher  selectivities  which  makes 
gas separation by membranes  more  competitive  towards the  more  mature now existing 
separation  techniques. 
Besides  polymer  membranes,  cerarnic  membranes are more  and  more  investigated  because of 
their applicability in harsh  environments.  The  reader is referred to the literature for detailed 
discussions  on  these  membrane  materials4. 

PRESENT MEMBRANE SYSTEMS AND THEIR APPLICATIONS 

In the fall of 1979 Monsanto  introduced  the Prismm system for the  recovery  of  hydrogen  from 
process  streams in the  ammonia  synthesis.  Due  to  the  abrupt rise in energy costs in the 1970's 
the  appeal for cryogenic,  thermal  and  absorption  methods  decreased.  Although  energy  prices 
have  stabilised, cost reduction is still  one of the  driving  forces  behind  the  interest in' membrane 
technology for gas  separations. In table 1 the different gas  mixtures  separated 'by today's 
membrane  systems are shown. 

Table 1. Gas  rnixtures  separated  with  membrane  systems  and  their  applications5. 

Gas  mixture  Application  Gas  mixture  Application 

Hydrogen  recovery  from  purge 
streams  in  ammonia  plants 

H2/CO  Hydrogen  ratio  adjustment 
in  synthesis  gas 

H2/Hydrocarbons  Hydrogen  recovery  from 
. hydrogenation  processes 

CO2/Hydrocarbons  Acid  gas  treatment 
Landfii gas upgrading 

H2O/Hydrocarbons  Natural  gas  dehydration 

02N2 Oxygen  enriched air 
Nitrogen  enriched air 

He& Helium  recovery 
He/Hydrocarbons Helium  separation 
Hydrocarbons/air Hydrocarbon  recovery 

Pollution  control 
H20/Air Air dehumidification 
H2S/Hydrocarbons Sour gas  treatment 
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Membranes  used for gas  separation  are  mostly  made of  polymers like cellulose  derivatives, 
polysulphones,  polyamides and polyimides.  The  membrane  modules  consist  mostly of hollow 
fibre  membranes or spiral-wound flat sheet  membranes.  The  hollow fibre modules  have  the 
advantage  of  having a much  larger  surface  to  volume  ratio. 
Monsanto used polysulphone as a membrane  material  which  has a fairly high gas  selectivity  and 
because  asymmetric  hollow fibre membranes can relatively easily be prepared from this 
polymer. The skin of asymmetric  membranes  should  be  as  thin as possible,  however  pinholes 
have to be avoided because they will dramatically reduce the selectivity. For this reason 
Monsanto  coated its asymmetric  polysulphone  membranes  with  the  highly  permeable  silicon 
rubber to plug the defects. 
Advantages of membrane  systems over the  more  conventional  techniques include the  low 
capital investment,  ease of operation,  low  energy  consumption  and  good  weight  and  space 
efficiencyS. 
The economics of gas  separation by  membranes are governed  by  the  performance of the 
membranes.  Important  parameters are selectivity,  permeability  and  lifetime of the  membranes. 
Spillman  has  recently  discussed  the  economics of  membrane  gas separation in an excellent 
article?  Gas  separation  by  membranes is a relatively  young  technique and membranes  are st i l I  
being  improved. For example air separation  membranes  are  now a factor 2 to 4 more  efficient 
than  they  were in 1985 due to  an  increased  per€ormance  in  both  permeability  and  selectivity5. 
This means that present data on  economics for the  various  separations  may  again  be  outdated 
after a short period of  time. 
Below the present  commercial  applications  of  gas  separation  membranes are discussed  briefly. 

Hydrogen 

Monsanto's PrismTM systems were originally  designed for the  recovery of hydrogen fiom 
purge  gas  streams in the  ammonia  synthesis. This hydrogen  previously  had  been  either  flared 
or burned for  fuel because conventional separation was considered to be too expensive. 
Monsanto  demonstrated  that  membranes  provided a cost-effective  separation  that  resulted in 
energy savings. 
Another growing application is the  recovery of hydrogen fiom refinery  .and  petrochemical 
process streams. The demand for hydrogen in these industries is growing because of the 
increasing  levels  of  sulphur in the  crude oil which  requires  more  hydrodesulphurisation  and 
because of the  increasingly  heavier  feedstocks  which  require  more  hydrocracking. 
Another petrochemical application is the hydrogen/carbon monoxide  ratio adjustment of 
synthesis  gas. 
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Nitrogen 

Nitrogen  production  via  membranes is growing rapidly for applications requiring inert gas 
blanketing.  Commercial  membrane  systems  have  selecti&ties  ranging  from 3.5 to 5.5 (02/N2) 
and are able to produce  nitrogen  of  more  than 99% purity. In applications  were size and  weight 
or low  maintenance  are  important  the  range  of  applicability  of  membranes is extended  like in the 
case of off-shore  applications or at ships for the  storage  of  flammable  liquids, fruits, vegetables 
flowers, etc. 

Oxygen 

Oxygen  can also be  produced  using  membrane  technology,  but  since  today's  membranes  have  a 
selectivity  ranging fiom 3.5 to 5.5 (02/N2) oxygen  can  not  be  produced  economically  above 
40-50% with  the  commercial  membrane  systems.  Oxygen  enriched  air  can  be  used for some 
medical applications, enhanced  combustion (fuel saving),  sewage  treatment  and  oxidation 
processes in the manufacture of chemicals. 

Carbon  dioxide 

Carbon  dioxide,  water  and  hydrogen  sulphide  are  present in natural  gas  and  should  be  removed 
in order to meet pipeline quality specification. Enhanced Oil Recovery (EOR) is another 
application  where  carbon  dioxide  has to be  separated  from  hydrocarbon  gases.  Membranes 
offer an interesting  alternative  to  the  more  mature  techniques  like  amine  absorption  especially 
when  high  concentrations  of  carbon  dioxide are present like for example  with landfill gas. 
Membranes  have  clear  advantages  like a lower  capital  investment  and  lower  maintenance  costs. 
The  applicability  of  membrane  systems for EOR can however  be  limited  due  to  the  plasticising 
effect of carbon  dioxide at high  partial  pressures  (e.g.  cellulose  derivatives are very  susceptible 
for this phenomenon).  This  results in a  permeability  increase  through  the  membrane of all the 
gases  present,  which  means  a  reduced  selectivity.  Besides  'the  loss in selectivity,  membrane 
mechanical  stability  may also suffer under  high partial carbon  dioxide  pressures. 
Related.  membrane  processes are air dehydration  and  organic  vapour  separation from air, not to 
be discussed  here. 

Expectations 

Sales on  membrane  systems will grow at the  expense  of  the  more  mature  techniques like 
cryogenics.  The  best  possibilities for membrane  systems  are  nitrogen  enrichment  by  separation 
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oxygen from air and  separation of hydrogen in the  petrochemical  industry. 
Sales on gas  separation  systems using membranes is still modest  compared  with  the  other 
membrane  technologies  but  the  expectations  €or  the  near  future  are  high  due  to high research 
efforts both in industry &d at universities. 

THEORY 

Most of the  membranes  used in gas  separation are made of polymers. Transport of gases 
through  polymer films is believed  to  occur in three  successive  steps3: 
1. sorption o€ the  penetrant in the  polymer film 
2. diffizsion of the  penetrant  through  the  polymer film 
3. desorption at the  permeate  side. 
This means that permeation  depends on  the diffusivity,  solubility and on the concentration 
gradient  of the penetrant in the  membrane.  Since  homogeneous  polymer  membranes  are  studied 
in this thesis  only gas transport  through  non-porous films will be considered- 
The  transport of low  molecular  weight  species in polymer  membranes is .mostly  described  by 
Fick’s first law: 

c = s p  

Substitution  of  equation (2) in (l) and  subsequent  integration  over  the  membrane  thickness, 
assuming that  the diffusion coefficient and solubility coefficient are independent of the 
pressure,  yields  equation (3): 

J = D S d p / 6  

where 6 is the  membrane  thickness.  The  permeability  coefficient is defined as: 

P = D.S 

The  influence of both  diffusivity  and  solubility  on  the  permeability of simple  gases in natural 
rubber is nicely illustrated in figure 2 and 3, Solubility  mostly increases with increasing 
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molecular  weight  while  diffusivity is decreased. 
Frisch  and  Stern7  have  excellently  reviewed  the  most  relevant  models  describing  gas  transport 
in rubbery  and  glassy  polymers. 

Rubbers 

Molecular  models 
Diffusion in rubbers is described  by molecular and free volume models.  The molecular models 
assume that the microcavities  present in a  rubber  matrix are of different sizes and are 
continuously  formed  and  destroyed as a result of thermal  random  motions of the  polymer 
segrnents.  The diffusing gas  molecules  are  dissolved in the  polymer  matrix  and are localised in 
holes of a suitable size and  may  migrate to another  hole  upon  opening  up of a  chain  segment. 

Lennard-Jones  diameter (nm) 

Fig. 2. Diffusion  Coefficient  and  Solubility 

Lennard-Jones  diameter (m) 
45 

Fig. 3.  Permeability  of  different  gases in 
. of different gases in natural  rubber as natural  rubber as a  function  of  the 

a function of the  molecular  diameter molecular  diameter of the  diffusing 
of  the diffusing particle6. ‘particle6. 

The molecular  models include:  the  “jump”  model of Meares*,  the  “activated  zone”  theory of 
Barrerg,  the  “energy of activation” model  of  BrandtlO, the “activated state” model  of 
DiBenedetto  and Paulll and  the  model of Pace  and  Datyner12,  the  latter  combining  the  models 
of  Brandt  and  DiBenedetto  and  Paul. 

Free volume models 
h the  case of the p e e  volume models the  rate  of  diffusion is assumed to be  determined by the 
available  polymer free volume  and  the  penetrant  size. 
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- The  model ofFujita13 using the Doolittle  equation: 

D = RTA exp[- B7 
V f  

with A and B depending on the  molecular size and  shape of the  penetrant  molecule  and Vf being 
the free volume. 
- The  model of Vrentas  and Dudal49l5. Vrentas  and  Duda  have  introduced  additional  parameters 
into Fujita's equation to account for  the fact that not all the free volme is available for 
permeation. 
Diffusion in rubbery  polymers will not be discussed in detail here- since all polymers  to  be 
discussed in this thesis  are in the  glassy  state. It should  however be kept in mind that a number 
of theories are applicable for both  rubbery  and  glassy  polymer  systems. ' 

Glassy polymers 

Gas sorption and.transport in glassy  polymers is traditionally  described  by  the dual mode 
sorption  theory16.  The free volume  theory  of an older  date  and  originally  developed  for  rubbers 
has however gained a lot of interest lately since gas transport in glassy polymers could 
successfully  be  described by this theory. 

The dual mode sorption theory14. 
This  theory posdates the  existence of two populations of gas  molecules  present in the  polymer 
matrix: 
- gas  molecules  dissolved  according  to  Henry's  law;  the  concentration  of  the  molecules CD is 
related to the pressùre, p 

with k 0  the solubility  constant. 
- gas  molecules  absorbed in microcavities  "frozen"  into  the  polymer  matrix; the concentration 
of these molecrdes is related to the pressure p by  the Langmuir isotherm: 

with CH' & the  hole  saturation  constant  and b as the  hole af€inity constant  which  represents  the 
ratio ofrate constants of gas  ad-  and  desorption in the  microcavities. 
The total concentration of a gas  absorbed in a glassy  polymer is then  represented by: 
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Initially it was  assumed  that  gas  molecules  in  the  microcavities  were  totally  immobilised  and 
that the permeability  could  be  represented by 

Pe t ropo~ los~~  and later Paul  and  Korosl*  modified  the  dual  mode  sorption  theory  by  assuming 
that the  molecules  sorbed in the  microcavities  possessed  limited  mobility  and  participated  in  the 
permeability: 

with K = CH'b/kD as the  relative  amount  of  gas  sorbed in the  two  modes, F = DH/DD as  the 
diffusivity ratio being  a  measure  of  the  degree  of  immobilisation  and DH as  the  diffusivity  of 
the gas  molecules  in the holes. 
In the  dual  mode  sorption  theory it is further  assumed  that  the  sorbed  gases  do  not  interact  with 
the  polymer  matrix,  in  other  words, kg, DD and DH are pressure  and  concentration 
independent. 
Raucher  and  Sefcik  have  shown  that  this  assumption is not  allowed  in all cases  and  they  have. 
proposed  another  mechanism for the  gas  sorption  and  transport in a  polymer:  the  gas-polymer- 
matrix  model in which  the  diffusivity is a  function of penetrant con~entrationl~. 
They  used NMR techniques to study  the  chain  motions  in  polyvinyl  chloride  at  various  carbon 
dioxide  concentrations  and  could  observe  only  one  population of gas  molecules.  They  argued 
that  the  dual  mode  sorption  theory  provides an adequate  mathematical  description  of  sorption 
and transport in glassy  polymers  but  that  the  physical  assumption of the  presence of two 
distinct  populations .is invalid. In the  case  of  interacting  penetrants, like carbon  dioxide,  the 
polymer  matrix is altered  due to the  presence of  gas  molecules  having its impact  on  the  gas 
transport  through  this madx which  results in a  concentration  dependent  diffusivity. 
Wessling et al. recently  found by means of a  combination  of  dilation  and  sorption  experiments 
that carbon  dioxide diffusivity is concentration  dependent  and that the polymer matrix is 
alteredplasticised due to the presence of  carbon  dioxide20. 

The free volume theory 
This model  was  'originalfy  proposed for rubbers  but is now also  used to describe  the  transport 
of gases in glassy  polymers. It correlates diffusivity to the  polymer free volume,  using  the 
equation  of  Fujita: 
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with Vs = V - Vo, V is the  specific  volume  of  the  polymer  which can be obtained by a density 
measurement and V0 is the  specific  occupied  volume of the  polymer  chains,  which  can be 
estimated  using  Bondi's  group  contribution method21. This  simple  equation  relates the 
diflbsion  coefficient nicely to the free volume of many  polymers. The free volume  model 
employing  equation (5) has  gained a lot of interest  lately. Leg2 was the first to  relate  the  gas 
permeability of a number of commercial  polymers  (glasses  and  rubbers)  to  their free volume'. 
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Fig. 4 .  Carbon  dioxide  Permeability  as a function of  the  reciprocal  polymer free 
volume22. 

More recently this correlation was  used by Maeda and to explain the reduction in 
transport in polysulphone  and  polyphenylene  oxide  containing low molecular  weight 
antiplasticisers. The reduction in transport due  to  the addition of these additives could  be 
explained nicely in terms  of a decrease in fiee volume. 
Barbari, Koros and Pad24 used  Fujita's  equation  to relate the free volume of polymers  based 
on  bisphenol-A to the diffusivity. In the  same  group Muruganandd5 did this for substituted 
polycarbonates,  whereas Min26 studied the  influence of the  tacticity of polymethyl  methacrylate 
using  this  equation.  Schmidhauser  and L ~ n g l e y ~ ~  recently  studied a large number of 
polycarbonates also employing the free volume  approach of Fujita. 
Fujita's  equation  implies  that €or a given  penetrant a straight line should  describe  the  diffusivity 
€or all polymers for a given  gas  with A and B as  constants.  However a wide  scattering  of  data 

' P = SJ) = S. A exp(-BIVf), so log P = log S + log A - BIVf A andB  are  polymer  independent  and 
S is assumed  to vary only  little with respect to D2I. 
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may  be  found  when  more  polymers  are  plotted in one  graph,  because of specific  gas/polymer 
solubility  effects  and  because of polymer  local  segmental  motions  that  are  not  sensitive  to  free 
volume. 
Duda  and  Vrentas  have  introduced  a  revised  version of equation ( 5 )  since  not all the free 
volume  will  be  available for permeation2% 

D = Doexp [- -1 E exp C- ---l Y W 2  
RT vFH2 

in which DO is a  constant  pre-exponential  factor, E is the  energy  per  mole  that  a  molecule  needs 
to overcome  attractive forces which  holds it to its neighbours, y is an  overlap factor which is 
introduced  because  the  same free volume is available  to  more  than  one  molecule,  and 5 is the 
ratio of  the  critical  molar  volume  of  the  solvent  jumping  unit to the  critical  molar  volume of the 
polymer  jumping  unit. V F H ~  is the  average  hole  free  volume  per  gram  of  polymer,  component 
2, and V2 is the specific critical hole free volume  of  polymer  required for a  jump. 
Equation (5) and (1 1)  become  identical if: 

A = DO exp[-EIRT] and B = yV1 Ml/” (12) 

in which V I  is the  specific  critical  free  volume  required for a  jump of the  penetrant  and MI and 
M2 are the  molecular  weight  of  the  penetrant  and the polymer  jumping  unit  respectively. 
In the equation of Vrentas  and  Duda  A  and B depend  on  both  polymer  and  penetrant  and  not 
only  on the penetrant as in equation (5). 
The  equation of  Vrentas  and  Duda  may  better  describe  the  process  of  permeation  but  introduces 
parameters  which  are  not  known or easily  obtained for the  polymers  studied  in this thesis,  viz.; 
this  reduces  these  parameters  to “cOYYecti12gy’-par~eters. An  advantage of the  Duda  and  Vrentas 
approach is the fact that  their  model  does  account for both polymer/gas  interaction  ánd for the 
free volume. 
The gas transport properties of the polymers studied, the  poly-1,3,4-oxadiazoles  and  poly- 
1,2,4-triazoles,  will  be  related  to  their  free  volume  as  will be described in chapter  4  and S of 
this thesis. 

RESEARCH QN GAS SEPARATION MEMBRANES 

Research  on  gas  separation  membranes  takes  place  mainly  in  Western  Europe,  Japan  and  the 
United  States. In J a p a  and  the U.S.A. most of the  research is carried out-in industry  itself 
while in Europe  most  of  the  research is done at universities  and  research  institutes. 
Materials  research  topics can be  divided into roughly  two  classes: 
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- development of new membrane morphologies allowing higher fluxes (e.g. asymmetric 
membranes,  hollow fibre membranes  and  composite  membranes). 
- development of new  polymer  membrane  materials with improved  selectivities and 
permeabilities;  the  search for “tailor-made”  polymers. 
A totally different concept of  membrane  separation,  not  to be discussed  here, is facilitated 
transport.  These  systems  mostly  consist  of a supported  liquid  membrane  containing a carrier 
which  transports  the  oxygen íì-om the  high  to  low  pressure  side  of  the  membrane. 
In this  study new “tailor-made” poly-1,3,4-oxadiazole and poly-1,2,4-triazole  membrane 
materials are studied  and  investigatedregarding  their  gas  separation  properties. 
In general  new  membrane  materials  are  developed  with  the aim to  increase  membrane  selectivity 
and  permeability.  “Tailor-made”  polymers  are  studied  to  investigate the effect of the  molecular 
structure on the  gas  separation  properties  of  membranes  prepared kom these  materials.  The 
influence  of  the  intersegmental  packing  density  and  the  segmental  mobility of these 
macromolecules  as  well as their  sensitivity  to  plasticisation  is  studied in order  to  predict  the  gas 
separation  properties. 
New  membrane  material  research is focussed on the  following  polymers: 
- Poly(1-trimethylsilyl-l-propyn), PTMSP. This  is a glassy  polymer  which  has  the  highest  gas 
permeability of  any  known  glassy or rubbery  polymer.  The  molecular  structure of PTLMSP, 
consisting of relatively rigid backbone  chains  separated by bulky trimethylsilyl groups is 
responsible for an extremely large free volume29. The  polymer appears  to  have  an  open 
structure  characterised by a 20% available  void  volume  (versus 3 to 6% for other polpers), 
and a chain to chain distance of at least  4 A. The gas transport is shown  to occur via 
interconnected miC=rovoid~~~. Langsam et al. have  investigated  the  possibility of increasing  the 
selectivity of PTMSP without  loosing  too  much in permeability by surface  They 
were able to  increase  the  selectivity for O& from 1.49  to 5.1. 
In the  Soviet Union Poly(viny1-trimethylsilane), PVTMS, also a new ,highly permeable 
membrane  material, is studied32. 
- Polyimides  containing bulky trifluoromethyl  groups  form a second  group of tailor-made 
membrane  materials.  This  class of materials is studied  in  almost  any  company  producing  gas 
separation  membranes  and also at many  universities, a.0. the University of Texag3, and  can  be 
considered  to be one of  the  most  interesting  new  classes of  polymers. 
- Poly-b-, rn-phenylene-(4-pheny1)-1,2,4-triazoles]. These  are  polymers  with  excellent 
selectivities  and  reasonable  permeabilities  for  CO2/CH4  and 02/N2 and  they  were  originally 
studied  by  Gebbkn et al.34. In the present  continued  research on this topic,  new  poly-1,2,4- 
triazoles  and  poly-1,3,4-oxadiazoles  have  been  synthesised  and  their  gas  separation  properties 
have  been  determined. 
In figure 5 the  permeabilities  and  selectivities of some  of  these  “tailor-made”  polymers  are 
compared for the  separation of C02 and CH4 with  the  values for conventional  membrane 
materials. This figure shows that it is possible to shift fiom the typical trade-off between 
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permeability  and  selectivity as found for the  conventional  polymers.  The  all-aromatic rigid 
tailor-made  polymers  have  higher  permeabilities at comparable  selectivities  than found for.other 
glassy  polymers.  The  high  permeability is often  explained  in  terms of their  high free volume f 

due to bulky  groups,  preventing  a  more efficient packing. 

I 

6FDA-6FmDA 

O* 06FDA-ODA 

40 

20 

O @ = commercial  polymers 
l ‘ ‘ ’ ““‘I ‘ ‘ ’ “’“I ’ ’ ’ 

@ = commercial  polymers 

,-IPDA I 

0.1 1 10 100 1000 10000 100000 

pc0 2 @mer) 

Fig. 5. Gas  separation properties of conventional and tailor-made polymers. 
Permeability  and selectivity data were  taken  from the following sources: 
K a p t ~ n ~ ~ ,  6FDA-ODA7  6FDA-MDA  and  6FDA-IPDA36,  6FDA-6FpDA  and 
6FDA-6FmDA37, PE123 (Ultem),  PSF3*,  PC39,  PP040, PDMS41, 
PTMSP3l  and  PT34. I 
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The  high  selectivity is assumed to originate fÌom their  rigid,  molecular  sieve-like  structure. 
Breck4O has  determined the kinetic  diameters of a number of gases using molecular  sieves,  see 
table 2. 

Table 2, Kinetic  diameters of simple gases.42 

gas moIecule  kinetic  diameter 
(m) 

gas molecule kinetic  diameter 
(m) 

He 
H2 
co2 
Ar 

0.26 
0.289 
0.33 
0.34 

o2 
N2 co 

0.346 
0.364 
0.376 
0.38 

The  same order as shown in table 2 is also found for the  permeation  rates  of  these  gases  in 
glassy  polymer membranes. This  suggests  that  selectivity is merely based on a sieving 
mechanism  then  on  specific  gas/polymer  interactions  which  is  supported by the  typical  trade-off 
between selectivity  and  permeability. A polymer  matrix with large  voids shows a high 
permeability but cannot discriminate  between  permeating  gas  molecules resulting in a low 
selectivity. Presently investigated “tailor-made”  polyimides  and  poly-1,2,4-triazoles  posses 
both  high permeabilities  and  selectivities  likely  to be due to  their rigid structure  and  hindered 
structure not allowing a dense  packing of  macromolecules. 

SYNTHESIS  AND  PROPERTIES OF POLY-1,3,4-OXADIAZOLES 
AND POLY-i,2,4-TRIAZOLES. 

In 1984 the Dutch M i n i s t r y  of Economic  Affairs  started  an  Innovative  Research  Programme on 
membranes  @OP-Membranen).  One  of  the  projects  was  the  development of themally stable and 
chemically  resistant  polymer  membranes.  The  aim  was  to  develop  membranes  that  could  be 
applied  under  severe  conditions like elevated  temperatures, in an acidic or a basic  environment 
and  which  would be resistant towards  organic  solvents.  Two  classes of related polymers,  the 
poly-1,3,4-oxadiazoles and poly-l,2,4-triazoles, have been investigated  regarding  their 
applicability. Both polymers  are stable up  to 450-5OOT and  are only soluble  in  strong  acids like 
concentrated sulphuric acid. They can be prepared from a ‘tractable precursor polymer, a 
p ~ l y h y d r a z i d e ~ ~ , ~ ~ , ~ ~ ,  see  figure 6. The  polyhydrazide can be processed  into a desired 
membrane  configuration  and  converted into a poly-ly3,4-oxadiazole membrane  by means of a 
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heat treatbent. The  kinetics of this  cyclodehydration  reaction  was  studied  by  Gebben et al. 
using isothermal  and  non-isothermal  gravimetrical a n a l y ~ i s ~ ~ . ~ ~ .  Fully  converted  poIy-I ,3,4- 
oxadiazole  membranes  using this reaction route were  however  too brittle to be applied, In 
chapter 2 of this  thesis, an alternative  route for the  preparation of high  molecular  weight  poly- 
1,3,4-oxadiazoles from  which flexible membranes  can  be  prepared, will be  discussed. 

r T 

Poly(p-, m-pheny1ene)hydrazide 

Poly(p-,  m-pheny1ene)- 
-1,3,4-oxadiazole 

L Jn 
Poly[p-,  m-phenylene- 

-(4-phenyl)-l,2,4-triazole] 

PPA = PolyPhosphoric Acid 

Fig. 6.  Synthesis routes of poly-l,3,4-oxadiazoles and poly-l,2,4-triazole~~~~~~~~~. 

The  synthesis  of polyb-, m-phenylene(4-phenyl)-1,2,4-triazole] using polyb-, m-pheny1ene)- 
hydrazide  has  extensively  been  studied  by  Holsten and Liliqui&.  Membranes  prepared from 
this  polymer  appeared to combine  excellent  gas  separation  properties34  with  a  high  thermal 
stability and a good chemical res i~tance~~.  These  gas  separation  membranes  can  be  applied for 
the separation of oxygen/nitrogen  and  carbon  dioxide/methane  gas  mixtures.  Membranes of 
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these  polymers  may also be applicable in harsh  environments  caused  by  elevated  temperatures 
and  acidic  gases.  Because  of  the  excellent  gas  separation  properties this project  was  continued 
with the aim to  elucidate  the  relationship  between the macromolecular  structure  of  the  poly- 
1,3,4-oxadiazoles  and  poly-1,2,4-triazoles  and  their  physical  properties  on one hand  and the 
resulting gas transport properties on the  other. 
In practice this means that a large variety of poly-1,3,4-oxadiazoles  and  poly-l,2,4-triazoles 
have  been  prepared  and  homogeneous  membranes  from  these  polymers  have  subsequently  been 
investigated regarding their  gas  separation  properties. In chapter 2 and 3 the synthesis  and 
properties of new po1y-1,3,4-oxadiazo1es and poly-1,2,4-triazoles are described. The gas 
transport  and  separation  properties of these  polymers  are  discussed in chapter 4 and 5 of this 
thesis where it wilI be  shown that the permeability can be expressed as a function of the 
polymer free volume. 
A disadvantage of these  polymers is their  limited  solubility in common  solvents  hampering 
asymmetric  membrane  formation.  The  solubility of polylp-, m-phenylene(4-phenyl)-1,2,4- 
triazoles] is markedly  increasedLpon  doping  with Br2,12 and FeC1349. For example, poly[m - 
phenylene(4-phenyl)-1,2,4-triazole] is  only  soluble in formic  acid  and  concentrated  sulphuric 
acid but  upon doping with FeC13 it becomes  soluble in acetone  and  nitromethane  and  flexible 
&s are obtained  from  these  polymer  solutions.  Besides  the  increase in solubility  Hagiwara et 
al, noticed  an  increase in electrical  conductivity of  the  poly-1,2,4-triazoles  upon  doping.  The 
increased  tractability of doped  and  electroactive  poly-1,2,4-triazoles  has  also  been  described  by 
Schroeder et als5(). 

The solubilisation of various rigid chain  and  ladder  polymers in aprotic solvents by  means of 
Lewis acids  has  recently been reported by Jenekhe et al.52 and Jenekhe and J ~ h n s o n ~ ~ .  
Poly(p-phenylene)-l,3,4-oxadiazole, known commercially as OxalonG3 (Techmaschimport, 
Moscow), also becomes  soluble in these  solvent  systems51. 
We  have  increased  the  solubility of poly-1,3,4-oxadiazoles  by a different  approach , namely  by 
means  of  incorporation  of  polar,  bulky  and  asymmetric  groups in the  polymer  main  chain as 
will be discussed in chapter 3. 
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Two reaction  routes for the preparation of aromatic 
polyoxadiazoles  .and polytriazoles. 

Syntheses  and  properties. 

