
CHAPTER VI
SOLUTION CROSS-LINKED NATURAL RUBBER (NR)/CLAY AEROGEL 

COMPOSITES: EMPHASIS ON THE CROSS-LINKING CONDITIONS AND
POLYMER CONCENTRATION

6.1 A b s t r a c t

Aerogels are representatives o f the structural materials with ultra-low bulk 
densities (less than 0.1 g cm'3), which stand out as good candidates for a variety of 
applications, where low density is very great importance. In the present study, natural 
rubber (NR)/clay aerogel composites were produced by freeze-drving o f the aqueous 
aerogel precursor suspensions, followed by solution cross-linking o f the aerogel 
samples in benzene using sulfur monochloride (S2CI2) as a cross-linking agent. The 
influences o f cross-linking conditions, i.e. cross-linker concentration and reaction 
temperature, as well as polymer loading on the aerogel structure and properties were 
investigated. 1% (v/v) o f S2CI2 and reaction temperature of-18°C  were verified to be 
the optimum condition for producing a very strong and tough rubber composite; for 
instance, the 2.5 wt% NR aerogel, after being cross-linked, exhibited the 
compressive modulus o f 1800 kPa, being about 26 times larger than that o f the neat 
control. This was attributed to the high local concentration o f rubber and S2CI2 in the 
apparently frozen reaction system, giving rise to the high cross-linking efficiency. 
Increasing the rubber concentration led to a substantial increase in the mechanical 
strength, in accord with the changes in microstructure and degree o f  cross-linking. 
The swelling capacity o f the NR aerogels decreased with either increasing the cross­
linker concentration or decreasing the weight fraction o f rubber. Lastly, the thermal 
motion o f NR matrix was restricted on a basis o f the formation o f  effective cross­
links between rubber chains.

Keywords: Solution cross-linking; Freeze-drying; Natural rubber; Clay aerogel; 
Sulfur monochloride
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6 .2  I n t r o d u c t io n

T o  date , lay ered  s ilic a te s , n am ely  so d iu m  m o n tm o rillo n ite  (N a +-M M T ). has 
been  ex ten s iv e ly  u se d  as an  e ffe c tiv e  re in fo rc in g  fille r fo r m a k in g  th e  c o m p o s ite s , as 
th ey  p o sse ss  the  u n iq u e  c h a ra c te r is tic s  fro m  th e  n a n o sc o p ic  d im e n s io n s  and  h ig h  
asp ec t ra tio  (1 0 0 -1 5 0 )  that fu r th e r  c rea te  a g ood  a ffin ity  to w a rd s  th e  o rg a n ic  p h ase  
and  en h an ces  the  overa ll re in fo rc e m e n t . 1 2 H o w ev er, th e  bu lk  p ro p e rtie s  in 
c o m p o site s  is yet k n o w n  to be  a  fu n c tio n  o f  th e  v o lu m e  fra c tio n , d isp e rs io n  sta te , and  
o rien ta tio n  o f  th e  p la te le t p a r tic le s  as  w ell as the  in h eren t p ro p e rtie s  o f  th e  d iffe ren t 
c o m p o n e n ts  th a t c o n s titu te s  th e  final m a te r ia ls .2'3 In th is  sen se , th e re  a re  th e  d is tin c t 
d isc re p a n c ie s  b e tw een  th e  c o n v e n tio n a l and  n a n o -c o m p o s ite s ; fo r in s tan ce , the  
fo rm er o n ly  e x h ib its  a  g re a tly  re in fo rc em en t at h ig h  v o lu m e  fra c tio n  o f  fille rs  
b ecau se  o f  the  re la tiv e ly  lo w  in te r-p h a se  v o lu m e  (p o ly m e r/f ille r  a ff in ity )  co m p ared  
to  th e  la tte r.