E.R. Hensema, J.P. Boom, M.H.V. Mulder  and C.A. Smolders 

SUMMARY 

Two  reaction  routes for  the  preparation  of  aromatic  poly-1,3,4-oxadiazoles  and  poly-1,2,4-triazoles Bre studied. 
The  preparation  routes  and  their  influence  on  the  physical  properties,  i.e.  inherent  viscosity,  glass  transition  and 
degradation  temperature  and  film  integrity of the  final  products  are  discussed. 
Aromatic  poly-1,3,4-oxadiazoles are prepared  by  means  of a polycondensation  reaction  of  terephthaloyl  chloride 
and  isophthalic  dihydrazide  yielding a precursor  polymer,  poly(p,  m-phenylene)hydrazide,  which is converted  into 
the  corresponding  poly-1,3,4-oxadiazole  by  means  of  a  cyclodehydration  reaction.  Poly-1,3,4-oxadiazoles are also 
prepared  by  means of a polycondensation  reaction  between  terephthalic  and  isophthalic acid  and  hydrazine.  The 
latter  reaction is more  direct  and  yields  poly-1,3,4-oxadiazoles  with  higher  inherent  viscosities.  Flexible  poly- 
1,3,4-oxadiazole  films  are  obtained  only  if  the  inherent  viscosities of  the  polymers  used,  are  higher  than  2.7  dl/g. 
The  polymers  are  investigated  regarding  their  thermal  properties by  means of DSC and  TGA  techniques.  Thermal 
stability is found to  increase  with  increasing  content  of  p-phenylene  groups  in  the  polymer  backbone. 
Aromatic  poly-1,2,4-triazoles  are  prepared  using  polyhydrazides  with  alternatingpara-and  mefa-phenylene  groups 
and  poly-l,3,4-oxadiazoles  with a random  incorporation  of para- and  mefa-phenylene groups  in  the  main  chain  as 
precursor  polymers.  The  glass  transition  temperatures  are  found  to  increase  with  increasing  content of p -  
phenylene  groups  in  the  main  chain of  theses  polymers.  Cold  crystallisation is only  obssrved  for  the  alternating 
polymer  and  its  occurrence is believed  to be directly  related  to  the  alternating  incorporation  of  the  phenylene 
groups  in the main  chain. 
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INTRODUCTION 

Aromatic  poly-1,3,4-oxadiazoles andpoly-~,2,4-triazoles are chemically resistant and  thermally 
stable  polymers since they are only  soluble in strong  acids and stable up  to 450'ic1. We have 
studied these  polymers  as  new  membrane  materials2y3,  with the aim to develop  membranes  that 
can  be  applied  under  severe  operating  conditions,  such as elevated  temperatures  and  acidic or 
basic  environments; Such membranes  also should be  highly resistant towards  organic  solvents. 
A number of reaction routes are known for the preparation o€ these  poly-1,3,4-0xadiazoles  and 
poly- 1,2,4-triazo1es4. 
We  decided to study  the  preparation of  aromatic  poly-1,3,4-oxadiazoles  by  means of a solid 
state cyclo-dehydration  reaction of  an aromatic polyhydra~ide~,~, the latter being used  as a 
tractable  precursor  polymer.  Since  poly-1,3,4-oxadiazoles  with inferior mechanical  properties 
were  obtained2, a second  reaction  route  was also studied.  This route directly  yields  aromatic 
poly-1,3,4-oxadiazoles from hydrazine sulphate  and  terephthalic  and  isopkthalic  acid as 
monomers7. Aromatic poly-l,2,4-triazoles  were  prepared by a reaction of an aromatic 
polyhydraZide8 and poly-1,3,4-oxadiazoles9  with  aniline in polyphosphoric  acid. 
The synthesis routes are represented in -figure 1. Polyhydrazides  with alternating para- and 
meta-phenylene groups in the  main chain were prepared using terephthaloyl chloride and 
isophthaloyl dihydrazide as  monomers.  Conversion  of  this precursor polymer yields  poly- 
1,3,4-oxadiazoles  and  poly-1,2,4-triazoles  with alternating p -  and  m-phenylene  groups,  see 
reaction route A. . 

Employing  mixtures of terephthalic  and  isophthalic  acid in different  ratios in combination  with 
hydrazine  sulphate results in the direct  formation of  poly-1,3,4-oxadiazoles  were p-  and m- 
phenylene  groups are incorporated  randomly,  see  reaction  route B. These poly-1,3,4- 
oxadiazoles  were  used as a precursor  polymer €or the poly-1,2,4-triazole  synthesis.  They  were 
converted into poly-l,2,4-triazoles, having the  same incorporation of p -  and  m-phenylene 
groups in the main chain as the precursor  polymer,  by  means of a reaction  with  aniline in 
polyphosphoric  acid. 
In this. paper we wish to report on the synthesis routes  used  and on the properties of the 
polymers  prepared.  The gas separation properties of membranes of these polymers are 
discussed elSeWherelO. 
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EXPERIMENTAL 

Materials 

All chemicals  were  supplied  by  Merck,  and  were  used  as  received,  except NMP which  was 
5stilled before  use  under  reduced  pressure  over CaH2, lithium chloride  which  was  dried in a 
vacuum  oven  at 150T and  aniline  which  was  distilled  under  reduced  pressure.  The  colourless 
Sstillate was  stored  under  nitrogen in a sealed flask in a refrigerator. 
lsophthaloyl  dihydrazide  was  prepared from isophthalic  dimethyl ester and  hydrated  hydrazine 
hydratell. 

PoIy(p-,  m'-pheny1ene)hydrazide synthesis (1)536 

kophthaloyl dihydrazide, 74.242 g (0.382 mol.)  and 16.21 g LiCl  are  dissolved  in a three 
necked flask containing 600 ml NMP at 60C under dry nitrogen.  After  dissolution  the  stirred 
solution is cooled  to OT and 77.619 g (0.382 mol.) terephthaloyl  chloride is added in 4 equal 
portions.  Each  portion is added  when  the  terephthaloyl  chloride of the  previous  portion  has 
completely  dissolved. Total addition lasts approximately 2 hours. The viscous  solution is 
stirred overnight  and  the  polymer  is  precipitated  and  washed in hypefltrated demineralised 
water.  Subsequently  the  polymer is washed in ethanol  and  dried  in a vacuum  oven  at 1 5 K  
during at least 24 hours. 

Poly-%,3,4-oxadiazole synthesis (11) using (I) as a precursor p ~ l y r n e r ~ . ~ * ~  

Alternating  poly(p-, m-phenylene)-1,3,4-oxadiazole is prepared  by  heating  solid poly(p-, m- 
pheny1ene)hydrazide in a nitrogen  atmosphere.  Various  heating cycles have been  applied, 
including: 24 hours at 276T,  24 hours at 288"c,  24 hours at 285T, 62 hours at 280T 
followed  by 100 hours at 300°C: and a heating  cycle of 48 hours at 310°C. 

Poly-%,2,4-triazole synthesis (111) using (I) as , precursor  polymer* 

In a three  necked flask 310 g polyphosphoric  acid (E'PA) is heated  to 1 5 E  under  nitrogen. 
Aniline, 76.65 g (0.823 mol.), is  added  dropwise to the  stirred  solution,  meanwhile 
maintaining  the  temperature  at 150°C. After  addition,  the  temperature is raised  to 175T, and 
10 g poly(p-,  m-pheny1ene)hydrazide is added.  The  reaction  mixture is kept at this  temperature 
during 140 hours. This  mixture is .poured  into  hyperfiltrated  demineralised  water  and 
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neutralised with  sodium  hydroxide  under  stirring.  The  product is washed in a 5% sodium 
hydroxide  solution  and  twice in hyperfiltrated  demineralised  water.  Subsequently  the  product is 
extracted  with  ethanol  using a Soxhlet  extractor  after  which it  is dried in a  vacuum  oven at 
150T during 24 hours.  The  product is dissolved in formic acid and insoluble parts are removed 
by  means  of  filtration  over  a 5 pm filter.  Homogeneous  poly-1,2,4-triazole films are directly 
prepared  from these solutions, as will be  discussed  below. 

One-step  synthesis of poly-1,3,4-oxadiazoles  (IV)12 

To 18.75  g  (0.14  mol)  hydrazine sulphate, in a three necked flask and in a dry nitrogen 
atmosphere, is added  230 ml chlorosulfonic  acid. To this  stirred  solution is added  30 ml 30% 
SO3 fuming sulphuric  acid  and  140 ml concentrated  sulphuric  acid  followed  by  the  addition of 
20  g  (0.12  mol)  of  a  mixture  of  terephthalic  and  isophthalic  acid  and  1.2  g  benzene  sulphonic 
acid.  (Hydrazine is employed  in  a  20  mol. % excess  yielding  poly-1,3,4-oxadiazoles  with 
higher  inherent viscosities than  obtained  under  equimolar  conditions7.)  After addition the 
temperature is raised  to 135T and stirred at this  temperature  until  the  viscosity  of  the  reaction 
mixture  has  reached its maximum  lasting  2  hours for poly(p~phenylene)-1,3,4-oxadiazole and  8 
hours for poly(m-phenylene)-l,3,4-oxadiazole. 
The reaction mixture is cautiously poured into ice water  and  washed  with hyperfiltrated 
demineralised  water  during 24 hours.  The  polymer is dried at 150T in a  vacuum  oven  during at 
least 24 hours. 
Poly(p-phenylene)-1,3,4-oxadiazole was also prepared  using  only  fuming  sulphuric acid as a 
reaction medium7.  After addition of the reactants the temperature is raised to 9OT and 
maintained at this  temperature for 2  hours.  Subsequently  the  temperature is raised to 130T and 
kept at this  temperature for another 5 hours.  After  completion,  the  reaction  mixture is poured 
into hyperfiltrated demineralised  water.  Further purification is identical to the procedure 
described  above. 

Poly-%,2,4-triazole  synthesis (V) using (IV) as a precursor  polymerg 

Random  poly(p-, rn-phenylene)-1,3,4-oxadiazoles were  used  as  precursor  polymers for the 
preparation  of  the  corresponding  poly-1,2,4-triazoles.  The  same  procedure  as  described for the 
preparation of poly-1,2,4-triazoles  using  polyhydrazide as a  precursor  polymer is applied, 
however  the  reaction  temperature is in this  case 225T while  a  reaction  time  of  35  hours is 
requiredg.  This  procedure,  described  by  D’Yachenko et al.,  yielded  poly-l,2,4-triazoles after 
reaction  times  much  longer  than  35  hours  and in yields  of  only 5 to  10%, as will  be  discussed 
below. For this  reason  the  synthesis  was  altered; fust the  poly-1,3,4-oxadiazole is dissolved  in 
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)PA at 15032 followed by  the addition of  aniline.  The  temperature is raised to 22% and 
naintained at this temperature.  After 35 hours  the  reaction  mixture is poured into hypefiltrated 
leemineralised water and  the precipitate is purified as described under ccPoly-1,2,4-triazole 
iynthesis (m> using (I) as precursor  polymer ”. 

Preparation  of  homogeneous films 

Poly(p-,  m-pheny1ene)hydrazide films 
Homogeneous transparent colourless  polyhydrazide films are prepared by casting a 10-15  wt.% 
polymer  solution in DMSO onto a glass plate using a casting  knife  with a slit  height of 0.30 
mm, followed  by  evaporation  of  the  solvent at 80T under a continuous  nitrogen  flow.  The film 
is removed Erom the  glass plate and dried at 150T in a vacuum  oven to remove  residual 
solvent. Films are obtained with thicknesses  between 20 and 60 pm. 

. Poly[p-, m-phenylene-(4-phenyl)-1,2,4-triazole]films 
Homogeneous  poly-1,2,4-triazole  films are prepared  by  casting a 15 wt.% polymer  solution  in 
*formic acid on a glass plate using casting  knives with slit heights of 0.3 and 0.5 mm, followed 
by  evaporation of the  solvent in a nitrogen  atmosphere  ‘at  room  temperature.  After  evaporation, 
the  glass plate is immersed  into a water  bath  and  the  poly-1,2,4-triazole film is easily  removed 

’ fiom the glass  plate.  Transparent  yellow €îlms are  obtained  with  thicknesses  between 20 and 
60 pm. 

Poly(p-, m-phenylene)-1,3,4-oxadiazole film 
Poly-1,3,4-oxadiazole films are obtained by  solid state cyclodehydration of polyhydrazide 
Wms, obtained as described  above, using different  heating  cycles  and heating times. 
Poly-1,3,4-oxadiazole films were also obtained by casting a 4 to 5 wt.% polymer  solution in 
concentrated  sulphuric acid onto a glass  plate  using a casting  knife  with a sIit  height of 0.5 mm, 
followed  by  immersion in a bath  containing a 50 wt.% aqueous  sulphuric  acid  solution. The 
íïlm is rinsed  with  demineralised  water  during 24 hours  followed by immersion  into an ethanol 
bath  and a hexane bath. The films are  dried  between  polysulphone  micro-filtration  membranes 
under slight pressure  to  prevent  curling. The transparent  poly-l,3,4-oxadiazole film is removed 
fiom the  polysulphone  membranes  with  the  help of a little  water  and  clried in a vacuum  oven at 
70T. The thickness of these films was  approximately 50 pm. . 

Thirdly,  poly-1,3,4-oxadiazole films are  obtained by casting  the  sulphuric acid dihted reaction 
mixtme of poly(p-phenylene)-l,3,4-oxadiazole acid  onto a glass  plate. The reaction  mixture is 
diluted with sulphuric  acid  in  order to reduce the viscosity of this casting solution. The solution 
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is  cast  on a  glass plate followed by immersion into a 50 wt.% aqueous  sulphuric  acid  solution. 
The transparent film is rinsed with  demineralised  water  and  dried in a  vacuum  oven. 

Characterisation 

Inherent viscosity 
The  inherent  viscosities are determined of 0.5 g polymer  solutions in 100  ml  solvent at 30T. 
For the polyhydrazides  DMSO, for the poly-1,2,4-triazoles  formic  acid  and for the  poly-1,3,4- 
oxadiazoles  concentrated  sulphuric  acid, is used as a solvent. 

Diflerential  Scanning  Calorimetry (DSc) 
DSC  measurements are performed  on  a  Perkin-Elmer  DSC 4 ìk combination  with  a  System  4 
Microprocessor  Controller  and 8 Therrnal  Analysis  Data  Station  (TADS),  model  3700.  The 
polymer  samples are placed  in  aluminium  sample  pans  and  the  temperature is increased  with  a 
heating rate of 20T/min.  from  50 to 450T under  a  nitrogen  purge  gas  stream.  As glass 
transition  temperature its midpoint is taken,  calculated  by  means of the TADS  software. 

Thermo-gravimetrical  Analysis (TGA) 
TGA experiments are carried out  on  a  Perkin-Elmer  TGS-2 in combination  with  a  system  4 
rnïaoprocessor  Controller  and  a  Thermal  Analysis  Data  Station,  model  3700.  Experiments  are 
carried out under  a  nitrogen  purge  gas  stream from 50 to 600T. The  temperature  of  the 
polymer  samples is increased  with  a  heating rate of 20Wmin. Weight loss over  a  certain 
temperature  interval is calculated by means of the  TADS  software. 

Them-mechanical measurements 
A Myrenne  torsion  pendulum is used to obtain  thermo-mechanical  spectra of the  poly-1,2,4- 
triazoles  from  -175 to 350T. The  temperature  of  the  samples is increased  with  a  heating  rate of 
l.ST/min. The  applied  frequency was 1 Hz. Poly-1,2,4-triazole  coated  glass fibres are used  as 
samples.  For this purpose glass fibres were  heated at 450C during  several  hours to remove  any 
coating.  Subsequently  a  bundle  of  fibres  was  dip-coated in a poly-1,2,4-triazole  solution  in 
formic  acid  followed by evaporation of the  solvent.  Residual  solvent  was  removed at 7 0 T  in  a 
vacuum  oven.  Samples  with  dimensions of 55 by 1 by  0.75  mm are obtained. 
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Wide Angle X-ray difssactograms (WMS) 
WAXS-diffi-actograms are recorded on a Philips Röntgen diffi-actometer, PW 1710 using 
copper diffraction (Cu Ka, h = 1.5418w). 

RESULTS AND  DISCUSSION 

BoIy-1,3,4-oxadiazoles via polyhydrazides 

A number of polyhydrazides  were  prepared  and  their  IR-spectra are in  agreement with  the TR- 
spectrum  reported by Frazer et al.6 The  results of the  elemental  analysis of one of the 
polyhydrazides: PH-p/m-l is represented in table 1. The  experimental  values  found are 
somewhat  lower than the  theoretical ones. Nonetheless the  C/N  quotient is close  to  its 
theoretical value indicating that the  polyhydrazide  contains  residual  impurities. 
Polyhydrazides with inherent  viscosities up to 1.39  dl/g were  obtained,  see  table 2. From al l  
these  polymers flexible transparent  films  were  prepared.  Polyhydrazides  having  higher  inherent 
viscosities are reported  when  hexamethyl  phosporamide, HMPA, is used  as a solvent  instead of 
NMP34. HMPA was not used  since it is very car~inogenicl~. 
Filrns of polyhydrazide PH-p/m-l, see table 1,  were  converted into poly-1,3,4-oxadiazole  films 
by heating the films during 24 hours at 2832 in a nitrogen  atmosphere. The values of elemental 
analysis of the converted polyhydrazide,  POD-p/m-l, are in agreement with the theoretical 
values,  see  table 1. The IR-spectrum is similar to the  one  reported  by  Frazer et ali6 where  the 
same  characteristic  absorption  peaks are found (=C-OX= stretching at 960 cm-l and >C=N- 
stretching at 1550 cm-l). 
Various polyhydrazide films were  isothermally  converted into poly-1,3,4-oxadiazole  films in a 
nitrogen  atmosphere in a furnace at temperatures  between  250  and  320°C during 24 to 100 
hours. Conversion resulted in all cases in shrunken and embrittled poly-1,3,4-oxadiazole 
films2. The films were  brittle in such a manner  that  they  disintegrated  upon  the  slightest force 
applied  upon  them.  No  mechanical  properties  could be measured. 
Embrittlement of converted  polyhydrazide  films  has  also been reported by Frazer  and 
Sarasohn14. This in contrast to reported flexible converted  polyhydrazide  fibres  prepared  by  the 
same g r 0 u p l ~ 9 ~ ~ .  In both cases amorphous  polyhydrazides  with similar inherent viscosities 
were  applied.  Cumbersome  conversions of polyhydrazide-related  polyamide-hydrazides into 
poly-1,3,4-oxadiazole-amides resulting in inferior mechanical qualities of the latter, are also 
reported by  Preston et al,17. 
The observed brittleness is likely to be caused by chain  shrinkage  upon  conversion, a low 
molecular  weight or a lack of orientation or a possibly  combination of these  phenomena. 
Macroscopic  shrinkage is caused by shrinkage of polyhydrazide  macromolecules upon 
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conversion into poly-1,3,4-oxadiazoles.  Shrinkage  of these macromolecules is caused  by  the 
ring closure of the hydrazide  groups into the 1,3,4-oxadiazole groups,  see figure 2. X-ray 
analysis showed that upon ringclosure the carbon-carbon  distance in hydrazide  segment 
decreases  with 3O%l7J8. This  means for the presently  investigated  polyCp-,  m-pheny1ene)- 
hydrazide  a size reduction  of  approx.  16%  per  monomeric unit upon  conversion.  If  this  would 
have  been  a  freely jointed chain, its end-to-end  distance  would also have  decreased  with 16% 
since the  end-to-end  distance is proportional to the  unit  length. A polyhydrazide film does 
however  not consist of freely jointed chains. The glassy poly(p-, m-pheny1ene)hydrazide 
matrix  consists of entangled  polymers  stiffening  and  shrinking  upon  cyclodehydration  into  the 
corresponding poly-l,3,4-oxadiazole which results in stress build-up  in  the  polymer  matrix 
contributing to the  embrittlement of the  film. 

Table I.  Elemental analysis of poly(p-, m-pheny1ene)hydrazide  and poly(p-, m-pheny1ene)- 
1,3,4-oxadiazoles. 

Polymer  p/m-ratio '%h t C .N H C/N 
( W )  (Wt.%)  (wt.%)  (wt.%) 

PH-p/m-l 
POD-p/m-l 

alternating 
alternating 

0.82* 56.05 
65.39 

16.02 
19.21 

3.58 
2.77 

3.50 
3.40 

POD-0/100-1 0/100 1.5 66.15 19.58 2.92 3.38 

POD-25/75-1 
POD-25/75-2 

25/75 
25/75 

1.9 
1.2 

66.06 
62.70 

19.20 
18.43 

2.94 
2.76 

3.44 
3.44 

POD-33/67-1 33/67 2.0 66.30 19.72 2.88 3.36 

POD-50/50-1 
POD-50/50-2 
POD-50/50-3 

50/50 
50/50 
50/50 

2.7 
1.6 
4.2 

64.55 
63.33 
64.22 

18.78 
18.04 
18.43 

2.85 
2.47 
2.91 

3.44 
3.51 
3.48 

2.80 3.40 POD-67/33-1 67/33 2.5 64.72 19.02 

POD-75/25- 1 
POD-75/25-2 
POD-75/25-3 

75/25 
75/25 
75/25 

2.0 
1.4 
2.9 

66.06 
63.74 
64.5 1 

19.23 
18.54 
19.11 

2.85 
2.86 
2.80 .' 

3.44 
3.44 
3.38 

POD-100/0-1 
POD-100/0-2 

100/0 
100/0 

0.9 
2.2 

63 A2 
59.20 

19.08 
16.60 

2.92 
2.89 

3.32 
3.56 

Theoretical  values  PH 
POD 

59.26 17.28 3.73 3.43 
66.67 19.44 2.80 3.43 

t Inherent  viscosity  determined  in  concentrated  sulphuric  acid. 
* Inherent  viscosity  determined  in  DMSO. 



Table 2, Inherent  viscosities of poly(g-, m-phenylene)hydraz.ides, as-prepared,  before  and afIer 
thermal  conversion2. 

Polyhydrazide  Conversion cycles  Polyoxadiazole 

linh(dl/g)* Time @K) T (T) (d&)' 

0.69 
0.69 
1.07 
1.17 
1.39 

24 276 
24 288 
62/100 280/300 
62/100  280/300 
48 3 10 

0.30 
0.33 
O -55 
0.64 
0.86 

Inherent  viscosity detemined in DMSO. 
t Inherent  viscosity  determined in concentrated sdphuric acid. 
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Fig. 2. Decrease in intramolecular  carbon-carbon  distance  due  to  cyclodehydration. 

Polyhydrazide films were  observed  to  undergo a dimensional  decrease of approximately 12%, 
during a thermal  conversion  of 48 hours at 300T, slightly  deviating from the  calculated 16%, 
obviously due to hindered  shrinkage in the solid  state. 
Conversion  of  oriented  poly(p-,  m-pheny1ene)hydrazide  fibres  yielded  poly-1,3,4-oxadiazole 
fibres  with  superior  mechanical  properties20. We speculate  that  this  orientation  results  in a 
controlled  contraction  of  the  polyhydrazide  fibre  upon  cyclodehydration  and  thus  minimising 
stress  build-up, this in contrast to  the  non-oriented  polyhydrazide film. 
The  observed  brittleness can however  not be explained  in  terms  of  stress  build-up  alone,  since 
dissolving  converted  polyhydrazide in sulphuric  acid,  and  thus  eliminating  stresses,  followed 
by  casting  of this polymer  solution  onto a glass  plate and immersion into a 50 wt.% aqueous 
sulphuric  acid  bath  did  not  yield a flexible film. From this experiment it can be concluded  that 
another factor is responsible for the  observed  brittleness.  Besides  stress  build-up,  mechanical 
behaviour  of  the  converted films is of course  determined  by  the  molecular  weight  of  the  poly- 
1,3,4-oxadiazole  formed  in  situ  which is obviously  too  low  since no flexible  film  is  obtained 
after  the  above  described  immersion  casting  process. A similar strong  dependence  between 
intrinsic  viscosity  and  the  mechanical  properties  of  converted  poly(p-,  m-pheny1ene)hydrazide 
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fibres is also reported  by  Frazer  and Reed20.  Polyhydrazide  films  are  flexible  because of strong 
intermolecular forces due to hydrogen  bonding  between  hydrazide  groups in the  polyhydrazide 

' macromolecules.  During  a  heating cycle'these strongly  interacting  and  flexible  hydrazide groups 
are converted into  rigid and less interacting 1,3,4-oxadiazole groups. A certain minimal 
intermolecular  adherence  between the macromolecules is required to attain  flexibility of the h a l  
product. It is therefore  believed  that  higher  molecular  weight poly~1,3,4-oxadiazoles are needed 
to overcome this decline  in  macromolecular  interactions  and  thus  maintaining  flexibility  of  films 
and  fibres.  Low  molecular  weight  of  the  final  psly-1,3,4-oxadiazole  can be due to the fact that 
the  molecular  weight of the  initial  polyhydrazide is too  low or may  be  caused  by a decrease in 
molecular  weight  due  to  chain rupture during  conversion.  These two phenomena  may of course 
also occur  simultaneously. 
The  inherent  viscosities of poly-1,3,4-oxadiazoles  obtained  applying  different  polyhydrazides 
and  heating  cycles  are  represented in table 2. Poly-1,3,4-oxadiazoles  with  inherent  viscosities 
varying  between 0.30 to 0.86 dl/g  were  obtained2. It is shown  that  there exists a  proportional 
relation between  the inherent viscosities of polyhydrazides  and  poly-1,3,4-oxadiazoles.  The 
inherent viscosity is obviously  only  a  function  of the inherent viscosity of the precursor 
polymer  and is not  influenced by the temperature or the  duration of the  thermal  conversion.  One 
would  expect  a  decreasing  inherent  viscosity  with  conversion  time  and  applied  temperature in 
the case  of  degradation. 
It can thus be  concluded that flexible poly-l,3,4-oxadiazole films can  only  be  obtained  if 
polyhydrazides  with  higher inherent viscosities are used  as  a  precursor  polymer.  However, 
stress  build-up  and  chain  shrinkage  may  then  still  have  a  deteriorating  effect on the  mechanical 
properties of poly-l,3,4-oxadiazole films. 

One-step  synthesis of poly-1,3,4-oxadiazoles. 

Poly-l,3,4-oxadiazoles  with  higher inherent viscosities are easily prepared  by  a  one-step 
synthesis using  dicarboxylic acids and hydrazine as monomers.  High  molecular  weight 
poly(p-phenylene)-l,3,4-oxadiazoles were  prepared  using  the  reaction  originally  reported by 
Iwakura et aL7. Poly@-phenylene)-l,3,4-oxadiazoles having inherent viscosities from 2.9 to 
3.2 dl/g.  were  obtained.  Flexible  yellow films were  obtained by casting the sulphuric  acid 
diluted  reaction  mixture  onto  a  glass  plate  followed  by  immersion into a 50~wt.% aqueous 
sulphuric  acid  bath.  Since  low  molecular  weight  poly-1,3,4-oxadiazoles  were  obtained  when 
mixtures of terephthalic and isophthalic  acid  were  used,  another  reaction  procedure  was  chosen 
where instead of  fuming  sulphuric  acid,  a  mixture  of  chlorosulphonic  acid  and  100%  sulphuric 
acid was  employed12.  Less coloured products  with  moderate inherent  viscosities were 
obtained, in all cases  containing less than  0.7 wt.% sulphur. Poly-1,3,4-oxadiazoles  with 
various ratios para- and  rneta-phenylene  groups  using  mixtures of terephthalic  and  isophthalic 
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acid, were  obtained in nearly quantitative yield. 
Elemental  analysis  indicates that the desired  products  were  obtained, see table 1. The  values 
found are somewhat  lower  than the theoretical  values indicating some  residual  impurities.  The 
quotient Cm is  in good agreement  with the theoretical value. Iwakura  removes residual 
impurities  by boiling the products in water  during 5 hours prior to elemental  analysis7. In our 
case further purification  was  however  omitted since these polymers are used as precursor for 
the poly-1,2,4-triazole  synthesis. 
=sed spectra of poly-1,3,4-oxadiazoles  prepared  by  cyclodehydration  of  polyhydrazides  and 
directly by a reaction of dicarboxylic  acids  with  hydrazine  sulphate are identical  and are in 
agreement  with the spectra given  by  Frazer et al? and  Iwakura et al.7 
No or negligible  sulphonation  has  taken  place  since  only minor quantities of sulphur are found 
in  the final  product, in  all cases  lower than  0.25  wt.% except  for POD-25/75-2 and 
POD-100/&1 both  containing 0.7 wt.% sulphur.  Another  argument  against  sulphonation is the 
fact that no  enhancement in solubility is observed,  a  phenomenon often encountered  upon 
sulphonation.  The  poly-1,3,4-oxadiazoles  prepared are only soluble in concentrated  sulphuric 
acid and in polyphosphoric  acid.  During  polymerisation  sulphonation  must  compete  with  the 
polycondensation  reaction.  Since  only minor quantities  of  sulphur are found,  the latter reaction 
takes  place  preferentially  over  the  sulphonation  reaction.  Sulphonation  might  then  additionally 
take place  when the polycondensation reaction is complete.  However, aryl substituted  1,3,4- 
oxadiazoles are considered  as  chemically resistant materials, for example  2,5-diphenyl-1,3,4- 
oxadiazole is not effected by  concentrated HNO3 or by  a  treatment  with  fuming H2S04 at 
1 O O T  for 4 hours21. It is therefore  believed  that residual sulphur is not  bound to the polymer 
by  means  of a sulphonation  reaction  but that it is present in an  unbound state and is due  to 
incomplete  purification. 
The  polycondensation reaction is assumed to take  place in two steps; first a condensation 
reaction between hydrazine  and dicarboxylic acid followed  by  cyclodehydration of the 
hydrazide  group into the 1,3,4-oxadiazole  group22, see figure 3. 

Fig. 3. Two step reaction  mechanism for  the formation of random  poly@-, m - 
phenylene)-l,3,4-oxadiazoles using  hydrazine sulphate and isophthdic acid 
as monomers. 
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In case of an incomplete  reaction,  unclosed  hydrazide groups are  present in the  final  product 
and a carbonyl peak at 1720 cm-l  is observed in the  IR-spectrum.  The  percentage  unclosed 
rings in the fiial product can be deterruined  by  means of themo-gravimetrical  analysis. A TGA 
curve  of  POD-75/25-3 is represented in figure 4. Three  distinct  phases of weight  loss  can be 
observed14: at approximately 1 O O T  the loss of absorbed  water,  between  250  and 400T a 
weight  loss  can be observed  due to the loss of  water  caused  by  cyclodehydration  of  unclosed 
hydrazide  .groups  into  1,3,4-oxadiazole  groups. A maximal  weight loss is observed  here  in  the 
theoretical  case  when  no  ring  has  yet  been  closed at all.  Such a thermogram is obtained  for a 
polyb-, m-pheny1ene)hydrazide  where a maximal  weight  loss of  11.1% is recorded.  From  the 
actual  weight  loss  curve  the  percentage  unclosed  rings  can be calculated. A weight  loss of  1.0% 
was  observed for POD-100/0-1  and  POD-100/0-2  while for POD-25/75-2 a weight  loss of 
0.6% was  recorded  indicating  the  presence of 8 and 5% unclosed  hydrazide  groups, 
respectively. In  all  other  cases weight.  losses of less  than 0.4% were  observed  until 
degradation.  At  temperatures  above 450T a weight  loss is observed  due  to loss of volatiles 
indicating final degradation of the  polymer. 
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Fig. 4. Thermo-gravimetrical  weight  loss  curve  POD-25/75-1  recorded  at a heating 
rate of 20Vmin. 

The degádation temperature T&g is defined  as  the  point  intersection of the  tangents,  see  figure 
4. In figure 5, the  degradation  temperatures of'the polyb-, m-phenylene)-1,3,4-oxadiazoles are 
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plotted  versus  the  content p-phenylene groups in the main  chain. Increasing  the  content 
p-phenylene results in a more  thermally  stable  product  likely  to be  due to resonance 
stabilisation  of the p-phenylene  ring.  These  findings are in agreement  with  the  results  of  Varma 
et al?3 who  studied  the  thermal  stability of poly(p-, phenylene)-1,3,4-oxadiazole and  poly(m- 
phenylene)-1,3,4-oxadiazole. 
No glass  transition  temperature  was  observed for the  poly(p-, m-phenylene)-1,3,4-oxadiazoles 
using DSc-techniques since  these  polymers  undergo  degradation  before  the  glass  transition is 
reachedz4. 
Flexible f3ms could be prepared from poly(p-phenylene)-l,3,4-oxadiazoles prepared  in  fuming 
sulphuric acid with inherent viscosities of 2.8, 2.9,  3.0 and 3.2 dl/g, from POD-75/25-2 
(qinh = 2.9 dl/g),  from  POD-50/50-1  (qinh = 2.7 dl/g)  and from PQD-50/50-3 

I (qinh = 4.2 Wg). All other films disintegrated  upon handling. Flexible  poly-1,3,4-oxadiazo~e 
films were investigated  regarding their gas  separation  propertiesLo.  Flexibility did not  seem  to 
depend  on  the  ratio plm-phenylene groups in the main chain but merely on the inherent 
viscosity. A similar  result is observed by Imai  in  the  case of  fibres; he only obtained  tough 
filaments for random poly(p-, m-phenylene)-1,3,4-oxadiazoles containing 75% p -  and 25% 
m-phenylene  groups if the inherent viscosity was  1.7  dl/g or higher25. 
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Fig. 5. Degradation  temperatures  (Tdeg) of random  poly@-, rn-~hen~lene)-1,3,4- 
oxadiazoles as a function of the  amount of p-phenylene  groups in the main 
Chain. 

In figure 6(A), an  X-ray  diffractogram of alternating  poly(p-,'  m-pheny1ene)hydrazide  powder 
is shown,  indicating a completely  amorphous  product. On conversion a moderately  oriented 
polyb-, m-phenylene)-1,3,4-oxadiazole is obtained, figure 5 (B). X-ray diffractograms of 
POD-0/100-1,  POD-50/50-3 and POD-100/0-1, figure 5 (C), (D)  and (E) respectively, are 
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similar to the alternating  polymer  and it is shown  that  POD-100/0-1,  despite its more  regular 
molecular  structure,  has  almost  no  increased  ordering as indicated  by  the identical WAXS- 
diffiactogram. 

I \  
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Fig. 6. WAXS-diffractograms of powdered  samples  of alternating polyb-, rn- 
phenylene)-hydrazide2  (A)  and  poly(p-, m-pheny1ene)-1,3,4-oxadiazole2 (B) 
and  random  poly(p-, rn-phenylene)-1,3,4-oxadiazoles, POD-0/100- 1 , POD- 
50/50-3 and POD-lOO/O-l (C), (D) and (E) respectively. 

Poly-l,2,4-triazole via polyhydrazide 

The conversion reaction of poly(p-, m-pheny1ene)hydrazide into poly[p-,  rn-phenylene-(4- 
phenyl)-1,2,4-triazole]  was first investigated  by  Holsten  and  Lilyquist8.  They  determined  the 
ideal reaction conditions.  Poly[p-, m-phenylene-(4-phenyl)-l,2,4-triazoles] with  the  highest 
inherent  viscosities  were  obtained if the  reaction  was  carried  out at 175°C during  140  hours. 
Shorter  reaction  times  are  possible  when  higher  reaction  temperatures  are  employed  resulting 
however in polymers  with  decreased inherent viscosities. 
The  elemental  analysis of polyh-, m-phenylene-(4-pheny1)-1,2,4-triazole] PT-p/m-l is given in 
table 3. The  experimental  values  found are somewhat  lower  than  the  theoretical  ones.  The 
carbonyl  absorption  peak in the  IR-spectrum  present  in  the  precursor  polymer  has  completely 
disappeared  while  an  absorption  peak at 700 cm-l  due to the  phenyl  group  has  appeared in the 
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spectrum of the poly-l,2,4-triazole. The infrared spectmm is  in agreement with the  one of 
KorshakZ. 
A DSc-thennogram. of PT-p/m-l is represented in figure 7. PT-p/m-l  has a glass transition 
tempqture of 264T.‘ The  exothemic peak at 319°C was idenaed as cold q ~ ~ s a t i o n ~ ~ .  
WAXS experiments  indicated  that films of alternating polyb-, m-phenylene-(4-pheny1)-lY2,4- 
trimolel are  completely  amorphous27. 

Fig. 7. DSc-thennogram for alternating polylp-, m-phenylene-(4-pheny1)-1,2,4- 
triazole]  (PT-p/m-l)  recorded  with a heating  rate of 2@C!/min. under  nitrogen. 

PoIy-1,2,4-triazoles . via poIy-1,3,4-oxadiazoles. 

As precursor  polymers,  high  molecular  weight  poly-l,3,4-oxadiazole are more  easily obtained 
than polyhydrazides.  While  the  polyhydrazide  synthesis  requires  high  purity  monomers  and 
necessitates vigorous exclusion water, making this synthesis a laborious one, the direct 
formation of poly-1,3,4-oxadiazoles from  dicarboxylic  acids  and hydrazine sulphate  is 
relatively  simple. 
The conversion of po1y(m-pheny1ene)-1,3,4-oxadiazo1es and  oly(p-phenylene)-lY3,4- 
oxadiazoles into the conesponding poly-l,2,4-~azoles was firit inv ‘gs tigated  by  D’Yachenko et 
aL9 and  the preparation is essentially the s&e as the method described by Holsten and 
Lilyquist  where  polyhydrazide is used as a precursor  polymer. The reaction dif€ers in its higher 
reaction  temperature, 225 instead of 175QC, and its shorter  reaction  time, 35 instead of 140 
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hours. In both cases the precursor  polymer  should  dissolve  during  the  reaction. In our  case  the 
poly-1,3,4-oxadiazoles  dissolved  only  to  some extent during the reported  35  hours.  During 
prolonged reaction times, up to 140  hours, the precursor  poly-1,3,4-oxadiazoles  dissolved 
completely  but  gave  poly-1,2,4-triazoles in only  a  5 to 10 % yield.  D’Yachenko et al. do  not 
report on slow dissolution of poly(phenylene)-1,3,4-oxadiazole in PPA.  Their poly-l,3,4- 
oxadiazoles  may  have  dissolved  readily  due to the  low  molecular  weight  of their precursor 
polymers. 
We have  modified  the  reaction  procedure,  and  added  the  as-prepared  poly-1,3,4-oxadiazoles  to 
PPA prior to the  addition  of  aniline. 
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Fig. 8. Inherent viscosity  of  POD-25/75-2  in  PPA at 1 5 E  as a function  of  time. 
Inherent  viscosities  are  determined  at 30oC of a  0.5 g polymer  solution in 
100  ml  concentrated  sulphuric  acid. 

Due to addition  of  aniline to the  PPA,  the  “solvent  strength” of the  latter is decreased.  First 
dissolving  poly-1,3,4-oxadiazole in PPA  followed by the addition of aniline is dissuaded 
because of expected  ’degradation of the  precursor  polymer  and  thus  resulting in low  molecular 
weight  poly-1,2,4-triazoles. To show  this effect, POD-25/75-2  was  dissolved in PPA at 1 5 K  
and  the  inherent  viscosity  was  determined  as a function of time,  see  figure 8. Degradation  takes 
place  indeed,  and  the  value of the  inherent  viscosity  decreases  with  20%  during  the first 15 
hours and remains,  constant  thereafter  until  the  end of the  experiment.  The  decrease in inherent 
viscosity is however  acceptable  and all the poly-l,2,4-triazoles represented in table  3  were 
prepared  by dissolving the precursor  polymer in PPA followed by the  addition of aniline. 
The  infrared  spectra  of  these  poly-1,2,4-triazoles  are  identical to the  infrared  spectrum  of  the 
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poly-1,2,4-triazole  prepared via the  polyhydrazide  route.  The  elemental  analysis  indicates  some 
impurities. Analysis showed  residual amounts  of  phosphorous. Poly-l,2,4-~piazoles with 
moderate inherent viscosities  yielding films with  good  mechanical  strength  were  obtained. 
These  membranes  were  tested for their gas  separation  properties lo. 
The  synthesis of poly-1,2,4-t~iazoles can further  be  simplified  by  per€orming  the  complete 
reaction as a  one-pot synthesis28. Firstly  the  reaction  between  dicarboxylic  acid  and  hydrazine 
yielding  a  poly-1,3,4-oxadiazole is canied out in PPA.  When this  polycondensation  reaction  is 
complete  extra  PPA is added  to  the  reaction mixture followed by  the  addition of aniline.  The 
reaction  temperature is increased  and the poly-1,3,4-oxadiazole  is  converted  into  the 
corresponding  poly-  1,2,4-triazole. 

Table 3. Elemental  analysis of  poly-1,2,4-triazoles. 
~~ 

Polymer p/m-ratio %h C N H C/N 
* 

(wt.%) (wt.%) (Wt.%) 

PT-p/m-l altemhg 0.85 73 .O4 18.02 4.06 4.05 

PT-O/lOO-l O/lOO 0.73  71.73  17.51  3.87 4.10 
PT-25f75-l 25/75 1.36  73.02 17.77 4.07 4.1 1 
PT-50/50-1 50/50 1.37  71.14 17.22 3 -78 4.13 
PT-75J25-1 75/25 1.84  71.51 17.56 3.99 4.07 
PT-75~25-2 75/25 1.60 73.5 18.2 4.1 3.99 

Theoretical 76.70  19.17 4.14 4.00 

* Inherent viscosity determined in formic acid. 

The  poly-1,2,4-triazoles  were  characterised with DSC and TGA techniques. TGA experiments 
show  the  occurrence of a weight  loss  between  250  and 400T due  to  the  formation  and  escape 
of water caused by a ring closure  reaction of unclosed  1,2,4-triazole  groups. The reaction 
between  po1y-1,3,4-oxadiazo1e and aniline is believed  to  occur via  an interrnediate18, see 

If the  reaction is not complete,  unclosed  1,2,4-triazole rings are  present in the final product. 
These  groups will undergo  cyclodehydration  during a TGA  experiment  and  the  percentage 
unclosed  groups can be  calculated, see table 4. 
These  unclosed rings can be closed by  means  of a  heat  treatment at 35QT for  24 hours.  Further 
investigations  €or  the  ideal  reaction  conditions  should  minimise  the  amount  of unclosed rings 
because  they  represent  possible  weak  spots for thermally or chemically  induced  degradation. 

f i p e  9. 
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Fig. 9. kmnation of a poly(4-phenyl)-1,2,4-triazole out of a poly-1,3,4-oxadiazole 
via an  intermediate. 

Table 4 .  TGA-analysis of poly-1,2,4-triazoles. 

Polymer  p/m-ratio relative  weight loss percentage  unclosed  rings 
(wt.%) 

PT-p/m-l  alternating  2.07  26 

PT-O/lOO-l ono0 
PT-25/75-1  25/75 
PT-50/50-1  50/50 
PT-75/25-1  75/25 
PT-75/25-2 75/25 

0.88 
1.35 
2.47 
0.97 
1.30 

11 
17 
31 
12 
16 

An increase in therrnal  stability with increasing  ratio of para-phenylene  groups  in  the main chain 
as  found for the  po1y-1,3,4-oxadiazo1es7 is not  found for the  poly-1,2,4-triazoles,  see  figure 
10.  This is probably  due  to  the  presence  of  weak  spots  in  the  macromolecules,  caused  by 
prolonged exposure to  the  harsh reaction medium, PPA. These  weak spots decrease the 
degradation  temperature  and  overshadow  the  stability  dependence on the ratio para-/mets- 

phenylene  groups. 
The  TGA  curve  of  the  alternating polyb-, m-phenylene-(4-pheny1)-l72,4-trìazole] is similar  to 
the  curves of the  random  polymers  with  respect  to  degradation  and ring closure  behaviour. 
The  glass  transition  temperature  increases  with  increasingp-phenylene ratio as  was  shown by 
DSC and  torsion  pendulum  experiments,  see  figure 11. This is due  to  an  increased  chain 
stifhess of the  latter  and  which is also  found by other  authors  for  other  copolymer^^^^^^. Upon 
extrapolation, a theoretical glass transition  temperature  of 380°C is obtained 'for  polylp - 
phenylene-(4-phenyl)-172,4-triazole]. A meaningful  estimation of the  glass  transition 
temperature of poly[p-phenylene-(4-phenyl)-172,4-triazole] using  the Wo0ds3l or Gordon- 
Taylo22 equation  was  not  possible  since  too  few  glass  transition  temperatures  of  intermediate 
copolymers  are  available. 
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Fig. 10. Degradation  temperatures  @deg) of polylp-, rn-phenylene-(4-pheny1)-1,2,4- 
triazolesl as a function of the amount of p-phenylene groups in the main 
chain. 
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Fig. 11. Glass  transition  temperatures (T ) of polyp-, rn-phenylene-(4-phenyl)-1,2,4- g triazoles] as a function of the rahop-phenylene  groups in the main chain. 
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The glass transition  temperature of the  alternating poly[p-, m-phenylene-(4-pheny1)-ly2,4- 
triazoles] is slightly lower  than the T of the random variant, possibly  due to the higher 
molecular  weight  of  the  latter. 
When  the  p-phenylene  content  was 75% no  glass  transition  temperature  was  detectable  with 
DSc. With a torsion  pendulum  the  glass  transition  was  however  readily  detected.  In  the  DSC 
thermogram  the  magnitude  of  the  heat  capacity  jump at the  glass  transition is proportional  to  the 
amorphous  fraction of the  polymer33.  Increasing  the ratio of p-phenylene  groups  gives  a  more 
linear polymer  which  obviously  results in a  polymer  matrix  with  increased  ordering  and  thus  a 
decreased  arnorphous  fraction.  In  figure 12, WAXS-diffractograms  indicate  that  this is indeed 
the case. 

g 

Fig. 12. x-ray diffractograms for PT-O/lOO-l(A), PT-25/75-1(B), PT-50/50-1(c)  and 
PT-75/25-1(D). 

The  exothermic  peak  representing  cold  crystallisation in the rubbery phase is completely  absent 
in the case  of  random  poly[p-, rn-phenylene-(4-phenyl)-lY2,4-triazoles] including the 100% 

. rneta-phenylene variant. ' Alternating and  random polyb-, rn-phenylene-(4-pheny1)-1,2,4- 
triazoles] films are prepared  similarly  out of formic  acid  solutions. If cold  crystallisation  were  to 
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occur in the  case of only completely amorphous polylp-, m-phenylene-(4-pheny1)-1,2,4- 
triazoles]  then PT-O/100-1 and  PT-25/75-1  should  also  undergo  cold  crystallisation  since  they 
are also completely amorphous  as  indicated by WAXS-difliactograms, see figure 12. It is 
therefore  believed  that cold crystallisation  can  only  occur for poly-1,2,4-triazoles  where para- 
and  meta-phenylene  groups  are  incorporated  altematingly. Similar subtle influences of the 
macromolecular structure on cold crystallisation have also been reported by  Bur€ield and 
Tanaka34. They found that  cold  crystallisation in the  rubbery  phase  occurred  much  more  readily 
in the  case of  natural  rubber,  which is a completely  cis-1,4-polyisoprene  product,  than  in  the 
case of synthetic analogues of 99% cis-l,4 purity. The cold crystallisation phenomenon is 
obviously  very  sensitive  to  macromolecular  irregularities. In the  alternating  poly-l,2,4-triazole, 
para- and  meta-phenylene  groups  are  incorporated in a perfectly  altematingly  fashion  and  are 
capable to achieve a crystalline  morphology upon  cold  crystallisation  whereas in the  case of the 
random  poly-l,2,4-triazoles  the p-lm-phenylene groups are  incorporated  randomly  and 
obviously lack the  possibility of increasing  their  crystallinity  through  cold  crystallisation. 

CONCLUSIONS 

Aromatic  poly-1,3,4-oxadiazoles are prepared  by  means  of a polycondensation  reaction  of 
terephthaloyl  chloride  and  isophthalic  dihydrazide and by  means  of a polycondensation  reaction 
between  terephthalic  and  isophthalic  acid  and  hydrazine  sulphate.  The  latter  reaction  is  more 
simple  and  yields  poly-1,3,4-oxadiazoles  with  higher  inherent  viscosities.  Flexible poly-l,3,4- 
oxadiazole films can be obtained  only if the  inherent  viscosities of the  polymers  used,  are 
higher  than 2.7 dl/g. Thermal  stability  was  found  to  increase with increasing  content of p - 
phenylene  groups. 
Aromatic polyp-, m-phenylene(4-phenyl)-lY2,4-triazoles] were  prepared using polyhydrazides 
with  alternating para- and  meta-  phenylene  groups  and  poly-1,3,4-oxadiazoles  with a random 
incorporation of para- and  meta-  phenylene  groups in the  main  chain as precursor  polymers. 
Poly-l,2,4-triazoles  were obtained in high yield after alteration of the  original synthesis 
procedure  given  by  D’Yachenko et al?  The  glass  transition  temperature  was  found  to  increase 
with increasing ratio p-phenylene groups in the  main  chain.  Cold  crystalIisation  was  only 
observed for the  alternating  polymer  and its Occurrence is believed  to be directly  related  to  the 
manner Q€ incorporation of the  phenylene  groups in the  main  chain. 
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3 
Synthesès and properties of related polyoxadiazoles 

and polytriazoles. 

E.R. Hensema, M.E.R. Sens$, M.H.V. Mulder and C.A. Smolders 

SUMMARY 

New  aromatic  poly-1,2,4-triazoles  and  poly-1,3,4-oxadiazoles are studied as thermally stable membrane 
materials.  Various  groups  were  introduced  onto  the  pendant  phenyl  groups  of  poly-172,4-triazoles.  Glass 
transition  temperature,  degradation  temperature  and  cold  crystallisation  behaviour  were  studied as a function  of 
these  groups.  Cold  crystallisation  appeared  to  be  highly  sensitive  to  macromolecular  regularity.  The  solubility of 
poly-1,3,4-oxadiazoles was highly  improved upon incorporation of 5+butylisophthalic,  1,1,3-trimethyl-3- 
phenylindane, 4,4’-(2,2’-diphenyl)hexafluoro propane  and  diphenyl  ether goups into  the  polymeric  main  chain 
whereas  the  high  glass  transition  temperatures  and  degradation  temperatures  typical  for  aromatic p0ly-1~3~4- 
oxadiazoles  were  maintained. 

INTRODUCTION 

Aromatic poly-l,2,4-triazoles and  poly-1,3,4-oxadiazoles are studied as new  thermally  stable 
membrane materials for gas separation applications. Especially polyb- J rn-phenylene-(4- 
phenyl)-lY2,4-triazole] is known for its excellent  gas  separation propertiesl. The  use of these 
polymers as membrane  materials is however  hampered  due to their  poor  solubility  limiting  the 
number  of  possibilities of fabricating  membranes  with  a  desired  morphology,  like  asymmetric 
structures.  For  example,  poly(p-, rnTphenylene)-1,3,4-oxadiazole is  only  soluble  in 
concentrated  sulphuric acid, which is a  very  difficult  solvent to handle in practice. 

* IMA, Universidade  de  Rio  de  Janeiro,  Brasil. 
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In this paper  we  wish to report on the syntheses  and  physical  properties of poly-1,3,4-  oxadia- 
zoles and poly-1,2,4-triazoles  where  various functional groups are incorporated into and onto 
the  polymer  backbone with the aim to increase  their  solubility  while maintaining their  thermal 
stability. The relation  between the gas  separation  properties  and  these  molecular  structure was 
also  studied and is reported  elsewhere2. 
The solubility of polymers is often increased  when  flexible  bonds, large pendant  groups or 
polar  substituents  are  incorporated in the  polymer  backbone.  The  introduction o€ large  pendant 
bulky  groups along the polymer  backbone  results in a less  ordered  polymer  matrix  increasing 
the solubility characteristics. This is nicely illustrated by  the fact that poly(p-, m- 
phenylene)-1,3,4-oxadiazoles are only soluble in concentrated  sulphuric  acid  while polyljl-, 
rn-phenylene-(4-phenyl)-l,2,4-triazoles], having an extra  pendant  phenyl group, are also 
soluble in m-cresol  and  formic  acid. 

Poly(p-, m-pheny1ene)hydrazide Poly[p-,  m-phenylene- 
-(4-phenyl)-l,2,4-triazole] 

X = H, F, C l  o r  CH, 

Hg-C-CH, 
CH3 

TBI 
HF 

Fig. 1. Preparation of aromatic polylp-, m-phenylene(4-phenyl)-l,2,4-triazoles] out 
of a polyhydrazide  in a reaction medium consisting o€ polyphosphoric  acid 
and  mixtures of aniline  andpara-substituted  aniline  derivatives (A). 
Preparation of poly-1,3,4-oxadiazoles  using  dicarboxylic acids,R(COOHb2, and 
hydrazine  sulphate as  monorners (B ). 
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Solubility is also  mostly  increased if instead of  aromatic groups  aliphatic  groups are 
incorporated into the  polymer  backbone  but  a  significant  reduction in therrnal  stability is also 
observed. Incorporation  of  aliphatic  groups  for  that  reason  was avoided  (Nonetheless, 
cyclohexane  was  incorporated  as  a  comparison  to the aromatic  poly(p, rn-phenylene-1,3,4- 
oxadiazoles). 
A  number of authors  have  reported  on  poly(l,3,4-oxadiazoles)  with  increased solubility 
characteristics. Iwakura has, for example,  reported on  poly-l,3,4-oxadiazoles where the 
phenylene ring has  been  replaced  by a pyridine  ring.  These  polymers  are  soluble in formic  acid, 
DMF and DMSO. However  these  polymers  were  not  synthesised  and  studied  here  since  low 
inherent  viscosities  where  reported3. 
Russian  workers  have  developed so called  “Cardo”  poly-1,3,4-oxadiazoles  containing  a  bulky 
phthalide  group. Poly-l,3,4-oxadiazoles containing  this  group  have  extensively  been  studied 
and  the  preparation  of  porous  membranes  of  poly-1,3,4-oxadiazoles containing this  group .has 
been  patented4. 
The functional groups that where  incorporated into. poly-1,3,4-oxadiazoles  and poly-l,2,4- 
triazoles in this study, together with their syntheses are represented  in figure 1. 
A  number  of  reaction  routes  are known for the  preparation  of  these  polymers5. Polyb-, rn- . .  

phenylene-(4-phenyl)-l,2,4-triazoles] with  alternating  para- and meta-phenylene  groups  were 
prepared by  means  of  a reaction of aniline  and  aniline  derivatives with poly(p-, rn- 
pheny1ene)hydrazide in polyphosphoric acid, see figure 1 (A).  Holsten  and Lilyquist have 
extensively  studied  this  reaction  using  polyhydrazide  as  a  precursor  polymer  in  combination 
with  aniline6. Poly(p-, m-pheny1ene)hydrazide is prepared by means  of  a  polycondensation 
reaction  between  terephthaloyl  chloride  and  isophthaloyl  dihydrazide7. 
High  molecular  weight  aromatic  poly-1,3,4-oxadiazoles  were  prepared  directly  using  various 
dicarbaxylic  acids  and  hydrazine  sulphate as monomers,  see  figure 1 (B). This  reaction  route 
was  originally  reported by Iwakura et al.*. 

EXPERIMENTAL 

Materials 

A  mixture of cis- and  trans-1,4-cyclohexane  dicarboxylic  acid  was  purchased  from  Aldrich. 
The  pure cis- (c-CH) and  the  trans-isomer  (t-CH)  were  obtained  from  this  mixture  by  means of . 

a  treatment  with c~orofonn9. 
The  dicarboxylic acids: 4,4’-diphenyl ,ether (DPE), 1,1,3-trimethyl-3-phenylindan-4’,5- 
dicarboxylic acid (PIDA)  and  5-t-butylisophthalic  acid (TBI) are Amoco  products  and  4,4’- 
(2,2’-diphenyl)hexafluoro propane  dicarboxylic  acid (HF) was  supplied  by  Hoechst.  These 
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dicarboxylic  acids were used as received. 
A.ll other chemicals were supplied by  Merck, and  were  used as received,  except NMP which 
was distilled under reduced pressure over CaH2, lithium  chloride  which was dried in a vacuum 
oven at 150°C and aniline which was distilled under reduced pressure and  its colourless 
distillate stored  under  nitrogen in a sealed flask in a refrigeratdr. 
Isophthaloyl  dihydrazide was prepared  from  isophthaloyl  dimethyl  ester and hydrated 
hydrazinelO. 

Poly(p-, mpheny1ene)hydrazide s y n t h e s i ~ ~ ~ ~ ~  

Isophthaloyl dihydrazide, 74.24 g (0.382 mol ) and 16.21 g LiCl are dissolved in a three 
necked flask containing  600 ml NMP at  60°C under dry nitrogen.  After  dissolution the stirred 
solution is cooled to O T  and 77.62 g (0.382 mol ) terephthaloyl chloride is added in 4 equal 
portions.  Each following portion is added  when  the  terephthaloyl chloride of the previous 
portion has completely dissolved. Total addition lasts approximately 2 hours. The viscous 
solution is stirred overnight  and the polymer is precipitated  and  washed  in  hyperfiltrated  water. 
After  additional  washing with ethanol  the  polymer is dried in a vacuum  oven at 150T during at 
least 24 hours. 
Two  batches of polyhydrazide  were  prepared  having  inherent  viscosities 0fO.86 and 0.82 dl/g, 
respectively (0.5 g polymer  solution in 100 ml DMSO). 