A e ro g e ls  a re  re p re se n ta tiv e s  o f  an  em e rg in g  c la s s  o f  s tru c tu ra l m a te ria ls  
w ith  u ltra -lo w  d en s ity  as W'ell as  h ig h  p o ro s ity  (v o id  fra c tio n  o f - 9 5 % ) ,  w h ic h  ho ld  
p ro m ise  fo r a w id e  v arie ty  o f  a p p lic a tio n s  ran g in g  fro m  p a c k a g in g /in su la tin g  to  
ab so rp tio n  m a te r ia ls .412  T h ro u g h  a  ro b u st and  e n v iro n m e n ta lly -b e n ig n  fre e z e -d ry in g  
p ro cess, th e  layered  s ilica te s  can  be co n v e rted  in to  th e  'h o u s e  o f  c a rd s '- l ik e  ae ro g e ls , 
b e in g  a  c lo se  re p lic a  o f  the  ice  c ry sta l m o rp h o lo g y , w ith  b u lk  d e n s itie s  ty p ic a lly  in 
the ran g e  b e tw een  0.01 and  0.1 g c m ' 3.4' 13 C lay  ae ro g e l h as  a  la m e lla r  a rc h ite c tu re  
w ith  lay e r th ic k n e sse s  and  d is ta n c e s  b e tw e e n  lay e rs  in th e  ra n g e  o f  1 -5  p m  and  2 0 -  
100 p m , re sp e c tiv e ly . 13 A s th e  p r is tin e  c lay  ae ro g e l is u n fo rtu n a te ly  f ra g ile  and  lack s 
o f  an  e ff ic ien t e n e rg y  d iss ip a tio n  m ech an ism  in th e  fra m e w o rk , th e  a d d itio n  o f  e ith e r 
a p o ly m eric  co m p o n e n t a n d /o r  n a tu ra l o r  sy n th e tic  fib e rs  is  e ssen tia l fo r o p tim iz in g  
the  s tru c tu ra l in teg rity  and  c re a tin g  m a te ria ls  w ith  s im ila r  s tren g th  to  th e  ty p ica l 
foam ed  p o ly m e rs .4' 12 B esid es, by  se le c tin g  p o ly (a c ry lic  a c id )  as  the  m a tr ix  p o ly m er, 
the  m a te ria ls  m ech an ica l and  e lec tr ica l b e h a v io rs  can  be  fin e -tu n ed  by  a d ju s tin g  th e  
pH  o r co n ten t o f  s in g le -w a lle d  ca rb o n  n a n o tu b e s  (S W N T ) in th e  aq u eo u s  
su sp en s io n s  p rio r  to  f re e z e -d ry in g . 13
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In the previous studies, natural rubber (NR)/clay aerogel composites were 
fabricated by freeze-drying the corresponding aqueous suspensions that were 
prepared according to the procedures o f sulfur-based cure system (conventional 
vulcanization).1'4'15 Although, their compressive moduli increased as a function of 
clay volume fraction, those values were somewhat low, being in the range o f 19-35 
kPa, in comparison with the other aerogels reported up to date. This was attributed to 
the low thermal conductivity o f the aerogel materials, which led to an incomplete 
vulcanization o f the rubber matrix. It is therefore very challenging to find an 
alternative approach for vulcanizing the NR matrix so rapidly that the rubber cannot 
be mixed into rubber compounds.

Previous works have shown that sulfur monochloride (S2CI2), being a liquid 
at room temperature and soluble in organic solvents, was an effective cross-linker for 
the solution cross-linking process o f butyl rubber (P1B), even at very low polymer 

-concentrations.16’20 The organogels thus obtained displayed the distinct 
characteristics in terms o f internal morphology, degree o f toughness and rate o f  
response against the external stimuli (solvent change), that strongly depend on a 
large number o f factors such as preparation temperature ( T p r e p ) ,  freezing rate, choice 
o f a cross-linking medium, and concentration o f ร2CI2.16’20 For instance, the gel 
particles prepared under frozen state conditions using benzene as the cross-linking 
medium exhibited the macro-porous structure, consisting o f large interconnected 
pores, with superfast responsivity and high degree o f toughness, through which they 
can be compressed up to 100% strain without any crack development.17’20 To take 
advantage o f this, the present study aims to utilize S2CI2 as a cross-linking agent for 
conducting the solution cross-linking reactions o f the aerogel materials based on NR 
and Na+-MMT clay. This approach is originally inspired by the possibility for 
generating the highly stiff/tough NR based foam-like materials without much 
affecting the bulk densities. Depending on the experimental conditions, a series o f 
cross-linked NR/clay aerogel composites were fabricated and then interpreted in 
terms o f the swelling capacities, mechanical behaviors, microstructure, and thermal 
properties, taking the neat composites behaviors as references.
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6.3 Experimental Parts