Poly-1,2,4-triazole synthesis using  polyhydrazide as a precursor  polymer6 

In a three  necked flask 310 g polyphosphoric  acid (PPA) is heated to 15oclc under  nitrogen. 
Aniline,  76.65 g (0.823 mol ), is added  dropwise  to  the  stirred solution, meanwhile 
maintaining  the  temperature  at 150T. After addition,  the  temperature is raised to 1732, and 
10 g poly@-, m-pheny1ene)hydrazide  is  added. The  reaction  mixture is kept at this temperature 
during 140 hours and poured into hyperfiltrated  water  and  neutralised  with  sodium  hydroxide 
under stirring. The  product  is washed in a 5% sodium hydroxide solution and twice  in 
hyperfiltrated water. Subsequently the product is extracted with ethanol using a Soxhlet 
extractor  after  which it is dried in a vacuum  oven at 150T during 24 hours. The product is 
dissolved in formic  acid  and  insoluble  parts are removed  by  means of filtration  over a 5 pm 
filter. These solutions are directly used for poly-1,2,4-triazole film preparation, as will be 
discussed below. 
The  polymers  were  obtained  in a good  yield.  Instead of anilhe, also  mixtures  of  aniline  and 
aniline  derivatives  have  been  employed.  In all cases a ratio of 0.823 mol  aniline  and  aniline 
derivative per 3 10 g PPA has  been  applied. 
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PoIy-l,3,4-oxadiazoIe synthesis* 

In a three  necked flask under  a  dry  nitrogen flux 0.05 mol  dicarboxylic  acid  'and 0.06 mol 
hydrazine  sulphate are added to 155 g  PPA.  The  mixture is homogenised  under  stirring  and 
heated to the  reaction  temperature of 100-175T and  maintained at this  temperature  for  10  to 2 1 
hours.  The reaction medium  becomes  very  viscous  with  increasing  reaction  time. 
The  polymer solution is precipitated in hyperfiltrated water  and neutralised with  sodium 
hydroxide.  The  product is repeatedly  washed  with  hyperfiltrated  water  and  dried in a  vacuum 
oven at 60T. The  polymers  were  obtained in a  quantitative  yield. 

Preparation of homogeneous  fiIms 

Poly-I,2,4-triazoles 
Homogeneous poly-1,2,4-triazole films are prepared  from  a 15 wt.%  polymer  solution  in 
formic  acid.  Inhomogenities  were  removed  from  this  solution by filtration  over  a 5 pm  filter. 
The  solution is cast on  a  glass  plate  using  casting  knives  with  slit  heights of 0.3 and 0.5 mm, 
followed  by  evaporation  of  the  solvent in a  nitrogen  atmosphere  at  room  temperature.  After 
evaporation,  the  glass  plate is immersed  into  a  water  bath  and  the  poly-1,2,4-triazole  film  is 
easily  removed  from  the  glass  plate.  Transparent  films  are  obtained  with  thicknesses  between 
20 and 60 pm. The films were dried in a  vacuum  oven  during  at least 24  hours  at 150T. 

Poly-I ,2,4-oxadiazoles 
For  PIDA-POD  and  HF-POD  the  same  procedure  was  followed  but in this  case  trifluoro  acetic 
acid was  used as a  solvent.  For  CH-PODy  DPE-POD  and  TBI-POD,  formic  acid  was  used 
while  for  the 50/50 copolymer  HFDPE-POD NMP  was  used as a solvent which  was 
evaporated at 150'1c. 

Characterisation 

Inherent viscosity 
The  inherent  viscosities  are  determined of 0.5 g  polymer  solutions  in 100 ml solvent  at 30T. 
For  the  polyhydrazides  DMSO is used  as  a  solvent  while for the poly-l,2,4-triazoles and  poly- 
1,3,4-oxadiazo1es  formic  acid  was  used.  The  inherent  viscosities of PIDA-POD  and  €€F-POD 
were  determined  in  concentrated  sulphuric  acid,  while for the Copolymer HFDPE-POD NMP 
was  used as a  solvent. 
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Differential  Scanning Calorimetry (DSc) 
DSC  measurements are per€ormed on a Perkin-Elmer  DSC 4 in combination with a System 4 
Microprocessor  Controller and a Thermal  Analysis Data Station ("ADS), model  3700.  The 
polymer  samples are placed in aluminium  sample  pans  and  the  temperature is increased with a 
heating rate of 2OT/inin. from 100 to 400T under a nitrogen  purge  gas  stream.  The  sample is 
cooled  with 320T/min,  to 1 O O T  and a second run is recorded from 100 to 450T again  with a 
heating rate of 20T/min. As  glass  transition  temperature flg) the midpoint of the  transition is 
taken, calculated by  means of the TADS software. 

Thenno-Grmimetrical  Analysis  (TGA) 
TGA experiments are carried out on a Perkin-Elmer  TGS-2 in combination  with a system 
4 microprocessor  Controller  and a Thermal  Analysis  Data  Station,  model  3700.  Experiments 
are carried out under a nitrogen  purge  gas  stream  from 50 to 600T. The  temperature of the 
polymer  samples is increased with a heating rate of 20T/min. Weight loss over a certain 
temperature  interval is calculated by  means  of  the TADS software. 
The  degradation  temperature ("deg) is defined  as  the  point of intersection of the  tangents  in  the 
themogram was  taken, see figure 2. 

RESULTS AND  DISCUSSION 

PoIy-~,2,4-triazoIes via polyhydrazides 
The  preparation of high molecular  weight poly-1,2,4-triazoles using  polyhydrazide as a 
precursor  polymer was  originally  reported  by  Holsten  and  Lilyquist6.  The  reaction is carried 
out in-PPA containing an excess of  aniline.  The ideal concentrations of the reactants were 
determined as beîng 10 g polyhydrazide  and  0.823  mol aniline per 3 10 g PPA. 
We  have  incorporated  aniline in combination wik aniline  derivatives  and  studied  the  effect  on 
the physical  properties of the polymers  prepared. The effect on the gas  separation  properties of 
these poly-l,2,4-triazoles are reported elsewhere2. 
Poly-l,2,4-triazoles where prepared from two batches of polyhydrazides having inherent 
viscosities of 0.86 and 0.82 dl/g. 

Elemental Analysis. 
Elemental  analysis of C, H and N were  carried  out. In table .l, the C/N and C B  ratio of the 
elemental  analysis of the  polyhydrazides  and  the  poly-  172,4-triazoles are given. 
The experimental  values  found  were  somewhat  lower  than  the  theoretical  ones.  Nevertheless, 
the C/N and C H  ratios al close  to  their  theoretical  values  indicating  residual  impurities,  most 
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likely to be  polyphosphoric  acid13. Polyhydrazide  and poly-1,2,4-triazole are  prepared 
reproducibly, as is indicated by the  elemental  analysis  of  PH-p/m-l,  PH-p/m-2,  PT-p/m- 1, PT- 
p/m-2 and PT-p/m-3. 

Table 1. Inherent viscosities and  elemental  analyses  of  polyhydrazides  and  poly-1,2,4-triazoles. 

Polymer  contents  aniline/_ q n h t  cm* cm* cm* CB* 
aniline  derivative (Wg) found  theor.  found  theor. 

PH-p/m- 1 
PH-p/m-2 

0.82 
0.86 

3.50 
3.50 

3.43 
3.43 

15.66 
14.32 

15.89 
15.89 

PT-p/m-l 
PT-p/m-2 
PT-p/m3 

100% aniline 
100% aniline 
100% aniline 

0.85 
0.94 
1.01 

4.05 
4.06 
4.13 

4.00 
4.00 
4.00 

17.99 
19.42 
19.57 

18.53 
18.53 
18.53 

PT-p/m-25Cl 
PT-p/m-50Cl 
PT-p/m-75Cl 
PT-p/m-1OOCl 

25% p-Cl 
50% p-C1 
75% p-Cl 

100% p-c1 

0.94 
0.80 
0.80 
0.78 

4.07 
4.08 
4.08 
4.16 

4.00 
4.00 
4.00 
4.00 

17.09 
16.97 
20.70 
21.62 

19.07 
19.64 
20.24 
20.84 

PT-p/m-25F 
PT-p/m-SOF 
PT-p/m-1OOF 

25% p-F 
50% p-F 

100% p-F 

0.99 
1.10 
0.95 

4.07 
4.05 
4.07 

4.00 
4.00 
4.00 

19.27 ’ 

19.1 1 
19.95 

19.08 
19.65 
20.85 

PT-pimp-Me 
PT-p/m+Me 

100% p-Me 
100% o-Me 

1.12 
0.98 

4.36 
4.21 

4.28 
4.29 

17.08 
17.44 

16.26 
16.26 

z Proportions  aniline/aniline  derivative  added to  the  reaction  medium, for example  PT-p/m-75Cl  means  that a 
mixture  consisting of 25%  aniline  and  75%  p-chloro  aniline  is  applied,  p-F  stands  for  p-fluoro  aniline,  p-Me 
is  p-toluidine  and  o-Me  is  o-toluidine. 

t Inherent  viscosities  were  determined  from  polymer  solutions (0.5 g/dl)  at 30T. DMSO  was  used  as  solvent 
in  the  case  of  polyhydrazide  and  formic  acid  in  the  case  of  the  poly-1,2,4-triazoles. * determinedusing  elemental analysis (wt.%/wt.%). 

The  chlorine  contents of PT-p/m-25Cl  and  PT-p/m-SOCl were  determined  being  4.52  and  8.21 
wt.%,  respectively.  This  indicates  that  incorporation  of  chloro  aniline is favoured  over  aniline 
itself  since  incorporation  based  on  stoichiometic  concentrations  in  the  reaction  medium  would 
have  yielded theoretical chlorine values of 3.89 and 7.5  wt.%,  respectively. 
Aniline or its derivatives forms a  complex  with PPA. This complex is in equilibrium  with  the 
free amines.  Since  only free amines  can  react  with  polyhydrazide,  relatively  more  free  chloro 
aniline  must be available  than  can  be  accounted for on  the  basis of the ratio of  aniline/chloro 
aniline  present in the,  reaction  medium.  This  means  that  equilibrium  between  complex and free 
amine  has  shifted  into  the  direction of the  latter  one  being  chloro  aniline.  Similar  incorporations 
are assumed to have  taken  place in the  case of  PT-p/m-75Cl,  PT-p/m-25F  and PT-p/m-SOF. 
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Cyclodehydration 
The results obtained with TGA and DSC techniques are given in table 2, In figure 2, a TGA run 
of PT-p/m-25F and in figure 3 two successive DSC curves of this poly-1,2,4-triazole are 
represented. 

Table 2. Film appearance and thermal  properties of the  poly-1,2,4-triazoles*. 

PT-p/m-l 
PT-p/m-2 
PT-p/m-3 

light yellow 
light yellow 
light yellow 

264 
267 
261 

3 19 
324 
3 15 

425 
427 
425 

527 
524 
521 

2.07 
1 -65 
1.82 

282 

yellow 
deep  yellow 
blue 
deep  blue 

271 
269 
271 
274 

288 
276 
278 
279 

1 S2 
2.30. 
1.45 
1.72 

504 
489 
484 
486 373 423 

PT-p/m-25F 
PT-p/m-5OF 
PT-p/m-1OOF 

light yellow 
light yellow 
light yellow 

257 
269 
276 

266 
273 
283 

344 407 

409 

507 
479 
453 

1.11 
1.13 
1.10 

1.78 
2.88 

PT-p/mp-Me 
ET-p/m-o-Me 

light yellow 
light yellow 

257 
268 

254 
272 

506 
493 

DSC CUTV& were  recorded  twice  using  the same sample.  The  first run from  100  to  400°C and the  second run 
from  100  to 450°C. In all cases a heating rate of 2OT/min.  was  used.  After  the first run the sample was 
cooled down with 32O“C/min. 

The peak temperature  of  cold  crystallisation is given. 
t All fïlms were  transparent  besides PT-p/m-1OOF  which was opaque. 

8 The onset of the  melting  peak is given. 
- No Tg cold crystallisation or melting  peak  detectabIe  using DSC techniques. 

Unclosed l,3,4-oxadiazole and 172,4-triazole groups can be present in the  final product. 
During a TGA experiment a distinct  weight loss is observed,  phase 1 in figure 2,  attributable  to 
the loss of water  formed during the  cyclodehydration of 173,4-oxadiazole and 1,2,4-triazole 
groups. The reaction scheme of this ring closure is represented in figure 4. 
Weight loss occurring between 200 and 4OCK has  been  attributed to the ring closure  reaction. 
In all cases weight  losses  due  to ring closure  reactions are observed, see table  2,  indicating  that 
the reaction  between  aniline  and  aniline  derivatives  and  polyhydrazide at 175T does  not  result 
in a fully converted  product.  PerForming  the  reaction at higher  temperatures  results  however in 
products  with  lower  inherent  viscosities6. In a thermogram  of a fully converted po&-l ,2,4- 
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triazole this weight loss is of course  absent.  PT-p/mu-Me  shows the highest  weight  loss. In 
this case, the reaction between o-toluidine and  polyhydrazide is most  probably sterically 
hindered.  Unclosed  groups: are also detectable by IR-spectrometry  since  a  carbonyl  stretching 
absorption  peak is observed & the IR-spectra at 1650 cm-l. 
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Fig. 2. TGA  thermogram  of  PT-p/m-25F  recorded  with  a  heating  rate of 2W/min. 
from 100 to 600T under nitrogen. Two  phases of weight loss  can  be 
observed: (1) loss of water  caused  by the cyclodehydration of unclosed 
groups, (2) loss of volatiles  caused  by the degradation of the polymer.  The 
degradation  temperature  (Td ) is defined as the  intersection of the  tangents. eg 

Unclosed  rings are possible  weak  spots for thermal or chemical.degradation.  A  heat  treatment 
will fòrce  unclosed  rings, into their  more  thermally  stable  and  chemically  resistant  closed ring 
forms. 
Phase  2 h figure  2  represents  the  loss of volatiles  caused  by  the  ultimate  degradation of the 
polymer.  Incorporation of aniline  derivatives  yields  polymers  with  a  slightly  decreased  therrnal 
stability as compared to unmodified polylp-, rn-phenylene-(4-phenyl)-1,2,4-triazoles], see I 

table  2.  From all polymers,  except  from  PT-p/mu-Me  and  PT-p/m-l00F,  flexible  films  were 
obtained  by  solvent casting techniques  and  these  were  investigated for their gas separation 
properties2.  These films were also used for DSC experiments. 
Each  sample  was  subjected to two  subsequent DSC heating  runs,  the first from 100 to 400T 
after  which  the  sample  was  cooled  down  with  320T/min.,  followed  by  a  second  heating run 
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from 100  to 450T, see  figure 3. In both  experiments a heating rate of 20T/min. was applied, 
The  glass  transition  temperatures  recorded during both runs are given in table 2. 
The  glass  transition  temperature is raised with the  incorporation of fluor0  and  chloro  aniline, 
obviously due to increased  polar  interactions.  Incorporation of o-toluidine results in a decreased 
glass  transition  temperature  compared to the  llnmodified  poly-1,2,4-triazoles,  PT-p/m-l,  PT- 
p/m-2 and  PT-p/m-3.  Differences in glass  transition  temperatures  are  however  small. 

mcalls PT-plm-258 

Tg = 266°C 
T, = 407°C - 

100 200  300 400 500 
T (in "C) 

Fig. 3. Two  successive  DSC  curves  of  PT-p/m-25F  recorded  with  2o"c/min.  under 
nitrogen.  After  the first run from  100  to 400T (a) the  sample is cooled  with 
320T/min. and  the  second run from 100 to 450T is recorded (b). Tcc is the 
peak  temperature of cold  crystallisation  and  Tm is the  on-set  temperature of 
melting. 

Except for PT-p/mp-Me  the  glass  transition  temperature of the  second run is higher than the 
glass  transition  temperature of the  "as-cast" film. This  rise in glass  transition  temperature is 
obviously due to  quenching  effects  during coolingll and  due  to  cyclodehydration of unclosed 
groups during the first DSC experiment in which a more flexible  structure is converted into.& 
rigid one.  The  effect of both  quenching  and ring closure on the  glass  transition  temperature is 
nicely  shown  by the following  experiment  were a sample  of  PT-p/m-SOCl is subjected  to a 
number of successive DSC heating runs, see table 3. PT-p/m-5OCl  was chosen for this 
experiments  since it has a relatively  large  number of unclosed rings as  indicated  by  its  weight 
loss during the TGA experiments. 
During the  first run up to 300T, a glass  transition  temperature of 2 6 8 . X  is measured.  After 
cooling down with  32OT/min.  the  second  run is recorded i d  the Tg has .slightly increased, 
obviously due to  quenching of the  sample  during cooling but  further  changes in run 2 ,3  and 4 
are  marginal. Due to  the  low  end  temperatures no  significant  cyclodehydration  reactions of the 

60 



unclosed rings take place.  Increasing  the  end  temperature to 400T results in a rise in  Tg. 
During  these runs the  polymer  undergoes  cyclodehydration  resulting  in  a  more  rigid  polymer. 
This implies that the  greater part of the ring closure  reactions  takes  place  when  the  polymer is in 
the rubbery  phase.  During  run 6 and 7 the  polymer is likely to undergo also some  degradation. 

Table3. Influence  of  subsequent  heating  runs  on  the  glass  transition  temperature of 
PT-p/m-5OCl. 

Heating  run limits glass  transition  Heating  run  limits  glass  transition 
temperature  temperature 

(“c) (“c> 

1 100-300 268.5 5 100-420 278.6 
2 100-300 27 1 .O 6 100-455 282.7 
3 100-300 271.1 7 100-455 289.3 
4 100-420 270.6 

Cold  crystallisation 
Cold  crystallisation is detected for a  number  of  poly-1,2,4-triazoles  during  the  first  .heating  run 
of  a  DSC  experiment.  Cold  crystallisation  of alternating polyIp-, m-phenylene-(4-phenyl)- 
1,2,4-triazole]  has  extensively  been  studied by Gebben et al. who noticed  that  cold 
crystallisation is only  observed for poly-1,2,4-triazole films and  not for the  as-prepared  reaction 
powder12. The process  of  cold crystallisation also  depends  highly  on  the  macromolecular 
structure of the polymers  used.  For  example,  cold crystallisation is only  observed for a 
polyb-, m-phenylene-(4-pheny1)-1,2,4-triazole] where p -  and  m-phenylene  groups  are  present 
in an alternating  fashion and not  if  these  groups  are  incorporated  randomly13. A highly  regular 
macromolecule is obviously  a  precondition for cold  crystallisation. A similar  phenomenon  is 
observed for the  modified poly-l,2,4-triazoles as represented in fable  2. 
During  the first DSC  heating  cycle  a  number of poly-l,2,4-triazoles  undergo  cold  crystallisation 
in  the  rubbery  phase.  After  heating  to 300T the  polymer is quenched  with  320T/min. to 1OOT 
and  subjected  to  a  second  heating  cycle to 450C During  cold  crystallisation  the  amorphous 
fraction in a  polymer  decreases  which  results in a  decreased  heat  capacity  jump  at  the  glass 
transition  temperature.  In  the  case of PT-p/m-l  and PT,-p/m-2  this occurs  to  such  an extent that 
the  glass  transition  temperature is not  detectable  anymore  in  the  DSC  curve of  the  second  run. 
The  crystalline  fraction  in  poly-1,2,4-triazoles  formed  during  cold  crystallisation  melts  in  the 
second  run as is indicated by a clear melting  peak,  see  figure 3 (B). The  onset of  this  melting 
peak is given  since  the  peak  temperature  could  not be indicated  clearly  in  a  number of  crises  due 
to simultaneously  occurring  degradation. 
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As said, the unmodified  poly-1,2,4-triazoles  undergo  cold  crystallisation in the  rubbery  phase. 
Incorporation of p-chloro  aniline  in combination with aniline  results in a lesS.regular 
macromolecular  structure  and  the  possibility  to  undergo  cold  crystallisation  vanishes.  In  the 
case of PT-p/m-lO@-Cl the polymer  becomes  “regular”  again  and  crystallisation is observed. 
PT-p/m-25F  undergoes  cold  crystallisation  indicating  that  incorporation o€ 25% p-fluor0  aniline 
does  obviously not result in a dramatic  change in the  macromolecular  structure  due  to  the  small 
amount  and  the  relative  small  size of the  fluorine atom. No cold  crystallisation is observed for 
PT-p/m-lOOF. Since  the  appearance of the  “as-cast”  polymer film is opaque  and  since a melting 
peak is observed  with  an  onset of 453T this polymer is believed  to  be  already  crystalline. 
One  also  might expect  cold crystallisation  €or the  regular  PT-p/m-p-Me but no  cold 
crystallisation or melting  peak is observed in the DSC  curve.  The  reason for this behaviour is 
not  understood. 

Other pendantgroups 
Since solubility is often enhanced  when larger groups are incorporated onto the  polymer 
backbone as pendant  groups,  we  have  investigated  the  possibility of incorporating  biphenylic 
structures, like l-naphthylamine,  4-phenoxy  aniline  and 4-aminobenzotrifluoride, but in this 
case  polymers  with  insufficient film forming properties  were  obtained.  During  the  reaction 
between  amine  and polyhydrazide polymer degradation occurs due to the  strong acidic 
environment of polyphosphoric  acid.  This  degradation is kept to .minimum if the reaction 
medium  consists of 0.832  mol  arnine  per  310 g PPA6. It was  however  not  possible  to  dissolve 
these amounts of these high molecular  weight  amines in PPA.  Another  problem  was the 
sublimation of these  amines fiom the  reaction  mixture  during  the  reaction  resulting  in a further 
deviation fiom the ideal reaction  conditions.  Similar  problems  have  been  reported  by  Krongauz 
et al.14 who  investigated  the  reaction  between  l-naphtylamine  and  poly@-phenylene-l;3,4- 
oxadiazole) also in PPA. 
Incorporation of cyclohexylamine was also examined. During this reaction,  only minor 
quantities of polyhydrazide  are  converted  into  the  corresponding  poly-1,2,4-triazole. In the  case 
of a normal  reaction  behaviour  the  precursor  dissolves  completely  in  the  course of the  reaction 
and is  converted into the corresponding poly-1,2,4-triazole. Due to the strong  complex 
formation between  ‘polyphosphoric  acid  and cyclohe,~ylamine~~, the  concentration of free 
apines is apperently  too  low  to result in a successful  reaction. 

Poly(g-, rn-phenylene)-1,3,4-oxadiazoles are  comparable  with  poly(g-phenylene)  with  respect 
to  their  thermal  stability  and  chemical  resistance  which is ascribed  to  the fact that  the 1,3,4- 
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oxadiazole ring is spectrally and electronically equivalent to the  p-phenylene ring15. High 
thermal stability and  chemical resistance is favoured in most  end-use  applications.  During 
processing these characteristics  can  however  be  a  major  problem. 
Poly(p-, m-phenylene-l,3,4-oxadiazole can  be  obtained via a  cyclodehydration  reaction  of  the 
corresponding  tractable  polyhydrazide.  Solid  state  cyclodehydration  of  alternating poly(p-, rn- 

' phenylene  hydrazide)  yielded  however  brittle  membranesl3; 
Poly(s-, rn-phenylene-1,3,4-oxadiazoles prepared  from  isophthalic acid and  terephthalic  acid 

" with  hydrazine  sulphate as monomers  yielded  polymers  with  higher  inherent  viscasities  from 
which flexible membranes  were  prepared.  Since  this  reaction  gave  poly-1,3,4-oxadiazoles  with 
superior properties it was also used to prepare  poly-1,3,4-oxadiazoles  with  various  other 
functional groups.  The physical properties  of these polymers  were studied as a function of 
these  functional  groups.  The poly-l,3,4-oxadiazoles were  prepared  from various dicarboxylic 
acids, see figure 1. These  poly-1,3,4-oxadiazoles  were  in  turn  used as precursor  polymers for 
the  preparation  of  poly-1,2,4-triazole  on  which  we  hope  to report in  the future. 

Table 4. Elemental analysis of  poly-1,3,4-oxadiazoles. 

Polymer dicarboxylic qinh C/N  C/N  C/H cm ' 
* 

acid (dl/& found  theor.  found  theor. 

c-CH-POD 
t-CH-POD 
c+t-POD 
PIDA-POD 
TBI-POD 
W-POD 
DPE-POD 
WDPE-POD~ 

C-CH 
t-CH 
c+t-CH 
PIDA 
Tl31 
HF 
DPE 
HF & DPE 

1.65 
2.8 1 
1.56 

0.38 
0.40-f 
0.37 
2.44* 

o.19-f 

3.46 
3.61 
3.42 
8.63 
5.64 
7.50 
6.05 
6.26 

3.43 
3.43 
3.43 
8.58 
5.15 
7.29 
6.00 
6.64 

9.74 
8.94 
8.72 

12.75 
1 1.65 
25.38 
15.38 
16.88 

9.54 
9  .54 
9.54 

12.55 
11.92 
25.30 
20.87 
23.08 

* Inherent  viscosity is determined  in  formic  acid. 

* Inherent  viscosity is determined  in NMP. 
Inherent  viscosity is determined  in  concentrated  sulphuric  acid. 

Random  copolymer  of HF and DPE  used  in 40% and 60% molar  amounts,  theoretical  values  for  the  polymer 
elemental  analysis  were  calculated  assuming  stoichiornetric  incorporation  of both monomers. . ' 

Fuming  sulphuric  acid is mostly  favoured  over  PPA  as  a  reaction  medium for the  preparation of 
aromatic poly-l,3,4-oxadiazoles16. But in the  case  of 1,1,3-trirnethyl-3-(p-carboxy-phenyl)-5- 
carboxyindan  (PIDA)  no  polymer  was  obtained  possibly  due  to  degradation  of  the  monomer I 

which  contains aliphatic groups  obviou'sly susceptible to degradation in the strong acidic 
environment.  Performing the reaction in PPA, a  much  milder  dehydrating agent, resulted 
readily  in  a  very  viscous  reaction  medium  and  gave  a  polymer  with an inherent  viscosity  of 
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0.19 dug  from which  flexible  films were  prepared. To prevent monomer degradation all 
syntheses  represented in figure 1 (B),  were  performed in PPA instead of fuming  sulphuric  acid. 
Successful  preparation  of  poly-1,3,4-oxadiazoles was confirmed  by  elemental  analysis, see 
table 4. Also in this case  the  experimental C, N and H values  found  were  somewhat  lower than 
the  theoretical  ones.  Nevertheless,  the C/N and C/E3 ratios  are  close  to  their  theoretical  values 
indicating residual impurities in the final product,  most  likely  to be polyphosphoric  acid13. 
flexible films were  obtained from all poly-1,3,4-oxadiazoles  by  solvent  casting  techniques. 
In table 5 the  glass  transition  temperatures  and  the  degradation  temperatures  are  given. Again 
samples are subjected to two successive  heating runs, the f is t  from 100 to 400C after  which 
the  sample is cooled  down with 320T/rnin.  to 1 O O T  followed  by a second run with  an end 
temperature  of 450C Both  scans  were  recorded with a heating rate of 20T/min. These  poly- 
1,3,4-oxadiazoles all have  high  glass  transition  temperatures.  The first run yields  the  glass 
transition  temperature of the  as-prepared film. The  glass  transition  temperature  recorded  during 
the  second run is higher  than  the  first. In this case  quenching  effects  and  cyclodehydration of 
unclosed  hydrazide  groups into the  more  rigid  1,3,4-oxadiazole  groups  probably  occur,  see 
figure 4. In the second run the glass transition temperature of a number of poly-1,3,4- 
oxadiazoles  were not detectable  with DSC techniques. 

Table 5. Film appearance  and  therrnal  properties ofpoly-1,3,4-oxadiazoles. 

Polymer Film 
appearance 

&H-POD 
t-CH-POD 
c+t-POD 

PIDA-POD 
TBI-POD 
HF-POD 
DPE-POD 
HF/DPE-POD 

light yellow 
colourless 
colourIess 

light yellow 
colourless 
colourless 
colourless 
light yellow 

179 
179 
180 

300 
315 
287 
333 
339 

330 

295 
361 

441 
449 
449 

488 
485 
479 
496 
49 1 

- No glass  transition  temperature  detectable  with DSC techniques. 

The  thermal  stability of these  poly-1,3,4-oxadiazoles is slightly  lower  than  those of the  poly- 
1,2,4-triazoIes.  Discriminating  between  weight  loss  due  to  cyc1odehydration.and  degradation is 
in this  case not possible  to full satisfaction  since  these two phases of weight loss shade off into 
one another. 
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Fig. 4 .  Cyclodehydration of unclosed  1,3,4-oxadiazole  and  1,2,4-triazole  groups. 