6.3.1 M a te ria ls
N a tu ra l ru b b e r la tex  (~ 6 0 %  d ry  so lid  co n ten t)  w as  k in d ly  p ro v id ed  by  

th e  G o o d y e a r T ire  &  R u b b e r  C o. T h e  c ro ss-lin k in g  ag en t su lfu r  m o n o c h lo r id e  
(S 2C I2) w as p u rch ased  from  A ld rich  C o. and  used  as rece iv ed . B en zen e , to lu en e  and  
m eth an o l (all M erck  g rad es) w ere  u tilized  as the  so lv en t fo r th e  so lu tio n  c ro ss- 
lin k in g  reac tio n s , sw e llin g , and  d esw e llin g  e x p e rim e n ts , re sp ec tiv e ly . 
M o n tm o rillo n ite  (P G W  g rad e ) w ith  a  c a tio n  e x ch an g e  cap a c ity  o f  145 m e q /1 0 0  g 
w a s  p u rch ased  from  N a n o c o r  Inc. D e io n ized  (D I) w a te r  w as  p re p a re d  u s in g  a 
B a m ste a d  R o P u re  lo w  p re ssu re , rev e rse  o sm o s is  system .

6 .3 .2  A e ro g e ls  P rep a ra tio n
A  10 w t%  c lay  aq u eo u s  su sp en s io n  w as in itia lly  p re p a re d  b y  b le n d in g  

2 .75  g o f  N a +-M M T  w ith  27 .5  m l o f  DI w a te r  on  the  h ig h  sp eed  se ttin g  o f  a W arin g  
m odel M C 2  m in i lab o ra to ry  b len d e r fo r ~1 m in . A p p ro p ria te  a m o u n ts  o f  N R  la tex  
and  DI w a te r  w e re  th en  ad d ed  w ith  g en tle  m ech an ica l s tirr in g  to  c rea te  th e  N R /c la y  
h y d ro g e ls  c o m p ris in g  5 w t%  c lay  gel an d  d iffe ren t c o n c e n tra tio n s  o f  N R , ran g in g  
from  2.5 to  10 w t% . F o r in s tan ce , 2 .4  g o f  N R  la tex  and  29  m l o f  DI w a te r  w ere  
m ix ed  w ith  th e  10 w t%  c lay  gel to  p ro d u c e  2 .5 w t%  N R /5  w t%  c lay  d isp e rs io n s . 
O n ce  th o ro u g h ly  m ix ed , th e  co m b in ed  so lu tio n s  w ere  tran sfe rred  to  th e  c y lin d rica l 
PS v ia ls  and  im m e d ia te ly  fro zen  in a so lid  ca rb o n  d io x id e /e th a n o l b a th  (— 8 0 °C ), 
b e fo re  b e in g  d ried  fo r 4 d a y s  in  th e  c h a m b e r  o f  a V irT is  A d v a n ta g e  E L -85  
ly o p h iliz e r  w ith  a s h e lf  te m p e ra tu re  o f  2 5 ° c  and  an  u ltim a te  c h a m b e r  p re ssu re  o f  10 
p b a r. A s n o ted . w t%  h ere in  re fe rs  to  th e  w e ig h t p e rcen tag e  o f  each  co m p o n e n t in th e  
p a ren t aq u eo u s  d isp e rs io n /g e l, and  th e  c lay  w e ig h t frac tio n  w as kep t co n s ta n t a t 5 
w t%  d u e  to  the  fact th a t th e  o n ly  c lay  ae ro g e l tha t w as  su ffic ie n tly  s tro n g  to  a llo w  th e  
d e te rm in a tio n  o f  its  c o m p re ss iv e  m o d u lu s , w as  th e  o n e  o b ta in ed  from  th e  5 w t%  c lay  
g e l . 10

6 .3 .3  S o lu tio n  C ro ss-L in k in g  P ro cess
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B e n z e n e  so lu tio n  o f  S 2C I2 w a s  ch o sen  fo r  c o n d u c tin g  th e  so lu tio n  
c ro ss - lin k in g  o f  th e  N R /c lay  ae ro g e l c o m p o s ite s  (so -ca lled  'N R  a e ro g e ls7). T w o  sets 
o f  ex p e rim en ta l c o n d itio n s  w e re  p erfo rm ed : (A ) as fo r th e  2.5 w t%  N R  aero g e ls , 
S 2C I2 c o n c e n tra tio n  w as v a ried  b e tw een  0 .25  an d  5 %  (v /v ), and  th e  re a c tio n s  w ere  
c o n d u c te d  at a g iv e n  te m p e ra tu re  (Tprep o f  e ith e r  -18  o r 18 °C ); (B ) as  fo r th e  5 and 10 
w t%  N R  ae ro g e ls , th e  S 2C I2 c o n c e n tra tio n  an d  7’prcp w e re  k ep t co n stan t at 1% (v /v ) 
and  -18°c, re sp ec tiv e ly .