CH-POD 
Preparation of alicyclic poly-1,3,4-oxadiazoles  was originally reported  by  Iwakura et al.9 
Poly(l,4-cyclohexane)-1,3,4-oxadiazole was  reported to be  soluble in formic  acid  while  still  a 
good thermal  stability  was  maintained.  Incorporation of  the  flexible  cyclohexane  unit  results in 
a decrease of the  glass  transition  temperature  compared  to its aromatic  counterpart,  poly(p - 
phenylene)-l,3,4-oxadiazole. The  degradation  temperature is approximately 1OOT lower  than 
found for poly(p-phenylene)-l,3,4-oxadiazole being 542T13. Our results on the thermal 
stability of CH-POD are in  agreement  with  the  observations of Iwakura et al? 
Cyclohexane-1,4-dicarboxylic acid was  supplied  as  a  mixture of cis and  trans-isomers.  Both 
this  mixture as well  as  the  pure cis and  trans-isomers  were  used as monomers,  resulting  in  three 
batches of poly( 1,4-cyclohexane)-1,3,4-oxadiazole. Flexible  films  were  obtained from all  three 
polymers. No differences  were  detected  between  the  three  batches  using  elemental  analysis,  IR- 
spectroscopy  and  DSC  techniques. 
Iwakura  synthesised  two  batches of poly( 1,4-cyclohexane)-1,3,4-oxadiazole using  the cis and 
trans-isomers of 1,4-cyclohexane  dicarboxylic  acid  and  concluded  that  the  two  polymers  had 
the same  geometrical structure on  the  basis of their  identical  infrared  spectrum,  solubility, 
therrnal  stability and crystallinity.  He  assumed  that  cis-1,4-cyclohexane  was  converted  into  the 
more  stable  trans-isomer in the  acidic  environment of PPA9. The identical glass  transition 
temperatures  of  our three batches of poly(  1,4-cyclohexane)- 1,3,4-oxadiazole endorses this 
as  sump  tion. 

PIDA-POD 
The 1,1,3-trimethyl-3-phenylindane unit is used as a  solubility  increasing  unit for a  number  of 
polymers.  For  example,  Ciba-Geigy's  soluble  polyimide  "XU-218"  also  contains  this  bulky 
and asymmetrical  moiety.  We  have  investigated  whether  incorporation of this  unit  had  the  same 
effect on solubility  behaviour  of  the  poly-1,3,4-oxadiazoles.  Compared  to  the  fully  aromatic 
poly(p,  m-phenylene)-1,3,4-  oxadiazoles, the solubility is increased.  PIDA-POD is besides its 
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solubility in concentrated  sulphuric  acid  also  soluble in trifluor0  acetic  acid. 
Using DSC techniques a glass  transition  temperature o€ 330°C (second run, see table 5)  was 
determined for PIDA-POD  which is comparable  with  the  high Tg reported by  Wilson17 of 
341T (also second run) €or a polyamide  derived  from 1,1,3-trimethyl-3-0)-aminophenyl)-5- 
indanamine  and 1,1,3-trimethyl-3-phenylindan-4~,5-dicarboxylic acid. 

TBI-POD 
The  preparation of TBI-POD using  oleum  as  reaction  mixture  has  been  reported  in a patent  by 
StephenSI*.  The  preparation of flexible films fiom TBI-PODlm-cresol  solutions is cIaimed in 
this patent. 
We  have initially per€ormed this synthesis in PPA. After  solvent  casting fiom formic  acid a 
polymer  with  insufficient film forming  properties  was  obtained  possibly due to the  low  inherent 
viscosity.  Using a mixture of sulphuric  acid  and  chlorosulphonic  acid as a reaction  medium 
resulted in a polymer  with a higher inherent viscosity,  being 0.7 Wg. Flexible films were 
obtained fiom TBI-POD/m-cresol  solutions  after  evaporation  of  the  solvent. 

HF-POD 
Incorporation of the polar and  bulky 4,4’-(2,2’-diphenyl)hexafluoro propane  moiety into the 
polymer  backbone  of,  for  example,  polyimides  has shown to be  an effective way of 
substantially  increasing  the  solubility of these polymers19. The HF unit has also been 
incorporated into the polymer  backbone of a poly-1,3,4-oxadiazole by Russian workers2(). This 
poly-1,3,4-oxadiazole  was  prepared by cyclodehydration of a polyhydrazide.  The 
polyhydrazide  was, in turn, prepared  by a low-temperature  polycondensation of the  dihydrazide 
and  dichloride of 4,4‘-(2,2’-diphenyl)hexafluoro propane  dicarboxylic acid. We have  prepared 
HF-POD directly by the less laborious  one-step  synthesis  using 4,4‘-(2,2’-dipheny1)hexafluoro 
propane  dicarboxylic  acid  and  hydrazine  as monomers.  Flexible films  were cast fiom a HF- 
PODltrifluoro  acetic  acid  solution. 
The Russian  workers  reported a glass  transition  temperature  of  approximately 333T with  DTA 
for their po1y-1,3,4-oxadiazo1e  which is somewhat  higher  than the value we have  found  using 
DSC, see table  4. This may be due  to  the  difference in preparation  history of the  polymer. 
Solubility tests  showed that HF-POD is soluble in THF, chloroform, NMP, o-dichloro benzene 
and  trifluoro  acetic  acid.  The  increased  solubility of HF-POD  compared to the other  poly-1,3,4- 
oxadiazoles is believed  to  be a result of the more  loosely  packed  polymer  matrix as was found 
by Russian worker €or trifluoromethyl containing polyamides20 allowing enhanced  solvent 
diffusion into the polymer matrix followed by its subsequent  dissolution. 
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DPE-POD 
Incorporation of the  diphenyl  ether unit results in a less  rigid poly-1,3,4-oxadiazole as 
compared  with the corresponding poly(p-phenylene)-l,3,4-oxadiazole. Elemental analysis 
indicates a  surplus of hydrogen  atoms.  This  deviation  from  the  theoretical  value  may  be  due to a 
combination of the polymers  hygroscopic  nature  and its relative  small  number of hydrogen 
atoms in comparison to carbon  resulting in a  large  relative  error. 
A glass  transition  temperature  of 333T was  obtained for DPE-POD  using  DSC  techniques,  in 
the second run of the  same  sample  a  much  broader  glass  transition area with  a  midpoint  of 
approximately 361T was  found.  These  observation  are in agreement  with  those of Korshak et 

DPE-POD exhibits a  good  thermal stability as indicated  by its high  degradation 
temperature.  During  a TGA experiment  unclosed 1,3,4-oxadiazole groups  undergo  cyclo- 
dehydration. 
Flexible  films  were  cast  from  a  polymer  solution  in  formic  acid.  Besides its solubility  in  formic 
acid  DPE-POD is soluble in DMSO  and  NMP. 

HFIDPE-POD 
Since  DPE-POD  and  HF-POD are each  others  extremes  in  permeability  and  selectivity2  the 
random  copolymer  HFDPE-POD  was  also  prepared  using 40%/60% (mol/mol)  mixture  of 
both  monomers in combination  with  hydrazine  sulphate. 
Flexible  films  were cast from  a  polymer  solution in NMP. The  glass  transition  temperature  and 
degradation  temperature  are in agreement  with  those of the  homopolymers. 

CONCLUSIONS 

The  glass  transition  temperature,  degradation  temperature  and  cold  crystallisation  behaviour 
have  been  studied of aromatic  poly-1,2,4-triazoles  where  various  groups  have  been  introduced 
onto the pendant  phenyl  group.  Cold crystallisation was  only  observed  if  macromolecular 
regularity was  maintained to a large extent. . .  

The  solubility of poly-l,3,4-oxadiazoles was  highly  improved  with  the  incorporation of 5-t- 
butylisophthalic, 1,1,3-trimethyl-3-phenylindane, 4,4’-(2,2’-diphenyl)hexaflUoro propane  and 
diphenyl ether groups  into  the  polymer  main  chain  whereas  high  glass  transition  temperatures 
and  degradation  temperatures  typical for aromatic  poly-  1,3,4-oxadiazoles  were  maintained. 
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Gas separation properties of new polyoxadiazole and 
polytriazole membranes. 

E.R.  Hensema, J.P. Boom, M.E.R. Sens*, M.H.V. Mulder  and C.A. Smolders 

SUMMARY 

New  aromatic  poly-l,2,4-triazoles  and  poly-1,3,4-oxadiazoles  are  studied  in  a  directed  search  for  new  membrane 
materials  for gas separation  applications.  The gas separation  properties  of  these  closely  related  polymers  have 
been  systematically  investigated. Various functional  groups  were  incorporated  as  pendant  groups onto the 
polymer  backbone  of  poly-1,2,4-triazoles. A wide permeability/selectivity spectrum  was  covered  with  the  choice 
of functional  groups  incorporated  into  the  polymer  backbone of poly-l,3,4-oxadiazoles.  High  permeabilities  were 
found, for poly-1,3,4-oxadiazoles  with  a 1,1,3-trimethyl-3-phenylindane (PIDA-POD) and a 4,4’(2,2’- 
dipheny1)hexafluor  propane  (HF-POD)  unit  in  the  polymer  backbone  while  incorporation  of  a  4,4’-diphenyl ether 
unit  @PE-POD) results in a polymer  with  a  low  permeability  but an extremely  high  selectivity. 
While the permeabilities  vary  over four orders  of  magnitude,  the  solubility  almost  remains  constant  and  the 
increase  in  permeability  therefore is mainly due to an increase  in  diffusivity.  The  permeability  will  be  discussed 
in  terms  of  the  polymer  free  volume. 

INTRODUCTION 

Today’s gas separation  membranes are mostly  made of conventional  high  performance 
polymers, like polyethersulphone  and  polyphenylene  oxide.  The  next  generation of commercial 
membranes is likely  to be made  from  “tailor-made”  polymers  allowing  high  permeabilities  and 
selectivities,  sinces  today’s  research is dedicated  to  the  development of these  materials. For 
example,  polyimides  containing  the diphenylhexafluoroisopropylidene unit are known for their 
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Random poly[p-, m-phenylene-f4-phenyl)-l,2,4-triazoles] 

1 PT-0/100 m/n =0/1 
2 PT-25/75 d n =  1/3 
3 PT-50/50 d n  = 1/1 
4 PT-75/25 d n  = 3/1 

Alternating  poly[p-, m-phenylene-(4-phenyl)-l,2,4-triazolesJ 
5 PT-p/m-l 100% phenyl 
6 PT-p/m-2 100% phenyl 
7 PT-p/m-3 100% phenyl 

9 PT-p/m-SOCl 50% P a  Phenyl 
75% P-c1 phenyl 

11 KT-p/rn-lOoCI 100% ~ - c 1  phenyl 

12 PT-p/m-25F 25% P F  Phenyl 
13 PT-p/m-5OF 50% P-F Phenyl 
14 PT-p/m-lOoF 100% P-F Phenyl 

15 pT-p/m-p-Me 100% ' P-Me  Phenyl 

8 pT-p/h-25Cl  25% P a  Phenyl 

R = H, F, Cl o r  CH, 

Poly(p-,  m-pheny1ene)hydrazide 
r l 

Poly-l,3,4-oxadiazoles 17 TI-POD 
18  CH-POD 
19 PIDA-POD 
20 HF-POD 
21 DPE-POD 
22 HF/DPE-POD 

Fig. 1. Random  and alternating poly-1,2,4-triazoles,  polyhydrazide  and p0ly-1~3~4- 
oxadiazoles  studied as new  gas  separation  membrane  materiaIs3s4.  TI-POD is 
a random  copolymer  using a 50/50 mol.% monomer &&e of terephthalic 
and isophthalic acid  while HFDPE-POD is a  random  copolymer  using a 
40/60 mol%  monomer  mixture of HF and DPE dicarboxylic acids. 
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good  gas  separation  characteristics1.  Another  interesting  material,  allowing  exceptional  high 
fiuxes is poly(1-trimethylsilyl-l-propyn), PTMSP.  Surface  fluorination of this  material  results 
in higher  selectivities  without loosing too much of the  unusual  high  permeability2. 
In our laboratory related poly-172,4-triazoles  and poly-l,3,4-oxadiazoles are studied  as  new 
“tailor-made”  membrane  materials.  Especially,  polylp-, rn-phenylene-(4-pheny1)-1,2,4-triazole] 
is known for  its excellent gas  separation  properties3. 
In this  research project the  gas  separation  properties of poly-1,2,4-triazoles  and  poly-1,3,4- 
oxadiazoles are studied. In directed syntheses  various related poly-1,2,4-triazoles  and  poly- 
1,3,4-oxadiazoles  were  prepared  and their gas  separation  properties  were  studied  as  a  function 
of their  :macromolecular  structure  and  resulting  physical  properties. The polymers  studied  are 
represented in figure l. 

EXPERIMENTAL 

Materials 

The  syntheses  and  properties  of  these  related  thermally  stable  and  chemically  resistant  polymers 
are  reported e l~ewhere~?~.  All other chemicals  were  supplied  by  Merck or Janssen  Chimica,  and 
were  used  as  received. 

Preparation of homogeneous  membranes 

Poly-l,2,4-triazoles 
Homogeneous  poly-1,2,4-triazole  membranes  (polymers 1 to 15, see,figure 1) were  prepared 
from a 10-15 wt.% polymer  solution in formic  acid.  Inhomogeneities  were  removed  from  the 
solution  by filtration over  a 5 pm filter.  The  solution is cast  on  a  glass plate using  casting 
knives  with slit heights of 0.2, 0.3 and 0.5 mm. Prior to use  the  glass plate is scrupulously 
cleaned with chromic  acid.  After  casting  the  solvent is evaporated in a  nitrogen  atmosphere  at 
room  temperature.  After  evaporation,  the  glass  plate is submersed into a water  bath  and  the 
poly-1,2,4-triazole  membrane is easily  removed  from  the  glass  plate.’  Transparent  films are 
obtained  with  thicknesses  between  20  and 60 pm.  The  membranes  were  dried  in  a  vacuum 
oven  during at least 24 hours at 150°C. 
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Poky(@, m-gheny1ene)hydrazide 
Homogeneous  polyhydrazide  membranes  (polymer  16,  see  figure 1) were  cast  from a 
10-15 wt.% solution in DMSO  using  casting  lrnives with slit  heights of 0.3  and 0.5 mm. The 
solvent  was  evaporated in a  nitrogen  atmosphere at SOT. 

Poly-P,3,4-oxadiazoles 
A 5 wt.% solution  of  TI-POD  (17) in concentrated  sulphuric acid is cast on a  glass  plate 
followed by immersion precipitation in 50 wt.% water-diluted  sulphuric acid solution. 
Subsequently  the  membranes  are Msed in  demineralised  water  during at least  24 hours after 
which  they  are  dried in a  vacuum  oven at 150T during at least 24 hours.  Transparent Th-POD 
films are obtained. 
For CH-POD (1 S) and DPE-POD (21), see  figure 1 , the same  procedure  as for the p0ly-1~2~4- 
triazoles  was  used.  PIDA-POD (19) and W-POD (20)  were cast from trifíuoro acetic  acid 
solution while W/DPE-POD membranes  were  cast  from a NMP solution followed  by 
evaporation of the solvent at 150T in a  nitrogen  atmosphere. 

Diferential Scanning  Calorìmetzy (DSc) 
DSC measurements  were  performed on a Perkin-Elmer  DSC  4  apparatus in combination with a 
System 4  Microprocessor  Controller  and  a  Thermal  Analysis  Data  Station  (TADS),  model 
3700. The polymer  samples  were  placed in aluminium  sample  pans and the  temperature  was 
increased with a heating  rate  of 20T/min.  from 100 to 40QT under a nitrogen  purge  gas 
stream. The sample is cooled with a rate  of 320T/min. to 1 O O T  and  a  second  run is recorded 
from 100 to 450T again with a  heating  rate  of 20T/min. As  glass  transition  temperature (Tg) 
the  midpoint of the transition  was  taken,  calculated  by  means of the  TADS  software. 

Themo-Grmimetrical Analysis (TGA) 
TGA experiments  were  carried out on a  Perkin-Elmer  TGS-2 in combination with a  system 4 
microprocessor  Controller  and  a  Thermal  Analysis  Data  Station,  model  3700.  Experiments 
were  carried  out  under  a  nitrogen puige gas stream  from 50 to 600T. The  temperature  of  the 
polymer  samples  was  increased  with  a  heating rate of 20T/min. Weight  loss  between 200  and 
400T was  attributed  to  the  formation of water  due  to  a  ring  closure  reaction of unclosed  1,2,4- 
triazole groups. This weight loss was  calculated by means of the TADS  software. 
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Density 
The  density  of the polymers 1 to 17  was  determined  using a density  gradient  colurnn of tetra- 
chloro  methane  and  cyclohexanon.  For  the  polymers 18 to 22 a NaBr-water  column  was  used. 
The densities were  verified by extensiometric  methods. 

Gas permeation experiments 
Gas transport properties of  polyhydrazide,  poly- 1,2,4-triazole and  poly-  1,3,4-oxadiazole 
membranes  for  single  gases (02, N2,  CH4  and C02) and  gas  mixtures of various 
compositions  (CH4  and C02) were  determined  on  two  set-ups on which  permeability  and 
diffusivity  were  determined  using  standard  procedures6. 
On  the first set-up7  steady-state  permeability  and  selectivity  towards  carbon  dioxide/methane 
mixtures  were  determined, see figure 2 for a  schematic  representation.  Permeability  on  this  set- 
up is determined  by an accurate  measurement  of  the  preksure  increase  with  time in a  calibrated 
volume at the  vacuated  downstream  side  of  the  membrane.  The  carbon  dioxide  permeability 
Pco2 is defined as: 

and  the  selectivity is determined  using  gas  chromatography  and is defined  as: 

where P c o 2  is the  permeability for C02 (cm3(STP).cm/(cm2.s.cmHg)), Z is the  thickness of 
the  membrane  (cm), V is the calibrated  volume  (cm3) , Y c o Z J p  and Y c H ~ , ~  are  the C02 and 
CH4 contents in the  permeate  (vol.%)  respectively, 4 is the  pressure  increase  (mmHg) in the 
permeate  volume  during At, A is the  membrane  area ( cm2), XcoaJf and X C H ~ , ~  are  the C02 
and  CH4  content in the  feed (vol.%)  respectively, Pf is the  feed  pressure  (mmHg), At is the 
tirne (s) needed for pressure  increase 4 and 76 is a  pressure  correction factor (cmHg). P is 
expressed in Barrer (1 Barrer = 10-10cm3.cm/(cm2.s.cmHg). Gas  mixtures consisting of 25 
vol.%  CO2  and 75 vol.%  CH4  were  applied  unless  stated  differently.  The  downstream side is 
vacuum  and in all cases a  pressure  difference of 6 bar  over  the  membrane is applied. 
Permeability  and  selectivity  measurements  were  started  immediately  after  the  membranes  were 
put into the  cells.  Since  methane is the  slower  permeating  species,  small  quantities  of  methane 
are  present in the  permeate  immediately  after  the  start of  an experiment  resulting  in  initially  high 
selectivity  values.  Constant  and  reproducible  values are found  after  approximately  24 hours 
when  a  steady state is reached.  These  steady state values  are  reported. 
The  same  set-up is used  to  determine  the  permeabilities’of  oxygen,  nitrogen,  carbon  dioxide 
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and  methane as single gases. In this way the ideal selectivity  values of oxygen/nitrogen  and  of 
carbon  dioxide/methane are obtained.  The ideal selectivity is defined as the  ratio of the  pure  gas 
perrneabfities: 

aìj, ìdeal pìJpj (3) 

A. second  similar  set-up  was used to determine  permeability  and  diffusion  coefficients by means 
of  cc,time-lagyy  measurements,  see  also figure 2. 

vacuum valve 
to vacum @ pressure  transducer 

Fig. 2.  Schematic  drawing of the  testing  apparatus for the gas  separation  and  time- 
lag measurements of CO2/CH4 gas  mixtures and single gases. 

Both set-ups are computer-controlled and were calibrated using a polyester standard film 
(Standard  Reference  Material  1470) of the National  Bureau of Standards  in  Washington D.C. 
(U.S.A). 
In the  dead-end cells used in a previous  study3  soap €ilm capillary  meters  were  used for the 
Permeability  determination.  These  were  not used here  since  permeability  values  are  relatively 
small and do  not allow an accurate  determination  by  this  method. 

RESULTS AND DISCUSSION 

The aim of this paper is to study  the  influence of the macromolecular  structure of the  related 
polyhydrazide,  poly-1,2,4-triazoles  and  poly-1,3,4-oxadiazoles on the  gas  separation 
properties. The reproducibility of the polymeric  syntheses  and  the influence of the casting 
conditions on the  gas  separation  properties  must be known  before a meanin@  discussion on 
the  influence  of  the  macromolecular  structure on the gas  separation  properties is justified. It  is 
known that both  permeability and selectivity may be sensitive  towards these  influence^*^^. 
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Influence of the poly--l,2,4-triazole batch 

Three  batches polyb, m-phenylene-(4-pheny1)-1,2,4-triazole], polymers 5,6 and 7, were 
prepared to investigate  the  influence  of  the  polymer  synthesis  on  the  gas  separation  properties. 
Besides  the  permeability  and  selectivity  towards a carbon  dioxide/methane  gas  mixture,  the 
polymers  were  subjected  to  therrno-gravimetrical  analysis  (TGA).  During  a  TGA  experiment 
unclosed  groups  undergo  a  cyclo  dehydration reaction, see figure 3. The carbonyl  and 
hydrazide  groups  capable of hydrogen  bonding  are  converted into the  less  interacting  1,2,4- 
triazole  and  1,3,4-oxadiazole  groups. The weight loss due to the  formation  of  water  caused by 
the cyclodehydration of unclosed  groups is represented in table 1. It is shown that the 
permeability  increases with decreasing  weight loss,  so with  a  decreasing  number  of  unreacted 
1,2,4-triazole  groups.  Poly-1,2,4-triazoles 5, 6  and 7 are prepared  out of a  poly-hydrazide 
precursor  polymer (16) which  has  the  maximum mount of hydrazide  groups  capable  of 
hydrogen  bonding  resulting  in  increased  intermolecular  interactions  opposing  easy  passage  of 
gas  molecules. This'  results  in  low permeability values comparable to those  found for 
polyamides.  The  polyhydrazide  will  be  discussed  later  and it has  an  extremely  low  permeability 
for C02 of 0.05 Barrer, comparable to the  values  found for Nylon-6  and  Nylon-6,6  being  0.1 
and 0.07 Barrer, respectivelylO. The latter two  polymers also exhibit strong  hydrogen  bonding. 

Fig.3. Cyclo  dehydration  reaction  of  unclosed  1,3,4-oxadiazole  and  1,2,4-triazole 
groups. 

The polyb-, m-phenylene-(4-phenyl)-l,2,4-triazole] studied by  Gebben et al? is also  included 
in table 1. The gas separation properties of this polymer  were  detirmined  under slightly 
different conditions. 

75 



Table 1. Gas  separation  properties of polyb-, m-phenylene-(4-phenyl)-l,2,4-~azoles] for a 
carbon  dioxide/methane  gas  mixture as a function of the  percentage  weight loss due  to 
unreacted  1,2,4-triazole  groups. 

Poly-1,2,4-ttiazole pc02 
P=) 

TIPT * (ref. 3) 8.9 63 c l  270 
PT-p/m-l 5.8 47 2.07 264 
PT-p/m-2 7.1 50 1.65 267 
PT-p/m-3 5.9 51 1.82 261 

* measured using a pressure difference  of 3 bar and a gas  mixture  consisting  of  20 vol.% carbon  dioxide and 80 

t The maximum possible weight loss starting from the corresponding  poly@-, m-pheny1ene)hydrazide is 
vol.% methane. 

11.1 wt.%. 

Influence of the casting conditions 

Since it is laiown that  permeability  and  selectivity  can be sensitive  to  the  casting  conditions 
applied8,  the  influence  of  the  membrane  thickness  and  the  evaporation  temperature  of  formic 
acid and an additional heat treatment, to remove residual solvent, on the gas separation 
properties of PT-p/m-l  were  studied. 
One  casting  solution  of PT-pb-1 was  prepared fiom which four membranes  were cast using 
casting knives with slit heights of 0.5, 2 samples,  and 0.2 mrn, also 2 samples.  The  casting 
solvent of two membranes  with  different  casting  thicknesses  was  evaporated at SOT and of the 
other two at  room temperature,  see  table 2. 
After  evaporation  permeability  and  selectivity for carbon  dioxide  towards a carbon  dioxide/ 
methane gas mixture (25/75 vol.%) of  the  membranes were determined continuously for 
7 days. During this period  the  membranes  are  continuously  exposed  to a feed  pressure of 6 bar 
and a vacuum at downstream  side of the membrane. Subsequently the membranes  were 
subjected to a heat  treatment  at 150T in vacuum for at least 24 hours  after  which  permeability 
and  selectivity  were  measured  again for the  carbon  dioxide/methane  gas  mixture.  The  results are 
summarised in table 2. Besides  carbon  dioxide  and  methane,  the  permeabilities for oxygen and 
nitrogen  were also measured  but as single  gases  and  after  the  additional  heat  treatment,  see 
table 3. 
Before  the  heat  treatment  permeabilities  between 12 and 14,2 Barrer for carbon  dioxide  are 
found  after 1 day. In the  course  of  the first day  high  selectivities,  well  above 50 are observed 
since only small  concentrations of the  slower  permeating  species,  methane are found  during  this 
non-steady  situation. From day one to  day  seven  the  selectivities  almost  remain  constant.  The 
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permeability of the  as-cast  membranes  decreases in tirne, as can  be  seen  from  table 2. After  the 
heat  treatment,  values for the  permeability are lower  and  constant  in  time.  The  time  dependence 
of permeability  and  selectivity  of  PT-p/m-l-D  before  and  after  the  heat  treatment is shown in 
figures 4 (a), (b)  and  (c). The decrease in permeability  with  time is representative for all 
membranes. 

Table 2. Gas  separation  properties of polytriazole  (PT-p/m-l)  membranes in time,  before  and 
after a heat  treatment at 150T in vacuum. 

Casting  membrane  After 1 day After 7 days After  heat  treatment 

Room 
Temperature 
PT-p/m-l-A 3 1 14.2 48.7 
PT-p/m-l -B 62 13.1 49.0 10.4 43.0 6.4 , 50 

80 'z: 
PT-p/m-l-C  34 12.0 45.5 10.0 40.1 6.22 41 
PT-p/m- 1 -D 60 12.2 44.6 8.9 48.1 5.8 47 

IR  measurements  show  a  strong  absorption  peak at 3400 cm-l in the as-cast membranes 
indicating residual water  and  forrnic  acid.  (The  absorption  peaks of water  and  formic  acid 
overlap to a large extent in the IR-spectrum.) 
The  presence  of  water  in  the  membrane  can be caused by  the  presence  of  water in formic  acid, 
up to 4%, or due to absorption of humidity  during  membrane  formation. TGA experiments 
showed that poly-1,2,4-triazole  may  contain  up to 3% water.  The  intensity  of  the  peak at 
3400 cm-l  is lowered  during  the  permeation  experiment  because both water  and  formic  acid  are 
evaporated  from the membrane  due to the  vacuum at the  permeate  side  of  the  membrane. 
The  peak at 3400 cm-l vanishes  completely  after  the  heat  treatment  at 150T in vacuum.  After 
this  heat  treatment  the  membranes  become  more  brittle  and  upon  handling  cracks  are easily. 
introduced  resulting in leaky  membranes.  This  indicates  that  water  and/or  residual  formic  acid 
acts as a  plasticiser.  During  a  permeation  experiment  the  solvents or plasticisers are removed 
from  the  membrane  due  to  the  vacuum  on  the  permeate  side of the  membrane.  In figure 4 (b) 
the  decrease in permeability is plotted  versus  the  logarithm of  time.  After  a  heat  treatment all 
residual  low  molecular  weight  components are removed  from  the  membrane  and a permeability 
of 5.8 Barrer is found. In figure 4 (b) it can  be  seen  from  extrapolation  of  the  permeability of 
the  non-heat  treated  membrane  to  the final value  of 5.8 Barrer  that all residual  solvent  will be 
extracted  from the membrane  after  approximately  1500  hours. 
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Fig. 4. Influence of residual  solvent on the  permeability  and the selectivity of a PT- 
p/m-l membrane freshly prepared  without  an  additional heat treatment (a). 
Permeability plotted vs. the  logarithm of time (b) and permeability and 
selectivity  after an additional  heat  treatment in vacuum at 15QT during 24 
horns (C). 
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After the heat  treatment  also  the  permeabilities for oxygen  and  nitrogen  were  determined, being 
0.99 and 0.15 respectively resulting in an ideal selectivity  of 6.6. 
When the membranes are exposed ,to air the membranes  take  up  moisture  and the peak at 
3400 cm-l appears  again in the IR spectrum.  Besides  residual  solvents,  water is able to act  as 
plasticiser for polymers like polyvinyl  alcohol,  cellulose  acetate  and cellophanell. After  an 
exposure  time  of 3 months to the  atmosphere  of  a  heat  treated  membrane  equilibrium  sorption 
of water is assumed  and  a  carbon  dioxide  permeability of  6.4  and  a  carbon  dioxide/  methane 
selectivity of  43-45  was  found.  This  indicates  that  residual  forrnic  acid  and  not  water  must  have 
acted as a  plasticiser,  causing the initial high  permeabilities. 
In order  to  explain  plasticisation  effects,  the  free volume  theory  has  been  proposed in 
literaturell. During membrane  formation,  volume  available to the  macromolecules is decreased 
due to the evaporation of the  solvent.  Residual  solvent  not  evaporated  during  this  process will 
result  in an increased free volume and  an increased  chain  mobility permitting a  higher 
permeability.  The  polymer  matrix  compacts in the  course  of  time  upon  the  extraction  of  the 
residual  solvent,  resulting in a  decreased free volume,  reduced  chain  mobility  and  permeability, 
Besides the change in permeability also the mechanical properties change resulting in  an 
increase in brittleness  upon  the  heat  treatment at 150T in vacuum. 
One  can  conclude  that  the  inherent  values for permeability  and  selectivity  are  found  after  the 
heat  treatment  when all residual formic  acid  has  been  removed  and  the  polymer film has 
obtained its relaxed  state. No significant  differences  were  found  between  the  Permeability  and 
selectivity  values of thick  and  thin  membranes  after  the  heat  treatment.  Also  the  temperature of 
evaporation did not  have  a  measurable effect on the inherent values of permeability  and 
selectivity. 
So, in order to be able to compare  the  values for the  permeability  and  selectivity  of  different 
poly-1,2,4-triazole  membranes,  the  membranes  have to be  completely  free  of  residual  formic 
acid. It was also found that the gas  separation  properties of PT-p/m-l  membranes  did  not 
depend  on the concentration of the  original casting solution. 

Influence  of  the feed composition 

The  permeability  and selectivity values of poly-1,3,-4-oxadiazole, poly- 1,2,4-triazole and 
polyhydrazide  membranes  were  determined  using  oxygen  and  nitrogen  as  pure  gases  while for 
carbon  dioxide  and  methane  a  gas  mixture  consisting  of  25  vol.%  carbon  dioxide  and 75 vol.% 
methane  was  used.  The  feed  composition  will  however  have its influence  on  the  permeability 
and  selectivity  value^^^^^^. 
In  figure 5,  the influence of the  carbon  dioxide  feed  concentration  on  the membrane 
performance of a  PIDA-POD  membrane is represented.  Both  carbon  dioxide  permeability  and 
selectivity  increase a little  with an increasing  carbon  dioxide  feed  concentration. On 
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extrapolation  to a feed composition of pure  carbon  dioxide a selectivity of 21.8 is obtained.  The 
methane  permeability in the case of a feed  composition  consisting of pure  methane  was  found to 
be 3.42 Barrer  while for pure  carbon  dioxide a permeability of 76 Barrer is found. This results 
in an ideal selectiviq using pure gas  permeabilities of carbon  dioxide  and  methane of 22.2. The 
selectivity  found using a gas  mixture of 25 vol.% carbon  dioxide  and 75 vol.% carbon  dioxide 
yields thus somewhat  lower  values for both  permeability  and  selectivity  than  would  be  obtained 
for single gases. Figure 5 shows that the faster permeating  gas,  carbon  dioxide, is slowed 
down to some  extend  by  the  slower  permeating  methane. 

Feed composition CO2 (vol.%) 

Fig.5. Influence of the  carbon  dioxide  feed composition on  permeability  and 
selectivity  for aPIDA-POD membrane at 6 Bar. 

This experiment  was  carried out with an 8 months old membrane.  The  permeabilities  and 
selectivities reported here are somewhat  lower  than those of freshly prepared PIDA-POD 
membranes,  see table 3. We assume that aging effects are responsible €or the decreased 
permeability. 
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Influence of the  macromolecular  structure 

Permeability and  selectivity 
The  main  objective of the  present  study is to  investigate  the  relationship  between  the  macro- 
molecular structure, the resulting physical properties and the gas separation properties of 
polyhydrazide,  poly-1,3,4-oxadiazole  zpd poly-l,2,4-triazole membranes.  Various  functional 
groups  were  incorporated into these  related  polymers to study  influence  on  the  gas  separation 
properties, see figure 1. 
The two important  characteristics of a  gas  separation  membrane  material  are  its  Permeability  and 
selectivity. In figure 6 Permeability is plotted  versus  selectivity for a carbon  dioxide/methane 
gas  mixture  (25  vol. %f75 vol.%)  of  the  polymers  prepared.  The  data  are  also  represented  in 
table 3. As  can  be  seen  from  figure 6, the  typical  trade-off  between  selectivity  and  permeability 
is found.  Introducing  a  hexafluor  unit into the  backbone  of  a  poly-1,3,4-oxadiazole  gives  a 
polymer  with  a high. permeability typically found for polymers  containing  this  group, like 
p o l y i m i d e ~ ~ ~ ~ ~  and  polycarbonates16.  Even  higher  penneabilities  were  found for PIDA-POD. 
This  polymer  contains  the  bulky  and  asymmetrical 1,1,3-trimethyl-3-phenylindane moiety  also 
found in Ciba-Geigy ’s “XU-2  18”. 

200 

%o2 
CH4  loo^ O .o 1 

DPE-POD- 1 t 
DPE-POD-2 k Poly-l,2,4-Triazoles 

/ 
\ / HF-POD-1  and 2 

. l  i io  lÖ0 O0 

Pcoz (Barrer) 

Fig.6. Perrneability/selectivity curve for the poly-l,2,4-triazole and poly-l,3,4- 
oxadiazole  membranes. 
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Table 3. Gas separation properties of poly-1,2,4-triazole, polyhydrazide and poly-1,3,4- 
oxadiazole  membranes 

1 PT-0/100 
2  PT-25/75 
3  PT-50/50 
4  PT-75/25-1 

PT-75125-2 

2.7 55 
3.3  49 
6.7 50 

10.1  50 
12.6 47 

0.52 0.09 5.8 242 1.20 
0.59 0.10 5.9 257 1.20 
1.17 0.18 6.5 279 1.22 
1.46 0.23 6.3 319 1.25 
2.00 0.30 6.7 319 1.25 

0.0956 
0.0956 
0.0819 
0.0622 
0.0622 

5 PT-p/m-l 
6  PT-p/m-2 
7  PT-p/m-3 

5.8 47 
7.1 50 
5.9 51 

0.99 0.15  6.6  264  1.21 
267  1.21 
261  1.21 

0.0902 
0.0860 
0.0860 

8.5  46 
6.8  46 
6.8  46 
6.6 42 

1.43 0.22 6.5 271 1.24 
1.11 0.17 6.5 269 1.26 
1.32 0.20 6.6 271 1.26 
1.21 0.18 6.7 274 1.31 

0.0796 
0.0819 
0.09 17 
0.0718 

8 PT-p/m-Z5Cl 
9 PT-p/m-SOCl 

10 PT-p/m-75Cl 
11 PT-p/m-1OOCl 

12  PT-p/m-25F 
13  PT-p/m-5OF 
14  PT-p/m-lOOFT 

5.8 41 
8.0  47 

1.11 0.18  6.2  257  1.26 
1.53 0.22 7.0  269  1.27 

276  1.30 

0.0647 
0.0669 
0.0646 

0.1098 15 PT-p/m-Me 13.0  38 2.21  0.35  6.3  256  1.15 

16 PI€-l 0.05 8 I I I 0 1.43 0.0610 

17 TI-POD 
18  &H-POD-1 

tCH-POD-2 
(c+t)CH-POD-3 

19  PIDA-POD 
20 HF-POD-1 

HF-POD-:! 
21 DPE-POD-1 

D2E-POD-;? 
22 HF‘/DPE-POD 

0.3 
0.2 
0.5 
0.2 

93.0 
78.0 
84.0 
0.3 
0.5 
5.0 

45 
27 
28 
23 
26 
28 
26 

168 
120 
28 

I 
I 
I 
I 

17.1 
20.0 

I 
$ 
I 
I 
3.3 
4 .O 

I q 1.38 
$ 179 1.21 

179  1.21 * 180  1.21 
5.2  300  1.04 
5.0 282  1.36 

287  1.36 
$ 333  1.45 
f 306  1.45 

339 1.45 

0.0342 
0.0898 
0.0898 
0.0898 
0.2066 
o. 1109 
o. 1109 

0.0748 

* Glass bansition  temperatures  were  determined  using  DSC-techniques  except for PT-75/25-1 and PT-75/25-2 

t PT-p/m-1OOF films were too brittle to  allow  permeation  experiments. 
$ Methane,  oxygen  and  nitrogen  permeabilities  were too low  to  allow an accurate  measurement. 
5 Glass transition  temperature of polyhydrazide  cannot be determined  directly;  Gebben  et.al.  have  found  a glass 

7 No  Tg  detected  using  DSC-techniques4. 
- Discussed  below 

their  Tg is determined  using  a  torsion  pendulum4- 

transition of  278°C  upon e~trapolationl~. 
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The  extreme in both  permeability  and  selectivity in comparison  with  HF-POD  and  PIDA-POD 
is DPE-POD. This  poly-1,3,4-oxadiazole  exhibits  a  low  permeability  and  an  extremely  high 
permeability.  Other  polymers also containing  this  group like KaptonB  and  6FDA-ODA12, see 
figure 7, also exhibit higher selectivities in comparison  with  corresponding  polymers  not 
containing this group.  The  high  selectivity of KaptonB is thought to originate  from  the  high 
concentration  of  carbonyl  groups in this  polymer17.  However in the  case of  DPE-POD  these 
carbonyl gr~ups  are not  present  while  nevertheless this polymer exhibits a  high  selectivity 
meaning  that  the  impressive  selectivity  must  be  due to the  diphenyl ether structure  being  a  part 
of the main  chain. 
The  low  permeability  of  DPE  containing  polymers is likely due to the relatively efficient 
packing :of  DPE-POD  due to its flexible ether linkage.  Chern et al. have  related  the  carbon 
dioxide/methane  selectivity  of  a  number  of  gas  separation  membrane  materials to the  solubility 
parameters of these  po1ymersl2.  A  similar  study is under  way  in  our  laboratory  and  the  results 
will be  reported in due  course. 

Fig. 7. Chemical  structure of two  DPE-containing  polymers. 

Two  ,batches  of  DPE-POD  and  HF-POD  were  prepared  and the reproducibility  of  the  gas 
separation data is good,  see  table 3, The  large  difference in selectivity  values  found for the two 
DPE-POD  batches is caused  by  a relatively large impact of a  small  difference  in  methane 
permeability. 
Polymers  with  a  completely  aromatic  backbone  are  located  on  the  hyperbolic  line  in  figure 6. 
The  alicyclic  CH-POD  deviate  which  obviously is due  to  their  flexible  aliphatic  cyclohexane 
ring. Three batches of CH-POD  were  prepared, see table 3, using  pure cis- and trans- 
cyclohexane  dicarboxylic  acid  and  a  mixture of both  isomers  as  monomers. 
Using DSc, TGA and IR-techniques it was  found that the three polymers  batches  were 
identical53l8; this must be due  to  a  conversion in the  acidic  reaction  medium of cis-isomers  into 
the  more  stable  trans-isomer.  This  implies  that  the  differences in permeabilities  as  found  here 
must  be  due to minor  configurational  differences or must lie within  experimental  error. 
The  high  selectivities of the  completely  aromatic  and rigid poly-1,3,4-oxadiazoles  and  poly- 
1,2,4-triazoles are believed to originate  from their high  chain  stiffnesses also indicated by  their 

’ high  glass  transition  temperatures.  These  polymers  are  believed to behave  as  “molecular  sieves” 
generally  exhibiting  high  diffusivity  selectivities20  based  on  their  ability  to  discriminate-  more 
effectively between  permeant  sizes  and  shapes. 
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Permeability, dimsivip and solubility 
Permeability is considered to be the product of diffusivity and solubility: 

B = D.S (4) 

where P is the permeability for a given  gas in cm3(STP).cm/(cm2.s. c m g ) ,  D is the diffusion 
coefficient in cm2.  s-1 and S is the solubility in cm3  (STP)/cm3.  (cmHg). 
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Fig.8. Experimental  diffusivity  and  calculated  solubility  values for a number of poly- 
172,4-triazole and poly-l,3,4-oxadiazole membranes as a function of the 
measured  permeability. 

The  diffusion  coefficient  is  calculated kom a transient  state  permeation eqeriments revealing 
the  time-lag 8: . 

D = $/60 (5) 

where Z is the  membrane  thickness.  The  permeability was determined kom the  slope of the 
time-lag c m e  following  the  transient  state.  Equations 4 and 5 allow  the  calculation  of  solubility 
coefficients.  Detailed  discussions  on  theory2I  and  measuring  techniques6  have  excellently  been 
reviewed,  and are therefore not discussed in detail  here.  Permeability and diffusivity  values for 
a number of polymers  were  obtained  from  time-lag  experiments  with  vacuum at the 
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downstream side and 6 bar  at  the  feed  side  using  carbon  dioxide  as  a single gas,  see figure 8. 
Solubility was  calculated from these  diffusivity  and  permeability  values  using  equation 5. 
The  carbon  dioxide  permeability  values  differ  slightly  from  those  represented in figure 6 where 
a  gas  mixture consisting of 25 vol.%  carbon  dioxide  and 75 vol.%  methane is employed 
resulting in a partial pressure of 1.5 bar for carbon  dioxide. 
From figure 8 it can be seen that the solubility remains  almost  constant  while diffusivity 
increases linearly with  permeability.  This  means  that  the  increase in permeability is mainly 
caused by an increase in diffusivity. 

Influence of the .p- and  m-phenylene  content in poly-1,2,4-triazoles 

Several  authors  have  investigated  the  influence of the  ratio  p-lm-phenylene  groups  on  the  gas 
separation  properties  of  polyimides15,  polyesters22,  poly(pheno1phthalein phthalate)~~~,  and 
poly(ethy1ene tere/i~ophthalates~~. In all cases the  p-phenylene  substituted  polymers  exhibited 
higher  permeabilities  than the corresponding  m-phenylene  polymers. 
Gebben at al. have  extensively  investigated polylp-, rn-phenylene-(4-phenyl)-1,2,4-triazole] for 
its gas  separation  properties3. The p-phenylene  and  m-phenylene  groups are incorporated  in 
alternating  fashion in this  polymer.  But  what is the  influence  of  the  sequence  of  incorporation 
of these  groups,  viz.  alternating  versus  random  incorporation  and  what  are  the  permeability  and 
selectivity values  for the two  isomers: poly[i,-phenylene-(4-phenyl)- lY2,4-triazole] and 
poly[m-phenylene-(4-phenyl)-1,2,4-tiazole]? 
For  the various p-lm-isomers  prepared  permeability  and  selectivities  values  together  with  the 
glass transition  temperatures  and  densities  are  represented in table 3. All poly-l,2,4-triazoles 
were  soluble in formic  acid,  except for polylp-phenylene-(4-phenyl)-1,2,4-triazole] which  was 
only  soluble in concentrated  sulphuric  acid. No flexible  membranes  could  however  be  prepared 
from  the latter polymer  solutions. 
For the poly-1,2,4-triazoles  an  increase in permeability is found  with  increasing  p-phenylene 
content in the  polymer  backbone,  see figure 9. Selectivity  almost  remains  constant for this 
series of isomers  despite  the  increasing  permeability.  The  increase  in  permeability is mainly  due 
to  an . increasing  diffusivity,  the  solubility is hardly  changed.  This  could  be  expected  since 
the  chemical  composition of the  polymers,  and  thus  the  polymer-permeant  interaction, is not 
changed at all. 
A semi-logarithmic relation between  permeability  and  p-phenylene  content is observed.  A 
similar  dependence  of  permeability  has  been  found  by  Schmidhauser  and  Longley for aromatic 
poly~arbonates~~ and by Barnardeo et al. for various  random  copolymers26.  The  following 
relation  has  been,  proposed  to  describe  the relation between  permeability  and  polymer 
composition: 
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The  relation  allows  calculation  of  the  Permeability of intermediate  and  homopolymers. 
Upon extrapolation permeability, diffusivity and  solubility  values for polylp-phenylene-(4- 
phenyl)-1,2,4-triazole]  can  be  determined,  see figure 9. The  Permeability  values for carbon 
dioxide,  oxygen  and  nitrogen are 21, 2.7 and 0.4 Barrer  respectively.  Selectivity is less 
dependent  on  the  ratio  p-lm-phenylene  groups  and  selectivities of 48 for  carbon 
dioxide/methane  and 6.8 for oxygen/nitrogen are found  upon  extrapolation. 
Besides  the  random  copolymers  also  the  permeability  and  selectivity  values of the alternating 
copolymers are plotted in figure 9. These  values  do  not  deviate  significantly  from  those  found 
for the random  copolymers. 
Considering  these results  and results of other we can conclude that an 
increasing  Permeability  with  increasing  ratio  p-phenylene  over its m-isomer is likely to be a 
general  phenomenon. .The increase in permeability  was  found  to  be  mainly  due to the  increase 
in diffusivity  which  was also reported  by  Coleman  and  Koros for two isomeric m- and p - 
connected  fluorinated polyi~nides~~. 

Glass transition  and free volume 
Besides  the  permeability  also  the  glass  transition  temperature for the  p-phenylene  polymer is 
higher  than for the  m-phenylene polymer. The  density of the p-isomer  is in all  cases 
1ower15y23*24. (No data on density  and  glass  transition  temperatures  are  reported by 
Schmidhauser  and  Longley22.) 

o o 
Fig.10.  Chain  segments  of poly~-phenylene-(4-phenyl)-1,2,4-triazole] and  poly[m - 

phenylene-(4-phenyl)-1.,2,4-triazole]. I 

Sheu  and  Chern23  have  attributed  the  increase in permeability to the  increasing  free  volume of 
the para -isomer  caused  by its lower  density.  Since  these  copolymers  have the same  Van  der 
Waals  volume  a  lower density résults in a  higher free volume.  Differences in density are 
however  very  small. In our  case the density  increases  with increasing p-phenylene  content 
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which  seems to be in contradiction  with the explanation of Sheu and  Chern, see table 3. 
Other  authors  have  attributed  the  increasing  permeability to an increasing  torsional  mobility or 
‘‘revolving  door” effect of the  p-phenylene  group  allowing  passage of a gas molecule15, see 
figure 10. This rotation is not likely in the solid state in the case of the m-isomer  since this 
would also require  the  rotation of the  adjacent  groups.  Gillham  and Gillham27 have  shown  by 
means of thermo-mechanical  techniques of related  polyimides that the rn-isomer  has  indeed 
suppressed sub-T motions. These motions were also found by Light and S e y m o ~ r ~ ~  ’for 
meta-connected  polyester in comparison to the  para-isomer.  Several  authors  have  speculated 
that these sub-Tg  motions  may  be  responsible for the  higher  gas  permeability of the para- 

Dynamical  mechanical  analysis on these  poLy-1,2,4-triazoles  showed  B-relaxations at  -113T 
(recorded on a Myrenne Torsion.pendulum with a frequency of 1 Hz and a heating rate of 
l.ST/min.). We could however not observe  distinct  differences  between the isomers.  Recently 
Schmidhauser  and L ~ n g l e y ~ ~  have  shown  that this particular  motion  cannot be the  rate  limiting 
step.  McHattie et al?.* studied  the  gas  transport in various  polysulphones  and  reported  that  the 
temperature of the  peak  maximum of  the sub-T  motions  of  various  polysulphones is inversely g 
related to their free volume. In other  words; a higher free volume allows small  scale  motions  at 
lower  temperatures  indicating  that  sub-Tg  motions are a function of fiee volume.  Lee29  has 
shown that permeability can be expressed as a function of the free volume. It seems  that  the 
(amount  of) free volume is  the  rate  limiting  factor  for  both sub-Tg motions  and gas 
permeability.  Although  segmental  motions may  be necessary  to  allow  the  passage of a 
permeating  gas  molecule, the amount of free volume  seems to be the controlling factor. 
We  therefore  speculate  that  the  increased  permeability  upon  increasedpm-a-content is due  to a 
difference in packing between the poly-1,2,4-triazole isomers resulting in a different free 
volume  and a different  distribution of free  volume  and we  would like to  follow  the  illustrative 
explanation of Dimarzio and  Gibbs30  on the  difference in packing of rigid polymers  versus 
flexible polymers. 
All poly-1,2,4-triazole  membranes  were  prepared by casting a polymer  solution in formic  acid 
onto a glass  plate  followed  by  evaporation  of  the  solvent. During the  evaporation  process  the 
macromolecules  approach  each  other.  From  entropy  considerations it follows  that  during this 
process  of  polymer  matrix  formation, the macromolecules will try to occupy the space  available 
as equally as possible, resulting in a narrow free volume  distribution. The only difference 
between the isomeric m- and p-phenylene poly-1,2,4-triazoles is the extra axis of rotation 
available to the m-isomer through  which it can  ’change  its  conformation during membrane 
formation.  The  p-isomer is a rod-like macromolecule and rotation  does  not  change  its 
conformation  to  the  same  extent  as  in  the case of the m-isomer, see figure 10. An amorphous 
polymer  matrix of the p-isomer can  be  compared to a heap  of  strands of uncooked  spaghetti, 
requiring substantially more f?ee volume than the more flexible m-isomer which  can be 
compared  to  cooked  spaghetti  which will pack into a much  more  tight form during  membrane 

g 

’ isomers because  they  would  allow diffusional jumps to  occur. 
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formation30.  This extra axis of rotation of the m-isomer,  through  which it can  change its 
conformation  during  membrane  formation, will yield  a  polymer  matrix  which  has  a  much  more 
narrow free  volume distribution. The  rigid  p-isomer has  a  smaller  number  of possible 
conforrnations  resulting in a  smaller  probability to achieve  optimal  relaxation of non-equilibrium 
free volume.  This  results in a  larger free volume  and  a  broader free volume  distribution  and 
consequently  a  higher  permeability. In macroscopic  terms  this  difference is small  as is indicated 
by  the  small  differences in d e n ~ i t i e s l ~ , ~ ~ , ~ ~  and  may  be  easily  overshadowed  by  measuring 
inaccuracies. Since  differences  in  densities  are  very  small, these resulia should  not  be 
overinterpreted. Their reliability may  be  influenced  by side effects like polymer/solvent 
interactions in the density  column  or  by  residual  impurities  in  the  polymer  matrix.  Density 
measurements  reveal  an  integrated  determination  of  free  volume.  Of  equal  importance is the 
distribution of free vqlume  since  diffusion is assumed  to  take  place  only  through  holes  with  a 
minimal  critical  hole  size,  depending  on  the  size  of  the  permeant.  This free volume  distribution 
may  be  estimated  using for example  probe  techniques31. 
Gas  transport  is  believed to be  much  more  sensitive to subtle  changes in the  polymer  matrix 
than  other  techniques, like density  measurements,  can  reveal. A technique  sensitive  to  the  same 
conformational differences in the polymer  matrix as gas diffusion molecules is positron 
annihilation which  has  been studied extensively by Durgar’yan et al.32.  They  reported  an 
increased fraction of free volume  with increasing glass transition  temperature for various 
polymers. This behaviour  was also found for the polymers studied: with  increasing p - 
phenylene  content the glass  transition  temperature  increases  and also the  permeability  increases. 
Fritzsche et al?3 have  prepared  polysulphone  hollow  fibre  membranes  using  Lewis  acid/base 
solvent  systems  which’ resulted in an acceleration of the  coagulation  process.  This  results  in 
membranes  with an increased  non-equilibrium  free  volume  which is reflected by an  increased 
glass  transition  temperature.  Van Kreveled4 allows  us to interpqet  this increase’in free volume 
on the basis of the increase in glass transition  temperature, as follows: 
Therrnal  expansion  below  and  above  the  glass  transition  temperature  can be visualised  using  the 
concept of Simha  and B ~ y e r ~ ~ ,  see  figure 11. Decreasing  the  tempërature  from  the  rubbery 
state  results in a  decreasing free volume  above Tg. Below  the  glass  transition  temperature, 
movements  of  only small parts of the  chain  are  possible  and  the  non-equilibrium  free  volume is 
assumed to be  constant in the  glassy state as is visualised in figure 11. 
Van  Krevelen  found  that  the  molar  thermal  expansivities in the  rubbery  and  glassy  state (l+ and 
Eg)  of  most  polymers is related to the  Van  der  Waals  volume: 

Er = 1 .oo* 10-3*vW [ in cm3/mol.K] (6) 

E, = Eg = 0.45*10-3*Vw [ in cm3/mol.K] (7) 

E, stands for the  expansion  coefficient  of  the  crystalline  materials,  or  in  the  case of  amorphous 
materials for the  total  solid  including  interstitial  volume. 
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Fig. 11. Themal molar  expansions of polymers in the  rubbery  state (q), glassy  state 
(Eg) and  crystalline  state &)(AVp Vw , Vg and VC are in cm3/mo1)34735- 

Since AVg is constant  over  the  whole  region  below  the  glass  transition: 

. .  

AVg@) = AVgCg) 

At Tg the molar  volumes in rubbery  and  glassy  state are equal, see figure 11: 

Vg (0) f Eg .Tg =VJO> + E$. .Tg 
Thus, 

AV =V (O) - Vc(0) (E$ - Eg).Tg g g  

=(1.00 - 0.45).10-3V,.Tg=  0.55.10-3.V w g  T (10) 

In order to obtain the specific free volume, AVg is divided  by  the  molecular  weight M 
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Fig. 12. Free  volume (Vf) calculated  using  equation (10) and (1 1) as  a  function of the 
p-phenylene  content in the  main  chain  (a)  and  permeability as a  function  of 
free volume for these series of isomeric polylp-, m-phenylene(4-phenyl)- 
1,2,4-triazoles]  (b) (Vf in cm3/g). 

In figure 12 (a)  the  specific free volume Vf defined  by  equation  10  and 11 is plotted  versus  the 
percentage  para-phenylene  groups in the  main  chain. It can be seen  that  the  specific free volume 
increases with  increasing  percentage  of  p-phenylene  groups. The alternating poly-1,2,4- 
triazoles exhibit a somewhat  lower  specific  free  volume.  This  simple  calculation  allows us to 
estimate the specific free volume  using T values instead of density measurements.  This 
approach is believed to yield  a  more  accurate  approximation of  the free volume for these  closely 
related polyCp-, m-phenylene-(4-phenyl)-1,2,4-triazoles]. In figure 12 (b)  the  carbon  dioxide 
permeability is plotted  as  a  function of the free volume  thus  calculated.  Polymers  with  high 
glass  transition  temperatures  mostly  exhibit  high  perrneabilities  which is due  to  the  larger free 
volume as is indicated by  equation (10). 

g 
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Influence of p-phenyl substitution in poIy-P,2,4-triazoIes 

Various  pendant  p-substituted  phenyl  groups in different ratio's were  incorporated  onto  the 
polymer  backbone of alternating  polylp-, m-phenylene-(4-(phenyl)-1,2,4-triazolel, see 
figure 1, and  table 3. Aim is to  relate  the  change in gas  separation  properties  to  the  change in 
steric  and  polar  interactions  caused  by the incorporated  specific  group. A similar  study for 
substituted  polystyrenes  has  been  carried out by  Pule0 et al.37. 

Compared  to  unmodified polyb-, m-phenylene-(4-phenyl)- 1,2,4-tria~olel incorporation of a 
methyl  group  results in an  increased  permeabilíty  whereas  the  selectivity  slightly  decreases. 
This  increase in permeability is due  to  an  increased  free  volume,  see  table 3. The  methyl  groups 
obviously  reduce the chain  packing  efficiency. 
The  halogen  substituted  poly-1,2,4-triazoles al l  have a lower fiee volume than the  unmodified 
ones. -Due to  the  increased  polarity,  cohesive  forces  are  increased  resulting in a more  densely 
packed  polymer matrix with a lower f?ee  volume. Since  fluorine is more electronegative than 
chlorine,  higher  intermolecular  forces  are  responsible for the  lower free volume of  the  fluorine- 
substituted  poly-1,2,4-triazoles. 
Variations in permeability  due  these  modifications  are  however  small.  Larger  pendant  groups 
may increase  permeability  more  dramatically.  The  possibilities  to  incorporate  larger  structures, 
like biphenylic  structures,  appeared  however  to  be  limited5. 