In a typ ica l e x p e rim e n t, th e  ae ro g e l sam p le s  w ere  im m ersed  in an 
e x c e ss  b en zen e  so lu tio n  o f  S2CI2 o f  d iffe ren t c o n cen tra tio n s . P re lim in a ry  s tu d ies  
sh o w ed  tha t th e  a e ro g e ls  im m e d ia te ly  a b so rb ed  b en zen e  to  a tta in  th e ir  e q u ilib riu m  
sta tes . T h u s, a fte r  1 m in  o f  th e  im m ersio n  tim e , th e  sam p le s  to g e th e r  w ith  the 
e x te rn a l so lu tio n  w e re  tran sfe rred  to  e ith e r a  th e rm o s ta te d  ro o m  (Tprep o f  18°C) o r a 
freezer (Tprep o f -18°C), and  th e  c ro ss-lin k in g  re a c tio n s  w e re  a llo w ed  to  p ro ceed  fo r 
24 hr. T h e rea fte r , th e  sam p les  w e re  taken  o u t o f  th e  so lu tio n  and  w ere  ex trac ted  w ith  
an  e x c e ss  o f  to lu e n e  at room  te m p e ra tu re  to  w a sh  ou t th e  so lu b le  p o ly m e r  and  the 
u n re a c te d  S2CI2. F in a lly , th ey  w ere  p laced  in  m eth an o l o v e rn ig h t, d u r in g  w h ich  
m e th an o l w as re fre sh e d  severa l tim e s , and  d ried  u n d er v acu u m  at 4 0 ° c .  A s  n o ted , all 
the n ea t and  c ro ss - lin k e d  sa m p le s  w e re  kep t in an  ac ry lic  d e s ic c a to r  b e fo re  te s tin g  in 
o rd e r to  p rev en t an y  m o is tu re  ab so rp tio n .

6 .3 .4  C h a ra c te riz a tio n s
D e n s itie s  o f  th e  N R  ae ro g e ls  b e fo re  an d  a fte r  th e  so lu tio n  cro ss- 

lin k in g  w e re  c a lc u la ted  by  m e a su rin g  th e  m a ss  and  d im e n s io n s  u s in g  a M ettle r 
T o led o  A B 2 0 4 -S  an a ly tica l b a la n c e  and  d ig ita l c a lip e r, re sp ec tiv e ly .

C o m p re ss io n  te s tin g  w as c o n d u c te d  on  the  c y lin d rica l sp e c im e n s  (~ 2 0  
m m  in d ia m e te r  an d  h e ig h t) u s in g  an  In stro n  m o d e l 5565  u n iv e rsa l te s tin g  m ach in e , 
fitted  w ith  a 1 kN  load  ce ll, a t a  co n stan t c ro ssh ead  sp eed  o f  1 m m  m in"1. T h e  
co m p re ss iv e  m o d u lu s  and  to u g h n e ss  at a g iv en  s tra in  w e re  d e te rm in ed  fro m  th e  s lo p e  
o f  th e  lin ea r p o rtio n  and  th e  in te g ra te d  a rea  o f  th e  s tre s s -s tra in  cu rve , re sp ec tiv e ly . 
T h ree  iden tica l s a m p le s  o f  e ach  c o m p o sitio n  w e re  tested  fo r rep ro d u c ib ility , and  the  
v a lu es  w e re  a v e rag ed  to  o b ta in  th e  rep o rted  re su lts .



S a m p le s  fo r sc a n n in g  e lec tro n  m ic ro sc o p y  (S E M ) w ere  p rep a red  by  
sp u tte r-c o a tin g  th e  frac tu red  m o n o lith s  w ith  a th in  la y e r o f  p a lla d iu m  (~ 5 0  Â ). 
Im ag in g , e lem en ta l m ap p in g  as w e ll as th e  en e rg y  d isp e rs iv e  X -ray  (E D X ) a n a ly se s  
w ere  p e rfo rm ed  u s in g  a Q u an ta  3D  200i F E -S E M  at an  acc e le ra tio n  v o lta g e  o f  5 k v .

T h e rm a l p ro p e rtie s  w ere  ex am in ed  u s in g  a T G A  Q 5 0 0  (T A  
in s tru m e n ts )  u n d e r a n itro g en  flo w  (40  m l m in '1). A p p ro x im a te ly  5 m g  o f  sam p le s  
w ere  p laced  in  a  p la tin u m  pan  and  h ea ted  fro m  am b ien t tem p e ra tu re  to  600°c at a 
ra te  o f  10°c m in '1.

T h e  sw e llin g  cap a c ity  o f  the  N R  ae ro g e ls  b e fo re  and  a fte r  th e  so lu tio n  
c ro ss -lin k in g  w as d e te rm in ed  by  fo llo w in g  th e  w e ig h t an d  d ia m e te r  o f  th e  sam p le s  
im m ersed  in  to lu e n e  fo r at least 24  hr. T h e  eq u ilib riu m  w e ig h t and  v o lu m e  sw e llin g  
ra tio s , d en o ted  as  and  qv, re sp ec tiv e ly , w ere  c a lc u la ted  u s in g  th e  fo llo w in g  
eq u a tio n s:

_  m น,! 
= m*>

(6 . 1 )

<y 1. =
f

(6 .2 )

w h e re  and  /«dry are  th e  w e ig h ts  o f  the  eq u ilib riu m  sw o llen  and  d ry  N R  ae ro g e ls , 
re sp ec tiv e ly , an d  D t01 and  Ddry a re  th e  co rre sp o n d in g  d ia m e te rs . A s n o ted , in  o rd e r  to  
d ry  th e  e q u ilib r iu m  sw o llen  N R  ae ro g e ls , th ey  W'ere firs t tran sfe rred  in to  m e th an o l 
o v e rn ig h t and  th en  d ried  u n d e r v acu u m .

T h e  p o re  v o lu m e  ( Ep) o f  th e  n e tw o rk s  w as  e s tim a ted  th ro u g h  u p ta k e  
o f  m e th an o l o f  th e  N R  ae ro g e ls . S ince  m e th an o l is  a  n o n so lv e n t fo r N R , it o n ly  
e n te rs  in to  th e  p o re s  o f  the  ae ro g e l n e tw o rk s. T h u s, Ep (m l p o res  in  o n e  g ram  o f  d ry  
ae ro g e l n e tw o rk )  w as  ca lcu la ted  as:

E„ = (mM ~ mjry)
d Mm 1,ท

(6 .3 )

w h e re  mM is th e  w e ig h t o f  th e  N R  ae ro g e ls  im m ersed  in  m e th a n o l a f te r  2 4 h , and  du  
is the  d en s ity  o f  m e th an o l (0 .7 9 2  g m l '1).

T h e  c ro ss-lin k  d e n s ity  (E e) o f  th e  N R  a e ro g e ls  w as  d e te rm in e d  in -situ  
from  th e  eq u ilib riu m  sw e llin g  m e a su re m e n ts  at ro o m  te m p e ra tu re , on  th e  b a s is  o f



119

F lo ry -R e h n e r  th e o ry 2' 14' 15. w h ich  a s su m e s  a p h an to m  m o d el to  d e sc r ib e  th e  e la s tic  
b e h a v io r  o f  the  sw o lle n  n e tw o rk :

\ท{\~(f)r)+(f>r + x<t>,2
V  1. =  -

V , ? <Pr
(6 .4 )

1 1 / 3<Pr -

<t>r =

พ / พ,
P r

พ / พ, + พ  v„,
(6 .5 )