Relation between  permeability and free volume  of  the  poIyrners studied 

The  free  volume  model  describing  gas  permeability  as a function  of  the  polymer  free  volume 
received  much  attention  lately38*39*40.  Leez9  was  the first to  correlate  permeability of polymers 
to their 'specific  free volume. For this purpose  the  hole theory of diffusion was  adopted 
postulating  that  the  rate  of  diffusion  depends on the number  and  size  distribution of existing 
holes  in  the  polymer  matrix40. This theory  assumes  that  diffusion of a gas  only  then  takes  place 
S the  local  specific  volume in the  polymer  matrix  exceeds a minimum  value dowing diffusion 
of a gas  molecule. The kee volume is defined  as 

Vf = v.- v0 

Where, V is the  polymer  specific  volume  and V0 is the  volume  occupied  by  the  chains.  The 
latter is the  molar  volume at O K. This volume is assumed  to  be  impermeable for diffusing  gas 
molecules.  Lee  calculated  V0  using  the  relation  proposed  by B ~ n d i ~ ~ :  

v()= 1.3vw (13) 
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The  Van  der  Waals  volume  (Vw) is calculated  using  a  group  contribution  method.  We  have  used 
the  tabulation  of A ~ k a d s k i i ~ ~  to  calculate V,. 
In the case  of  densely  packed  polymers  the  free  volume  will  be  small.  In  equation 12, V0 is 
subtracted from V,  obtained  through  a  density  measurement  and  through  a  summation  of  group 
contributions,  respectively.  Subtraction  of  these  large  numbers  yields  a  small  value for Vf  with 
a relative large error.  For  the  DPE-POD  polymers  a  negative  value for Vf was  obtained  which is 
likely to be due to errors in the measured  specific  volume.  On the other  hand  the  factor 1.3 is 
arbitrary  and  may  not  be justified in all  cases.  DPE-POD  has flexible ether bonds  probably 
allowing the polymers to pack  more efficiently to such an extent that the factor 1.3 is not 
appropriate in this  case.  One  may  therefore  conclude  that V - 1.3.Vw offers an  approximation 
of the  free  volume  available for permeation  but  that it may in some  case  be an oversimplification 
of the  considered  phenomena. In table  3  the  free  volumes  calculated are represented. 
Lee  has  shown  that  the  permeability  can be correlated  with  the  specific free volume  Vf  using in 
P = D.S the following  expression for D: 

D =DO exp(-Bl(Vf) 

This  gives for P: 

P = S.  DO exp(-Bl(Vf) 

Since S is practically constant in our case, see figure 8, equation  17  can  be  written as 

P = A.exp (-BìVf) (18) 

in which the parameters A and B depend  on  the  type of  gas.  This  simple  free  volume  treatment 
allows  a direct insight in the  influence  of  the  macromolecular  structure on  the  gas  transport 
properties. 
In figure 13 the  carbon  dioxide  permeabilities  are  plotted  versus  the  reciprocal Vf values. A 
linear  dependency  can  be  observed  although  much  scattering is observed,  especially  CH-POD 
and  PH  show  deviating  behaviour  which  is  attributed t& their  essentiaIly  different 
macromokcular  structure.  Whereas all the other polymers  have a rigid aromatic  backbone, CH- 
POD  and  PH  have  a  more  flexible  backbone. This likely  enables  these  polymers to achieve  a 
different  packing  compared  to  the  other  all-aromatic  polymers.  CH-POD  and  PH  can  obviously 
achieve a more  optimal  and  thus a more narrow free volume  distribution  due to their  flexible 
bonds.  Schmidhauser  and L ~ n g l e y ~ ~  also  found  decreased  permeabilities  upon  incorporation  of 
cyclohexane  units in polycarbonates  which  was  attributed  to  the  ability of this moiety to adopt  a 
sterically compact  conformation. PH is capable of strong  cohesive forces dui: to hydrogen 
bonding  between  amide  and carbnyl groups  making  passage  of  penneant  molecules  more 
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difficult. A good  correlation  between  Permeability  and  reciprocal  Vf  values is obviously  only 
obtained if intermolecular  forces  and  chain  flexibility  or  rigidity  are  comparable in 

1000 
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1 

.Q1 

Fig.  13.  Carbon  dioxide  permeability as a function  of  the  reciprocal free volume VF 

CONCLUSIONS 

Poly-1,2,4-triazoles  and  poly-1,3,4-oxadiazoles  are two interesting  polymer  families of new 
membrane  materials  for  gas  separation purposes. A wide  variety of permeabilities and 
selectivities  can. be found for these two polymer  families.  Incorporating a diphenyl  ether @PE) 
moiety  into  the  polymer  backbone of a poly-1,3,4-oxadiazole yields a polymer with a 
remarkable  high  selectivity.  Incorporation of a hexafluor (€D?) or phenyl  indane (PIDA) unit 
results in poly-1,3,4-oxadiazoles  with  very  high  permeabilities in combination  with  reasonable 
selectivities. 
The  permeability of the  poly-1,2,4-triazoles  appears  to  depend on the  amount  unclosed  triazole 
groups; the highestpenneabilities are to  be found for the fully convertedpoly-l,2,4-triazole. 
The casting conditions  have  no signiscant 'effect on the gas  separation  properties,  however 
residual  formic acid may act as a plasticiser.  Formic  acid can be removed from the  membrane 
by a heat  treatment at 150T during at least 24 hours. 
The gas  separation  values are to a minor  extent a function of the feed composition  and  the 
permeabilities of sjngle  gases  and  the  resulting  ideal  selectivity  may  deviate from permeability 
and  selectivity  values  found  employing real gas  mixtures. 
The  differences in permeability  are in all cases due to differences  in  diffusivity,  both  may 
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increase over several orders of magnitude  while  solubility  hdrdly  changes. 
The  permeability of polyhydrazide , poly-l,3 ,470xadiazole and poly-l,2,4-triazole membranes 
can  be  expressed as a function of their free volume.  Permeability also increases  with  increasing 
p-phenylene  content in the  isomeric polylp-, rn-phenylene-(4-phenyl)-1,2,4-triazoles] which is 
most likely to be due to an increase in free volume  available for permeation. 
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5 
On  the mechanism of gas transport in rigid polymer 

membranes. 

E.R. Hensema, M.H.V. Mulder  and C.A. Smolders 

SUMMARY 

Conventional  polymers  are  compared  with  “tailor-made”  polymers as gas  separation  membrane  materials.  The 
increased  permeability  of  the  latter  are  due  to  their  higher  free  volume  available  for  gas  transport.  The  increased 
free  volume is associated  with  the  rigidity  polymer  backbone.  Free  volume is obtained  by  subtracting  the 
occupied  voIume  calculated  using  group  contributions  from  the  polymer  specific  volume,  Wide  Angle  X-ray 
techniques  are  used  to  obtain  average  d-spacings  that  are  interpreted  in  terms of average  intermolecular  space  and 
related  to  permeability  data.  These  highly  permeable  rigid  polymer  membranes  have  high  glass  transition 
temperatures. The physical  parameters,  i.e.  Tg  and  the  jump in heat  capacity (ACp). are obtained  with 
Differential  Scanning  Calorimetry  and  are used to obtain  an  estimation of free  volume. A good  correlation for a 
series  of  random  copoly[p, m-phenylene(4-phenyl)-1,2,4-triazoles] is obtained. A relationship  between 
permeability  and a free volume  term  which  can be estimafed  from  thermodynamic  properties  is  equally  valid for  a 
wide  variety  of  conventional  polymers. 

INTRODUCTION 

In a  previous  paper  we  have  reported  on  the  gas  transport  and  separation  properties Qf poly- 
1,3,4-oxadiazoles  and poly-1,2,4-tiazole membranesl.  Increase in permeability  appeared to be 
a  function  of  the  diffusivity  only  since  the  latter  increased  linearly  with  permeability  whereas 
solubility  almost  remained  constant. 
Permeability  and  diffusivity  could  be  expressed as a  function of the  polymer free volume  using 
a Doolittle  type  equation  previously  used by  Fujita2 and later  successfully  employed  by  Lee3 
who  used this equation to correlate  the  carbon  dioxide  and  oxygen  permeability in various 
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commercial  polymers  to the polymer  specific free volume: 

in which P is the  permeability, S is the  solubility, B is a constant  depending on the  penetrant 
and Vf  is the  polymer  specific free volume.  Since S can  practically be considered  as a constant, 
equation 1 can be written  as 

P = A.exp (-BlVf) (2) 

In which  the  parameters A and B depend  only on the  type of  gas. Free  volume  here is defined 
as 

Vf =v-vo (3) 

where, V is the  polymer  specific  volume  and V0 is the  volume  occupied  by  the  polymer  chains 
at O K. This volume is assumed  to  be  impermeable  €or  diffusing  gas  molecules.  Lee  calculated 
V0 using the relation  proposed  by  Bondi4: 

v0 = 1.3vw 

The Van der Waals  volume  (Vw) is  calculated  using a group  contribution  method.  We  have  used 
the  tabulation of Askadskii5  to  calculate  Vw.  This  simple  free  volume  treatment  allows a direct 
insight on the  influence of the  macromolecular  structure  on  the  gas  transport  properties. 
The  factor 1.3 is however  arbitrary  and  may  sometimes  result in a faulty  interpretation, i.e. 
giving rise to a negative  value of vfl. 
The  free  volume  treatment is gaining  increasing  interest  since various authors  were  able  to 
correlate  the  permeability  and  diffusivity of various polymer classes to  their  free  volume.  For 
example,  Maeda  and  Paul  used this equation to interpret the reduction  in  transport  in 
polysulphone  and  polyphenylene  oxide  containing  IOW  molecular  weight  antiplasticisers6. The 
reduction in transport due to  the  addition  of  these  additives  could  be  explained  nicely in terms of 
a decrease  in fkee volume. Barbari et al. related the free  volume of polymers based  on 
bisphenol-A  to  the  diffusivity7.  Muruganandam et al8 and  Schmidhauser  and bng1eyg did this 
for polycarbonates  whereas  Min et al.lo studied  the  influence  of the tacticity of polymethyl 
methacrylate  using this equation. r 

Equation (2) implies  that  for  one  penetrant al l  polymers  lay on one straight  line.  This  equation 
does  however  not  account  for  special  polymer/penetrant  interactions,  differences  in 
macromolecular  cohesive  forces  and  chain  flexibilities.  Since  solubility  almost  remaÏns  constant 
€or one class of related polymers, e.g. the  poly-1,3,4-oxadiazoles  and  poly-1,2,4-triazoles 
studied, it is justified to  neglect  polymer/penetrant  interactions in theses  cases. 
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Vrentas et al.  have  introduced  a  modified  version  of  equation  (1)  accounting for specific 
polymer/penetrant inter act ion^^^,^^,^^. Their  approach  may better describe the process  of 
permeation in polymers  but their equation  contains parmeters not  directly  accessible for the 
poly-1,3,4-oxadiazoles  and  poly-1,2,4-triazoles  studied. 
Free  volume is a quantity which depends  on  the  definition  used,  like  hole-,  excess-, 
configurational-,  expansion- or fluctuation-vo~ume~4. The  concept of  unrelaxed free volume of 
glassy  polymers is except for gas  transport  theories  also  applied  successfully for understanding 
and describing many other properties  including  impact  strength, physical aging  and  creep. 
Aim of  this  paper is to compare  the  previously  reported  gas  separation  properties  of  poly-1,3,4- 
oxadiazole  and  poly- l ,2,4-triazole  membranes  with other conventional  membrane  materials 
and to evaluate other means of free volume  determinations. 

EXPERIMENTAL 

Materials 

The  syntheses,  membrane  preparation  and  gas  separation  properties of poly-l,3,4-oxadiazoles 
andpoly-l,2,4-triazoles are reported e l s e ~ h e r e ~ y ~ ~ , ~ ~ .  

Characterisation 

Differential Scanning  Calorimetry (DSc). 
DSC  measurements  were  performed  on  a  Perkin-Elmer  DSC  4 in combination  with  a  System  4 
Microprocessor  Controller  and  a  Thermal  Analysis  Data  Station (TADS), model 3700. The 
polymer  samples  were  placed in aluminium  sample  paqs  and  the  temperature  was  increased 
with a  heating  rate of 20T/min. from 100 to 400T under  a  nitrogen  purge  gas  stream. As glass 
transition  temperature  (Tg)  the  midpoint  of  the  transition  was  taken,  calculated  by  means  of  the 
TADS software.  The  jump in heat capaci;y  (AC ) at this  point  was  also  calculated  using the 
TADS software. 

P 

Wide Angle  X-ray Scattering (WMS) .  
Wide  angle  X-ray  diffiactograms  were  record  on  a  Philips  Röntgen  diffractometer,  PW1710 
using  copper radiation (CuKa = 1 s 4 1  8A) 15. 
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RESULTS AND DISCUSSION 

In figure 1 the pemeabilities of conventional  polymers as reported  by Lee3 are compared  with 
hexafluoro-substituted aromatic p o I y i ~ n i d e s l ~ * ~ ~  and  the  previously  reported poIy-1,3,4- 
oxadiazoles andpoly-1,2,4-triazoles1. 
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D Conventional  polymers studied by  Lee (ref. 3) including polybutadiene (I), 
polyethylene (II), polycarbonate (UI), polystyrene (W), polyethylene 
terephthulate (V), polymethyl methacrylate (VI), polyvinyl chloride (VI.), 
polymethacrylonitrile (VIII) and  polyacrylonitrile (X). 

Q Hexafluoro-substituted polyimides. 
(u) 6FDA-ODA  (ref. 17) 
(b) 6FDA-MDA (ref. 17) 
(c) 6FDA-IPDA (ref. 17) 
(d) 6FDA-6FpDA  (ref. 18) 
(e) 6FDA-6FmDA (ref. 18) 

Polyhydrazide,  poly-1,3,4-oxadìazoles and  poly-1,2,4-triazoles. 
Numbers and  abbreviations  are similar to  those ìn ref. 1 

1-14 Poly-l,2,4-triazoles including I7 TI-POD 
random copolymers 18 CH-POD 

15 PT-plm-Me 19 PIDA-POD 
I 6  Polyhydrazide 20 HF-POD 

22 HFIDPE-POD 

Fig. 1. Carbon  dioxide  permeability in commercial  polymers,  hexafluoro-substituted 
polyimides,  poly-1,3,4-oxadiazoles and poly-l,2,4-triazoles, 
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According to equation 1 the  carbon  dioxide  permeability of all polymers  should be on one line 
but  instead a considerable  scattering is found  in  which ‘two lines can  be  drawn;  one  connecting 
the commercial  polymers studied by  Lee  while the other line connects  the  “tailor-made” 
polyimides,  poly-1,3,4-oxadiazoles  and p6ly-l,2,4-triazoles. 
Lee’s  polymers all have  a  relatively  flexible  backbone  and  a  low  glass  transition  temperatures. 
The  polyimides  and the poly-1,3,4-oxadiazoles  and  poly-1,2,4-triazoles all have  rigid  aromatic 
backbones  and  higher  glass  transition  temperatures,  except for the  polyhydrazide (pH) and  the 
poly(l,4-cyclohexane-1 ,3,4-oxadiazole) (CH-POD).  Figure 1 suggests that rigid polymers 
exhibit  higher  permeabilities  at  the  same  specific free volumes.  In other words  rigid  polymers 
seem to have a higher  effective free volume  available for the  passage of gas  molecules.  This 
experimental fact is in contrast  with our intuitive  feeling  that  flexible  polymers  would  allow 
higher  permeabilities. , 
We  can  again  visualise  the  difference  between  rigid  and  flexible  polymers  using  the  “spaghetti”- 
model of Dimarzio  and Gibbsl9 which  was  previously  used to explain  the  increasing 
permeability  with  increasing  p-phenylene ratio in  random polyb-, m-phenylene-(4-phenyl)- 
.1,2,4-tria~oles]~. An  amorphous  matrix of rigid  polymer  molecules  can  be  compared to a  heap 
of strands of  uncooked spaghetti, requiring substantially more free volume  than flexible 
polymers  comparable to cooked spaghetti which  can  pack into a  much tighter form.  This 
difference in packing  density will result in a  different free volume  and in its distribution. 
From  energy  and  entropy  considerations  follows  that  a  polymer  matrix  will  strive  after  a  narrow 
free  volume  distribution  during  membrane  formation. It is easily  seen  that  flexible  polymers 
will be able to achieve  a  narrow  distribution  while  rigid  polymers  will  lack  this  possibility  since 
these polymers are l idted in achieving the same variety of conformations, resulting in a 
broader free volume  distribution  through  which the number of larger  holes is substantially 
increased. This is of  importance  since it is believed  that  the  larger  holes  contribute  substantially 
more to the permeation  process  then smaller ones.  This is obvious since the passage of a 
permeant  with  a  certain  volume  requires  a  minimum  hole  volume  Vmin to become  possible.  The 

. importance of the free volume  distribution  on  the  gas  trariiport  in  polymer  membranes  has  also 
been  discussed by  Chen20 and  Allen et 
The  existence of free volume  distributions  has  been  shown  experimentally by means of probe 
techniques by Victor  and  Torkelson22,  by  means  of  computer  Monte  Carlo sir nul at ion^^^ and 
by  means  of  measurements  of  the  jump in specific  heat at the  glass  transition temperat~re~~,  
F r i ~ c h ~ ~  has  discussed the influence of free volume  and its distribution  on  the  permeation 
process. 
In figure 2 two hypothetical  cumulative free volume  distributions of a flexible and  a  rigid 
polymer are drawn  both  having  the  same  total free volume,  the rigid polymer  has  a  larger 
number of large holes  allowing  an  increased  permeability. 

’ The  hexafluoro  substituted  polyimides  and  the poly-l,3,4-oxadiazoles and  poly  -172,4-triazoles 
are  of  interest  as  new  membrane  materials  since  they  allow  higher  permeabilities in combination 

101 



with  higher  selectivïties. Their increased  permeability is a result of their  rigidity,.resulting in an 
increased free volume  available for gas transport. 

Cumulative 
pee volume 1 
distribution 

Hole  volume 

w ditionalfree volume available for permeation in a matrix of a rigid polymer 
at hole volumes larger than Vmin. 

Fig. 2. Hypothetical  cumulative fiee volume  distributions  of a flexible and a rigid ' 
polymery  after F r i ~ c h ~ ~ .  

Figme 1 shows that the  free  volume  determination by  means  of density  measurements  and 
calculation of Van der Waals  volumina  by  means of group  contribution  methods  yields an 
approximate  average  free  volume  value. A more  accurate  and  correct  determination of the free 
volume  available  for  permeation of gas  molecules is highly  desirable so that  permeability or 
diffusivity  values  of  various  polymers can be  described  and  compared, 
Below a series of  methods  and  techniques  to  obtain  relevant data will be  discussed in detail. 

Wide Angle  X-ray  Scattering (WAXS) 

WAXS experiments  are  often used to  obtain  average  d-spacings of a polymer  matrix.  The  d- 
spacing is assumed  to  be a measure for the  openness  of  the  polymer  matrix. A higher  average 
d-spacing  corresponds to higher  average  intermolecular  distances  allowing  easy  passage of gas 
molecules.  Differences in the  average  d-spacing  can be small although  considerable  differences 
in permeabilities may be found26. 
The  WAXS  curves of Tl-POD and of the  random  copolymers  polylp-,  m-phenylene(4-phenyl)- 
1,2,4-triazoles], see figure 3, are reported  elsewhere15 but the  average  d-spacings of these 
polymers are represented in table 1. 
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PT-0/100 d n  = 0/1 
PT-25/75 m/n = 1/3 
PTi50/50 m/n = 1/1 
PT-75/25 m/n = 3/1 

-n  

Random poly[p-, m-phenylene)-4-phenyl-l,2,4-triazoles] 

Random poly(p-, m-phenylene)-l,3,4-oxadìazol~ 

Fig. 3. Random poly(p-, rn-phenylene-l,3,4-oxadiazole), TI-POD  and polylp-, m- 
phenylene(4-phenyl)-1,2,4-triazoles], PT-0/100,  PT-25/75,  PT-50/50  and  PT- 
75/25  with  increasingp-phenylene  content. 

Table 1. Carbon  dioxide  permeabilities  and  average  d-spacings of random  poly(p -, m- 
phenylene)-l,3,4-oxadiazole and polylp-, m-phenylene(4-phenyl)- l ,2,4-triazoles]l5. 

Polymer pc02 20* 
03-9 

d- cing T% 
TI-PCd 

PT-O/lOO 
PT-25/75 
PT-50/50 
PT-75/25 

0.3  26  3.5 

242  2.7 21.5  4.2 
257  3.3 21.5  4.2 
279 6.7 21.5  4.2 
319  10.1 21.5  4.2 

* WAXS curves are presented in ref. 15. 
t Gas separation  properties  were only determined  for  apoly(p-, m-phenylene-1,3,4-oxadiazole) containing 50/50 

wt.%  p-phenylene  and  m-phenylene  groups. No glass transition  temperature was detected using DSc- 
techniques. 

Comparing the average  d-spacing of TI-POD  with  those of the  PT’s  shows  that  addition of a 
pendant  phenyl  group  onto  the  molecular  backbone  does  obviously result in  an  increased 
inte&olecular  distance  which in turn allows  a  higher  permeability  due to the  increased  free 
volume. 
Interpretation of the poly-1,2,4-triazole  WAXS  spectra is less straightforward.  All  poly-1,2,4- 
triazoles  exhibit  the  same  average  d-spacing  although  Permeability  varies  over  a factor of  four. 
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However, a second  “hump” can be found in the  spectra at a 20 value of  9.5 - 10 or a d-spacing. 
of  8.9 - 9.3 A. The  intensity of this “hump” relative to the main  “hump” increases with 
increasing  p-phenylene  content.  This  suggests  that  besides  the  average  d-spacing,  its 
distribution at higher d-values  may be of importance for  the interpretation with respect to 
permeability  data. 
Besides WAXS, Small-Angle  X-ray  Scattering (SAXS) may  also  be a valuable  technique  to 
interpret the distribution of free 

Glass transition and quenching 

Malhotra and Pethrick28  have  performed positron annihilation studies on polysulphone  and 
polycarbonate and found a free volume consisting of holes with radii of  1.85 and -2.2 A 
respectively. The carbon  dioxide  permeability for both polymers  increases with hole sizes  being 
4.4 and 6.8 Barrer29*30, respectively. Gol’danskii et al?1 also  have performed positron 
annihilation  studies in combination  with  permeability  experiments  and  found a linear  relation 
between free volume  and f i s i o n  coefficients of methane  and  hydrogen in rubbers.  Positron 
annihilation is an appreciated  technique  since it is sensitive  to  the  same  structural  and  molecular 
dynamic  features  as  the  permeating  gas  molecules3 l. 

Specific 
volume 

V free volume 

; I )  rapidly cooled or quenched 
; 2) sub Tg  annealing 

I ; 3) slowly cooled 

Temperature 

Fig. 4. Schematic  representation of the  polymer  specific  volume V as a function  of 
’ temperature of an annealed  and a quenched 
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This technique also revealed  that  there  exists  a  linear  relation for glassy  polymers  between  their 
free volume  and  glass  transition  temperature.  An  increasing  glass  transition  temperature  was 
found to lead to an increase in free volume  and diff~sivi ty~~.  
Fritzsche et al.33 also explained the increased  permeability  of  asymmetric  polysulphone 
membranes in terms  of  an  increased free volume.These  hollow fibre membranes  were  prepared 
from Lewis acidbase complex solvents. Due to the use of these solvents the coagulation 
process is accelerated and  a  process similar to the  quenching from a  rubbery to a  glassy 
polymer is believed to occur.  The  increased free volume  was indicated by the higher  glass 
transition  temperature.  These  phenomena  were  interpreted  in  terms of increased free volume for 
a rapidly cooled .or quenched  polymer  sample as proposed  by K o v ~ c s ~ ~ ,  see figure 4. 
Gebben et have  extensively  investigated alternatkg polyCp-,m-phenylene(4-phenyl)-1,2,4- 
triazole] regarding its gas separation properties and  found  an increase in carbon  dioxide 
permeability  after  a  heat  treatment  at 295T for an  hour.  The  polymer  properties  before  and  after 
the  heat  treatment are reproduced in table 2. 

Table 2. Carbon  dioxide  permeability,  selectivity  (a(c02,cH4))  and  physical  properties 
of  a  homogeneous polyb-, m-phenylene(4-phenyl)-1~2,4-triazole] membrane35. 

property Before heat  treatment  after  heat  treatment 

pc02 
cc(C02/CH4) 

Density (&m3, Tg ("c> 

8.9 
62.5 

270.4 
1.243 

9.2 
60.5 

275.6 
1.234 

These  data  can  be  Gterpreted in accordance  with  the  explanation  of  Fritzsche et al?3 using  the 
model  of K o v ~ c s ~ ~ :  The  poly-1,2,4-triazole  membrane  in  table 2 was  cast  from a forrnic  acid 
solution.  During  evaporation  the  polymer  solidifies  and  a  homogeneous  film is obtained.  This 
process is comparable  with  slow  cooling of a  polymer  from  the  rubbery  state into the  glassy 
state.  Gebben et al?5 heated  this  polymer  membrane  during 1 hour at 295T after  which it  is 
quenched  followed  by  permeability  and  selectivity  measurements.  An  increased  permeability 
and  glass  transition  temperature  and  a  decreased  density are found  after this heat  treatment  all 
being in accordance  with  "the  mechanism  put  forward in figure 4. 
During  the  heat  treatment polyb-, m-phenylene(4-phenyl)-l~2,4-~azole] also undergoes  cold 
crystallisation  complicating a quantitative  interpretation  of  this  phenomena.  One  would  expect  a 
lower  permeability for a polymer  with  increased  ordering  but  the  opposite is found, see  table 2. 
Quenching  obviously  dominates  over  the  possible  effect of cold  crystallisation  on  permeability. 
In table 1 the  glass  transition  temperature of random polyh-, m-phenylene(4-phenyl)-1,2,4- 
triazoles] are represented  where it can  be  seen  that  permeability  increases  with  increasing  glass 
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transition  temperature. van Krevelei36  reports  an  increase in free volume  with  increasing  glass 
transition  temperature for a wide  variety of  polymers. A reasonable  correlation is observed 
although a considerable  scattering is'found. Since  the  Van der Waals volumina of "the  isomeric 
random polylp -, rn-phenylene(4-phenyl)-1,2,4-triazoles] remains  constant,  see table 1, the 
increase of fiee volume  with  increasing  glass  transition  temperature is plausible. 
The  opposite of quenching, sub-Tg annealing, results in a decreased  free  volume and 
permeability. Chan  and per€ormed  Differential  Thermal  Analysis  (DTA)  studies in 
combination  with  carbon  dioxide  sorption  experiments  on  sub-Tg  annealed  polycarbonates  and 
also used the approach of Kovacs  to  interpret their results,  see  figure 4. 
The discussion above suggests that parameters describing processes occurring at the  glass 
transition and  the glass  transition  temperature  itself obtained by means of the appropriate 
techniques like DSc, may providean appropriate  means  to  estimate the fiee volume. 

Glass transition  and jump in specific heat (ACp). 

Various authors have used the change in the specific  volume or specific heat at the  glass 
transition  as a measure for the free volume. For example,  Vrentas et al. have  used thermal 
expansion  coefficients  to  calculate  changes in fiee volume  of  glassy  polymers  containing  low 
molecular  weight  diluents3*. Koros and Toi  et alPo and  Burgess et al?1 have  estimated 
fiee volume  fractions  by  means of expansion  coefficients and glass  transitiòn  temperatures 
using  empirical  rules  as  proposed by Boyer  and  Spencefi2  and  Simha  and  Boyefi3, 
respectively: 

where al and ckg are the  expansion  coefficients in the  liquid or rubbery  state  and  glassy  state 
respectively  and Aa is the  change in thermal  expansivity at Tg' The  expansion  coefficients 
follow from volumetric  determinations, 
Differential  Scanning  Calorimetry @SC) can  be  used  to  obtain  the  specific  heat o€ a polymer in 
its rubbery  and  glassy  state. At Tg a jump in specific  heat is  observed A%. Boyeif4 has 
proposed a similar relationship  between Tg &d A 5  as  €or  the  thermal  expansion  coefficient: 

Both AÇ, and ha are  parameters of the  same  physical  process45  which is shown in figure 5. 
The  expansion  coefficient a and  heat  capacity Cp are  the  derivatives of the  thermodynamic 
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entities specific  volume V and  enthalpy H. Since ACp is quickly  and easily obtained  by 
standard DSC techniques, this paratneter  may  have  the  potential of being  a  valuable  polymer 
characteristic for newly  synthesised  polymers. 

Vor H 

a or CP l 
L glassy  state I I 

Tg Temperature 

Fig. 5. Schematic  representation of the  polymer  specific  volume V and  enthalpy H 
and  their  derivatives a and Cp as a  function  of  temperature  above  and  below 
the  glass  transition  temperature45. 

BoyeP4 has plotted ÀCp-~g  versus  Tg for various  commercially  available  polymers  and  a 
considerable scattering can  be  observed.  In our case  also  a  considerable  scattering is observed  if 
A%-Tg is plotted versus  Tg for all pol~-1,3,4-oxadiazoles and  poly-1,2,4-triazoles  studied.  If 
we  however limit ourselves to the  homologous  series of the  random polylp-, m-phenylene(4- 
phenyl)-l,2,4-triazoles] a fairly good correlation  in  accordance  with  equation 7 is observed. 
In figure 6, the  glass  transition  temperatures  together  with  the A 5  values  (a)  and A5.Tg (b) 
are plotted as a function of the increasing p-phenylene content in random polyb-, m- 
phenylene(4-phenyl)-1,2,4-triazoles]. 
It  is shown  that  the  glass  transition  temperature  increases  with  increasing  p-phenylene  content 
whereas ACp decreases  with increasing  p-phenylene content  being in accordance  with 
equation 7. The alternating polyb-, m-phenylene(4-phenyl)-1,2,4-triazole] show deviating 
value for A%-Tg behg only  constant for the  random  poly-1,2,4-triazoles  with  a  p-phenylene 
content less than 75%. The  jump in specific  heat  becomes  undetectable at ap-phenylene  content 
of 75% resulting in "%.Tg value of  zero. The  sarne  phenomenon  has also been  observed for 
polystyrenes.  The ACp value  was  found to decrease in that  case  with increasing degree of 
crosslinking46. 
A polymer's  heat capacity is the result of molecular rotations and  vibrations.  At  the glass 
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transition the number of rotations  and  vibrations  increases  step-wise  when  the  polymer  enters 
the  rubbery state since  then  large  chain  segments are able to move. In the  case of a crosslinked 
or a stiff macromolecule, as for the  poly@-, m-phenylene(4-phenyl)-l,2,4-triazoleJ with 75% 
p-phenylene  groups;motions in the  rubbery  state  are  substantially  hindered  and  the  increased 
rotational and vibrational  possibilities  are  obviously  very s m a l l  or negligible  since  no  jump in 
specific  heat is observed. 

600 
T g  

(in K) 
500 

400 

300 

- 0.6 
. AcP 

(ìn ca1lg.K) 

- 0.4 

- 0.2 

- 0.0 
O 20  40 60 80 100 

para-phenylene  content (ml. 9%) 

0.05 

0.00 

O 20 40 60 80  100 
para-phenylene  content (mol. 76) 

Fig. 6. Glass  transition  temperature,  and A% (a)  and AC .Tg as a function of the p - 
phenylene  content in random  and  alternating polyb-, m-phenylene(4-phenyl)- 
1,2,4-triazoles].  The  glass  transition  becomes  undetectable  with DSC 
techniques at a p-phenylene  content of 75%. The glass  transition was 
detennined with a torsion  pendulum in this case  and a value of A 5  = O was 
used15. 
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In a  previous  paper1 it was  shown  that  the  Permeability  increased  with an increase in glass 
transition temperature  of  the  homologous  series  of polyCp-, m-phenylene(4-phenyl)-lY2,4- 
triazoles].  Since the jump in specific  heat‘  decreases  with  increasing  glass  transition  temperature, 
permeability  or  diffùsivity  can also be  expressed  as  a  function of A%. 
In figure 7 the carbon  dioxide permeabilities of polyb-, m-phenylene(4-phenyl)-lY2,4- 
triazoles] are plotted versus  the  jump in heat  capacity of the  polymers.  As  a  comparison  the 
carbon  dioxide  permeability is also plotted versus  p-phenylene  content in the polylp-, m- 
phenylene(4-phenyl)-1,2,4-triazoles] l. A reasonable  relation  between  permeability  and ACp is 
observed,  although  considerable  scattering is observed. 

100 

pcoz 
(Barrer) 

10 

. I  4 R 

O 20 40 60 80  100 0.0 0.1 0.2 0.3 
para-phenylene  content (ml .  %) ACp (in ca1fg.K) 

Fig.  7. Carbon  dioxide  permeability  as  a function of  the  p-phenylene  content in 
polyCp-, rn-phenylene(4-phenyl)-1,2,4-triazoles] and as a function  of  the 
jump in specific  heat at the glass  transition. 

L 

The  relationship  between A 5  and  diffusivity  was  originally  observed by Smit et al. for a  series 
of hexafluoro-substituted p~ly imides~~.  The relationship  between both quantities  was  explained 
in terms  of  the  molecular  model of Meares  originally  derived for rubbers4*.  Meares  suggested 
that  a diffusional “jump” of a  permeant  would  require  a  certain  amount of energy, Eo, and that 
diffusivity can be  described by  an  Arrhenius  type  equation: 

D = Doexp(-Eo/RT) (8) 

The  magnitude  of ED is assumed to depend  on  the  Cohesive  Energy  Density  (CED) of the 
polymer: 

ED = O.2Sxd2;W~$ED  (9) 
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Smit calculated  the CED of a series of hexafluoro  substituted  polyimides  using  the  emperical 
relation  between A 5  and CED proposed  by  Lee49: 

ACp = 12SCED f 2.17 (callmolK) (10) 

Meares  assumes that in order  to  allow  the  passage of a permeant  molecule  contiguous  chains or 
chain  segments  have  “to  open up”. This treatment  suggests that diffusivity is a function of 
polymer  mobility  alone  and  that  increasing  polymer  flexibility will enhance  permeability. This is 
however often not  the case for glassy  polymers.  Higher  permeabilities are often  found for 
glassy  polymers  with  higher  glass  transition temper at ure^^^^^^^^ as in the case for the polyb - , 
rn-phenylene(4-phenyl)-1,2,4-triazoles]. 
A polymer backbone is considered  to be in a frozen state below Tg and segmental  chain 
motions are drastically  reduced  compared  to  the  rubbery  state;  gas  transport is therefore  likely to 
be  not  primarily  dependent  of  polymer  chain moti0n5O. 
In addition, a higher  glass  transition  temperature or an increased  stiffness  was  discussed in 
terms of a larger  free  volume or a broader free volume  distribution.  Gas  transport in the  glassy 
state is therefore  assumed  to  take  place via fixed  holes. A gas  molecule  must  “find its way” 
from hole  to  hole along pathways  involving  only  minor  segmental  rearrangements.  This means 
that  the  magnitude of diffusivity  or permeability  depends  largely  on  the  concentration of holes 
with an appropriate size able  to  accommodate a diffusing gas  molecule. 
Mobility of chain  segments in a polymer  matrix is however  strongly  related  to  the  polymer  free 
volume.  has visualised this dependence,  see  figure 8. Free  volume  has a substantial 
effect on the mobility in the  glassy  state  and is obviously  needed  to allow chain  segments  to 
move or to rotate  “intoy7.  For  example,  the rate of a sub-Tg annealing  process  decreases with 
decreasing free volume. 

Mobility 

increasing 

degree ofpackìng 

Fig. 8.. Qualitative  relation  between free volume  and chain mobility5l. 

This discussion  suggests  that  the  amount of free volume is the  rate  limiting  factor for both  the 
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transport  process  and  chain  mobility.  Chen  and  came to the  same  conclusion in their 
study on gas  transport in polycarbonate. A flexible poiymer  will  have  an efficiently packed 
polymer  matrix  limiting  segmental  mobility. A rigid  polymer will have  a large free volume 
allowing increased  segmental  mobility in the  glassy  state.  Free  volume is both  rate  deterrnining 
for gas  transport  and for segmental  mobility. 
But  how  can  we  explain  the  observed  relationship  between  permeability  or  diffusivity and the 
jump in specific  heat at the  glass  transition? 
A high A 5  means  that  there is a  large  difference in heat  uptake  between  the  non-equilibrium 
situation in the  glassy  state  and  the  equilibrium  situation  above  Tg in the rubbery  state.  This 
means  that A 5  I may  give  valuable  information  concerning  the  ‘glassy  state  of  the  polymer in 
cornp&son  with the rubbery  state. W ~ n d e r l i c h ~ ~ y ~ ~ y ~ ~  has interpreted the physical  process 
behind the jump in heat  capacity in terms of the  hole  theory of Hirai and E~ring~~y55. 
When  a  glassy  polymer is heated it takes  up  a  certain  amount of energy  per  degree  rise in 
temperature.  This  amount  depends  on  the  heat  capacity  of  the  material : 

5 0  

The  uptake of energy is used for increased  lattice  vibrations. In the  rubbery  state  an  extra  term, 
%h (h stands for hole), is added to the  heat  capacity: 

cp,total,  rubber = cpO + cph (1 2) 

In the  rubbery state molecular  rearrangement  of  neighbouring  molecules or molecule  segments 
are  possible  allowing  the  creation or disappearance  of  a  hole.  The  presence of holes is assumed 
to be  necessary for molecular  motion. 
The  second  term  of  the  specific  heat  capacity, ç,h, is due  to  the  creation of  new  holes  in  the 
rubbery  phase.  Each  hole is characterised by its ‘molar  volume Vh and  the  molar  excess  energy 
over the “no  hole”  situation eh 
The part of interest,  %h, is due to the  change  in  number of holes  with  temperature  and  can  be 
written as: 

where  Nh is the number of holes present.  Using the equilibrium  value of Hirai  and  Eyring: 
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where No 
segments. 

is the  number  chain  segments in moles  and v0 is  the  volume of one mol 
&VO= occupied  volume  and  Nhvh=free  volume),  equation (13) becomes: 

of chain 

(15) 

On cooling a polymer -from  the  rubbery into the  glassy  state  the  mechanism  responsible for 
decreasing the number of holes is blocked at the glass transition  temperature so that  at  lower 
temperatures the number of holes is constant and corresponds to the equilibrium at the 
transition  interval,  see  also  figure 5 where on the  ordinate  also the number of  holes  can  be 
thought45.  At,  and  above Tg the  additional  term A%h or A%, due  to  the  increase in hole  con- 
centration,  has  to be added. This term  should  account  solely for the  rise in heat  capacity at Tg: 

In equation (16), A% is expressed  as a complicated  function of  the molar fiee volume,  the 
energy for hole  formation  and  the  glass  transition  temperature.  The  hole  energy “h is a function 
of the  polymer  Cohesive  Energy  Density (CED). Wrasidlo  has  calculated  the  hole  energies of a 
wide  variety of polymers  and found that the  hole  energy  increased  linearly  with  the  glass 
transitton  temperature56. ES is in agreement  with our intuitive  feeling that *on increasing 
rigidity of a polymer  system its possibility of hole  formation  on  passing  the  glass  transition will 
be restricted. For example, in the  case of crosslinked  systems or extremely  rigid  polymers  the 
difference  between  the  glassy  and  rubbery  state  decreases  and a sudden  increase in the  number 
of holes at Tg is unlikely,  due  to  the  large  hole  energy eh  Since  polymers  with  high  glass 
transition  temperatures  often  exhibit  high  permeabilities this implies  that  hole  formation in terms 
of the Hirai and Eyring  theory is not  likely or necessary  to  restrict  gas  transport  through  glassy 
membranes, although it was  assumed  to be a necessary precondition in the derivation  of 
equation (9). According  to  equation (16) the  hole €?ree volume  increases with decreasing A%. 
This means that permeability or diffusivity will inkease with  decreasing AG. 
Ih the  glassy  state  the  number of holes is fixed  and  no  hole  redistributions  are  likely  and it is 
therefore  assumed that gas  transport  mainly  takes  place via pre-existing  holes. 
E we  neglect  the  influence of the  glass  transition  temperature  on  the  magnitude  of A%, which 
seems  to be allowed  since  the  quotient &hn& is constant56, then instead of A%, vh-1  can 
written  on  the  horizontal axis in figure 7b in the  case of the polyb-, m-phenylene(4-phenyl)- 
172,4-triazoles]  studied. This would also mean  that  equation 2 can be modified  into: . 

Comparing  equation 17 and 8 reveals  that both the  treatment of A% using  the  model of  Meares 

112 



and that of  Wunderlich  results in a  similar  type  of  relation. 
Kanig14 has  also  studied the ACp approach  extensively  and  has  shown  on  the  basis of equation 
(16) that rigid polymers or polymers  with  bulky side groups  have  a  higher  free  volume,  being 
in agreement  with the discussion above. 
The  next  question  of  interest of course is that of the  general  validity of this  theory  with  respect 
to  other  classes of  polymers.  Wrasidlo  has  tabulated related thermodynamic properties 
including A 5 ,  VdVh and N@h values,  of  commercial  available  polymers56.  Combined  gas 
transport  parameters  and  thermodynamic  properties are only  available for a.limited number  of 
polymers.  Since  values for both  transport  parameters  and  thermodynamic  properties  may  differ 
considerably from source to source, we  have  limited ourselves to three sources.  Instead of 
diffusivity, the oxygen  permeability  was plotted. Permeability is largely independent  of 
soition and its increase mainly  depends  on  the  increase in d i f f~s iv i ty~y~~.  
Bixler  and  Sweeting  have  published  a vast amount of oxygen  and  carbon  dioxide  permeabilities 
of comercially available  polymers57.  Permeabilities  were  measured at 25 or 30T. 
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Fig. 9. Oxygen  permeability  as  a  function  of  the  ratio  nonoccupied/occupied  volume 
Nhvh/Novo  (ref.  48).  Oxygen  permeability  data  are  taken from ref. 57, for 
'PMS, PCS  and PBS from  ref. 58 and for PP0 from ref. 59. 

In figure 9 the  ratio free volume to occupied  volume  Nhvh/Novo, see equation  14, is plotted 
versus the oxygen  permeability of conventional  glassy  polymers.  Although care shouId be 
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taken  when  using data fi-om different  sources, a fairly  good  correlation is observed  between  the 
quantities  pIotted for these  glassy  polymers  although  they  belong  to a wide  variety of different 
polymer  classes.  The ratio NhvhNOvo is calculated at the  glass  transition  temperature  from  the. 
thermodynamic  quantities Tg Aa, AC+ and CED56. The free volume in the  glassy  state  can  be 
calculated  since  the  íì-ee  volume at and  below  Tg is constant56, see figure 4. Note that the free 
volume  calculated in this manner is considerably  lower,  only a few  percent,  than  in  the  case of 
the  specific free volume and group  contributions  as  used in figure 1, The variation in free 
volume  contradicts  the  assumption of Williarn,  Lande1 and Ferry  of a universal  value of  0.025 
at the  glass  transition60. 
Further  combined  study of gas  transport  and  thermodynamic  parameters for a wider  range of 
polymers  should  reveal  the  general  validity of the  relation  between  permeability  or  diffusivity 
and the ratio NhVh&VO. 

CONCLUSIONS 

In this paper conventional polymers  were  compared  with cctailor-madey7 polymers  as  gas 
separation  membrane  materials. The increased  permeability of the  latter  was  shown  to  be  due  to 
their  higher  free  volume  available  for  gas  transport.  The  increased  fi-ee  volume is associated 
with their rigid  polymer  backbone  not  allowing an. efficient  packing and thereby  favouring 
increased  permeability. 
Wide  Angle  X-ray  studies  show a marked  increase in average  d-spacing  between  the  related 
aromatic  poIy-1,3,4-oxadiazole  and  poly-1,2,4-triazoles  obviously due to the extra phenyl 
group attached  to  the  polymer  backbone of the  former.  Explaining  the  increase in permeability 
with  increasing  p-phenylene  content in the  poly-1,2,4-triazoles is less  straight  forward  since all 
copolymers have the  same average d-spacing. The “hump” at smaller angles is found to 
increase with increasing  p-phenylene  content  and suggests a difference in free  volume 
distribution at larger  intermolecular  distances, 
The  physical  processes  occurring  at  the  glass  transition  and its parameters  obtained via DSC 
techniques  offer a convenient  and  interesting  method  to  calculate  the  polymer  free  volume  using 
the  hole  theory af Hirai and  Eyring  and  the  derived  relationship  between  the jump in heat 
capacity  and íì-ee  volume  parameters  by  Wunderlich. A fair relationship  was  observed  for  the 
aromatic  copoly-1,2,4-triazoles with increasing  p-phenylene  content  between  carbon  dioxide 
permeability  and  jump in heat  capacity  at  the  glass  transition  temperature. Also for a wide  range 
of well  studied  conventional  polymers a correlation  between free  volume  and  oxygen 
permeability  was  found. 
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SUMMARY 

Gas  separation  with  membranes is a  growing  technology  having  distinct  advantages  over  the 
more  mature  technologies like cryogenic  and  ab-  and  adsorption processes. Today’s  main 
applications are the preparation  of  nitrogen  enriched air for ápplications  requiring inert’gas 
blanketing, like the  storage  and  shipment of flammable  liquids,  fresh h i t s  and  vegetables,  and 

’ the  separation of carbon  dioxide  from  natural  gas.  This  technology is relatively  young  and 
membrane  systems are still being  improved.  The  performance  of  a  membrane  system  depends 
for all on  the  membrane  materid  utilised  determining  the two major  membrane  characteristics: 
permeability  and  selectivity. 
Membranes  of polyb-, m-phenylene-(4-phenyl)-  1,2,4-triazole]  posses a moderate  permeability 
in combination  with  a  high  selectivity  compared  to  the  presently  commercially  used  membrane 
materials. In this study the gas  separation  properties  towards  carbon dioxide, methane,  oxygen 
and  nitrogen of the  closely  related  poly-l,3,4-oxadiazoles  and poly-l,2,4-triazoles have  been 
studied  and^ the  gas  separation  properties  have  been  expressed as a function of the  molecular 
structure  and the physical properties of these polymers. 
Various functional groups  were  incorporated into the polymer  backbone of poly-1,3,4- 
oxadiazoles  and  poly-l,2,4-triazoles.  In  the  chapters  2  and 3 the  syntheses  and  the  physical 
properties of these  thermally  stable  and  chemically  resistant  polymers  are  discussed  and  in  the 
chapters 4 and 5 the  gas  separation  properties  of  membranes of these  polymers is dealt with. 
Polylp-, m-phenylene(4-phenyl)-l,2,4-triazoles] with different ratio’s p- and m-phenylene 
groups  have  been  prepared  using polyb-, m-phenylene)-l,3,4-oxadiazoles and polyb-, m- 
pheny1ene)hydrazide in which  the p- and  m-phenylene  groups  are  incorporated  randomly  aqd in 
alternatidg fashion, respectively.  The  corresponding  poly-1,2,4-triazoles are obtained after a 
reaction of aniline with the  precursor  polymer.  The  glass  transition  temperature  increased  from 
242T for poly[m-phenylene(4-phenyl)- 172,4-triazole] to 3 1 9 T  for the poly-1,2,4-triazole 
containing 75% p-phenylene  groups  and  25%  m-phenylene  groups  while  the  carbon  dioxide 
Permeability  was  found  to  increase with an increasing  p-phenylene  content from 2.7  Barrer for 
the first to 12.6  Barrer for the latter poly-l~,2,4-triazole.  The  carbon  dioxide/methane  selectivity 
meanwhile  remained  constant at a value of 50. The  increase in permeability is explained in 
terms  of an increase in free volume  and  a  broader free volume distribution caused by the 
increasing  p-phenylene  content  which  results  in  a  more  rod-like  macromolecule  and  which  in  its 
turn limits the possibilities of achieving  an  efficiently  packed  polymer  matrix. 
Cold  crystallisation in the rubbery  phase  was  found  only for the poly-l,2,4-triazoles were  the 
p- and  m-phenylene  groups  are  incorporated  alternatingly in the  polymer  backbone.  Only  this 
polymer  has  the  regular  structure  needed,  to  achieve a crystalline  morphology upon 
crystallisation. 
Besides  aniline,  p-substituted  anilines  are  incorporated  into  alternating polylp-, m-phenylene(4- 
phenyl)-172,4-triazoles]. The  glass  transition  increased  with  the  incorporation p-fluoro and p - 



chloro  aniline,  and  decreased  upon  incorporation of p-methyl  aniline  which  was  attributed  to  the 
alteration in cohesive  forces.  Permeability  was  only  increased  significantly in the latter case. 
Polyb-, m-phenylene-1,3,4-oxadiazoles) have  been  prepared  through  cyclodehydration of a 
precursor  poly(p-,  m2phenylene)hydrazides  and  directly  using  isophthalic  and  terephthalic  acid 
and  hydrazine  sulpha&  as  monomers,  Flexible  membranes  were  only  obtained  using  the  latter 
synthesis route but  only i€ the  inherent  viscosity  was  higher  than 2.7 d&. 
Incorporation of 1,1,3-trimethyl-3-phenylindane7 4,4,’-(2,2’-diphenyl)hexafluoro propane  and 
diphenyl ether structures into poly-1,3,4-oxadiazoles also gave polymers  with  high glass 
transition temperatures. Incorporation of the first  two moieties gave polymers with high 
permeabilities  while  the  latter  gave a poly-1,3,4-oxadiazole with an-extremely  high  selectivity. 
The permeability of the polymers  prepared  can  be  expressed as a linear function of their 
reciprocal free volume, the  latter being calculated from density measurements and group 
contributions  methods.  Free  volume aid its  distribution is considered  to  be  the rate limiting  step 
in the gas  transport  process. 
Comparing  conventional  polymers, all h a a g  a relative  flexible  backbone,  with  the  rigid  poly- 
1,3,4-oxadiazoles  and poly-1,2,4-triazoles shows  that the latter  polymers  allow  higher 
permeabilities at the  same  free  volume,  implying  that  these  polymers  have  broader  free  volume 
distributions  allowing an increased  transport  of  gas  molecules. 
The  amount of free  volume can also be estimated using the jump in heat capacity (A(+,) 
occurring at the  glass  transition.  From  the AC value,  the  glass  transition  temperature and the P 
cohesive  energy  density,  the fiee volume  can be estimated.  The  permeability  values of a wide 
variety of conventional  polymers îs expressed  as a function of the  free  volume  calculated in this 
manner g i h g  a reasonable  relationship. 



SAMENVATTING 

Gasscheiding  met membranen is een technologie die  een grote groei doormaakt  en die 
duidelijke  voordelen  heeft  ten  opzicht  van  de  meer  conventionele  technieken zoals cryogene 
destillatie en ab-  en  adsorptie  processen.  De  belangrijkste  toepassingen  zijn  op dit moment  de 
bereiding  van stikstofvenijkte lucht,  voor  de  bereiding  van  een  inerte  atmosfeer  voor  de  opslag 
en  het  vervoer  van  brandbare  vloeistoffen,  fruit  en  groenten, en  de verwijdering  van 
kooldioxyde uit aardgas. 
Deze  technologie is relatief jong en  de  membraan  systemen  worden  nog  steeds  verbeterd.  De 
prestaties  van  dergelijke  systemen  worden in grote  mate  bepaald  door  het  gebruikte  membraan- 
materiaal.  De  Permeabiliteit  en  selectiviteit,  de  twee  belangrijkste  membraanparameters,  worden 
bepaald  door  deze  materiaalkeuze. 
Membranen  van polyb-, m-fenyleen-(4-fenyl)-  1,2,4-triazool]  bezitten  een  redelijke 
Permeabiliteit in combinatie  met  een  hoge  selectiviteit  vergeleken  met  de  polymeren  die  worden 
toegepast in  de huidige  gasscheidingsmembraan  systemen.  Tijdens dit onderzoek  zijn de 
gasscheidingseigenschappen ten  aanzien  van zuurstof, stikstof en kooldioxyde/methaan 
gasmengsels  van  gerelateerde  poly-1,3,4-oxadiazolen  en poly-l,2,4-triazolen onderzocht.  Deze 
gasscheidingseigenschappen worden  bepaald door  de macromoleculaire structuur  en  de 
fysische  eigenschappen  van de onderzochte  polymeren. 
Verschillende  functionele  groepen  zijn  ingebouwd in de  polymere  hoofdketen  van  poly-1,3,4- 
oxadiazolen  en poly-1,2,4-triazolen. In  de hoofdstukken  2 en 3  worden de syntheses en 
fysische  eigenschappen  van  deze  thermostabiele en chemisch  resistente  polymeren  beschreven. 
In  de hoofdstukken 4 en 5 worden vervolgens de gasscheidingseigenschappen van de 
membranen  van  deze  polymeren  beschreven. 
Polyb-, m-fenyleen-(4-fenyl)-lY2,4-triazolen] met verschillende verhoudingen p -  en m - 
fenyleen  groepen  zijn  bereid  uitgaande  van  de  precursor  polymeren: poly(p-, m-feny1een)- 
1,3,4-o,xadiazolen  en polyb-, m-feny1een)hydrazide. In deze  polymeren  zijn de p -  en m - 
fenyleen  groepen  respectievelijk  op  random  en  alternerende  wijze  in de hoofdketen  aanwezig. 
De  overeenkomstige poly-1,2,4-triazool word  verkregen  na  een reactie van  het  precursor 
polymeer  met  aniline in polyfosforzuur.  De  glasovergangstemperatuur  nam  toe  van  242°C  voor 
poly[m-fenyleen-(4-fenyl)-1,2,4-triazool] tot 3 1 9 T  voor  de  poly-1,2,4-triazool  met  75% p- en 
25%  m-fenyleen  groepen in hoofdketen.  De  kooldioxyde  permeabiliteit  nam  toe  van  2.7  Barrer 
voor de eerste tot 12.6  B,arrer  voor  de laatste poly-1,2,4-triazool.  De  kooldioxyde/methaan 
selectiviteit  behield  een  vrijwel  constante  waarde  van  50.  Deze  toename in permeabiliteit  wordt 
veroorzaakt  verondersteld  door  een  toenemend vrij volume  en  breder  wordende  vrij  volume 
verdeling  met  een  toenemend  gehalte  p-fenyleen  groepen.  De  macromoleculen  krijgen  hierdoor 
een  meer lineair karakter  waardoor  een  minder  efficiënt  gepakte  polymere  matrix  ontstaat. 
Koude  kristallisatie in de  rubber fase werd  alleen  gevonden  bij polyb-, m-fenyleen-(4-fenyl)- 
1,2,4-triazolen]  waar de p- en  m-fenyleen  groepen  alternerend  in  de  polymere  hoofdketen  zijn 
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ingebouwd en niet bij de random  copolymeren,  Een  dergelijke  regelmatige  structuur is blijkbaar 
noodzakefijk om een kristallijne  morfologie te kunnen  bereiken  tijdens het kristallisatie  proces. 
Naast anihe, zijn ook p-gesubstitueerde  anilines in alternerend polyb-, rn-€enyleen-(4-€enyl)- 
1,2,4-triazole]  ingebouwd.  Door de inbouw  van  p-fluor0 en p-chloroaniline nam de glasover- 
gangstemperatuur  toe  terwijl deze afnam, indien  p-methylaniline  werd  ingebouwd,  hetgeen valt 
toe te schrijven aan de gewijzigde  intermoleculaire  interacties. De permeabiliteit nam alleen 
significant toe bij de laatste poly-1,2,4-triazool. 
Poly(g -, m-fenyleen-1,3,4-oxadiazolen) zijn bereid  door  cyclodehydratatie van poly0,-, m- 
feny1een)hydrazide  en op directe  wijze  door  isoftaal-  en  tereftaalzuur en hydrazinesulfaat  als 
monomeren te gebruiken. Rexibele membranen  konden  alleen  bereid  worden van poly(p-, m- 
fenyleen-1,3,4-oxadiazolen) die op de tweede wijze waren bereid  maar  alleen indien de 
inherente.viscositeit hoger dan 2.7  dI/g.  was. 
Inbouw van 1,1,3-trimethyl-3-fenylindane, 4,4,~-(2,2~-difenyl)hexafhoropropaan en difenyl 
ether structuren in poly-1,3,4-oxadiazolen  gaf  polymeren  met  hoge  glasovergangstemperaturen. 
Inbouw  van de eerste  twee  structuren  ga€  poly-1,3,4-oxadiazolen  met een hoge  permeabiliteit 
terwijl  inbouw van de difenylether  struc&ur  resulteerde in een  poly-1,3,4-oxadiazool  met  een 
extreem  hoge  selectiviteit. 
De  permeabiliteit  van de bereidde  polymeren kan worden  uitgedrukt als een  lineaire  functie  van 
hun reciprook vrij volume. Het  vrij volume  wordt berekend aan de hand van dichtheids- 
metingen en groepsbijdragen  methoden  en  wordt als de snelheidsbepalende  stap  voor het gas 
transport in polymeren  beschouwd. 
Indien  conventionele  polymeren,  *allen  met een relatief  flexibele  hoofdketen,  worden  vergeleken 
met de rigide poly-1,3,4-oxadiazolen en poly-1,2,4-triazolen  dan  blijken de laatste  twee  klassen 
van  polymeren  hogere  permeäbiliteiten te bezitten  bij  een  even groot vrij volume,  wat  betekent 
dat deze polymeren  een  bredere vrij volume  verdeling  hebben  hetgeen  het  gastransport in deze 
bevordert. 
De  grootte  van het vrij  volume kan ook worden  bepaald  uit de sprong in de soortelijk  warmte 
(AC!& bij de glasovergangstemperatuur. Uit deze A%-waarde, de glasovergangstemperatuur 
(Tg) en de Cohesive  Energy  Density  (CED)  kan  het vrij volume  worden  berekend. Er blijkt  een 
redelijke relatie te bestaan  tussen  het  op  deze  wijze  berekende vrij volume en de  permeabiliteit 
van een  groot  aantal  polymeren die tot zeer  verschillende  klassen  gerekend  worden. 
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