P r P s

w h ere  ve is  th e  n e tw o rk  c h a in  d e n s ity  (m o l c m '3), X  is  th e  F lo ry -H u g g in s  in te rac tio n  
p a ra m e te r  (0 .3 9 1 ), V ]  is th e  m o la r v o lu m e  o f  to lu e n e  (1 0 6 .2  c m 3 m o l '1), 0 r  is th e  
ru b b e r  v o lu m e  frac tio n , พ  <1 and  น', a re  th e  d e sw o lle n  and  in itia l w e ig h ts  o f  th e  N R  
ae ro g e ls , re sp e c tiv e ly , /ins is  th e  w e ig h t frac tio n  o f  an  in so lu b le  c o m p o n e n t (o n ly  c lay  
a e ro g e l) , pr and  pi a re  th e  d en s itie s  o f  ru b b e r  (0 .9 2  g cm"3) and  to lu e n e  (0 .87  g  cm "3), 
re sp e c tiv e ly , and  พร0! is  th e  w e ig h t o f  to lu e n e  tak en  up  a fte r  72  hr. T h e  v a lu e s  
rep o rted  a re  a v e ra g e s  o f  at least th re e  test p ie c e s  p e r  each  c o m p o s itio n  ( ~ 2 0  m m  
d ia m e te r  an d  - 1 0  m m  th ick ).

6 .4  R e s u l ts  a n d  D isc u ss io n

H ere , tw o  su b se c tio n s  are  fo cu sed  re g a rd in g  th e  re su lts  o f  o u r  e x p e rim e n ts . 
In itia lly , th e  c ro ss - lin k in g  e ffic ie n cy  o f  S 2C I2 in  te rm s  o f  th e  S 2C I2 c o n c e n tra tio n  an d  
reac tio n  te m p e ra tu re  (Fprep) is d isc u sse d . T h e  e v a lu a tio n  w as d o n e  by  tak in g  th e  2.5 
w t%  N R  ae ro g e l as  a  re fe ren ce . T h e re a fte r , w e  c o m p a re  th e  re su lts  o f  e x p e rim e n ts  
c o n d u c te d  on  d iffe re n t w e ig h t f ra c tio n s  o f  N R , w h ile  th e  c ro ss - lin k in g  co n d itio n  w as 
kep t co n s tan t.

6.4.1 C ro ss -L in k in g  E ffic ien cy  o f  S 7C I7

A s m e n tio n e d  e a r lie r  in  th e  e x p e rim e n ta l se c tio n , s in ce  th e  N R  
ae ro g e ls  w e re  b e in g  im m e rse d  in to  a la rg e  e x c e ss  o f  S 2C I2 so lu tio n s , it is sp ecu la ted  
tha t so m e  p art o f  th e  so lu tio n  (and  th u s  ร :C L ) rem a in e d  o u ts id e  o f  th e  aerogel p h ase . 
T h is  m e a n s  that so m e  c a lc u la tio n s  a re  n eed ed  in o rd e r  to  e s tim a te  th e  am o u n t o f  th e
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ร 2ท 2 in co n tac t w ith  the  ae ro g e l sam p le . B y d e f in in g  qb to  b e  th e  am o u n t o f  b en zen e  
ab so rb ed  by  1 g o f  th e  N R  a e ro g e l, o n e  can  ca lc u la te  th e  n u m b e r o f  m o le s  (ท) o f  
ร 2C I2 in co n tac t w ith  1 g  o f  th e  N R  ae ro g e l u s in g  th e  fo llo w in g  eq u a tio n s :

" s 2 ( 7  2
๙ พ

ร  2a  2% V/ V

100
*7 .ร'2(7 2

M M  s 2(.12 J
(6 .6 )

= ( " 6  )
m.เท

(6 .7 )

w h e re  d b and  <7s2ci2 a re  the d e n s itie s  o f  b e n z e n e  (0 .8 7 7  g cm "3) and  S2C I2 ( 1 .6 8  g cm" 
3), re sp ec tiv e ly , (V/A/S2CI2 is th e  m o la r  m ass  o f  S 2C I2 (135  g m ol"1), an d  mb is the  
w e ig h t o f  the  sw o lle n  N R  ae ro g e l in  b en zen e . T a b le  6.1 sh o w s  th e  e s tim a te d  am o u n t 
o f  S 2C I2 in  c o n ta c t w ith  1 g o f  th e  2 .5  w t%  N R  ae ro g e l as  a fu n c tio n  o f  ร 2ต 2 

co n c e n tra tio n s  in b en zen e . T h e  g en era l tren d  is tha t in c re a s in g  th e  S2C I2 co n ten t in 
b en zen e  so lu tio n  le ad s  to  a c o n tin u o u s  in c rea se  in the  m o le  an d  w e ig h t p e rc e n ta g e  o f  
ร 2C I2 ill co n tac t w ith  the  N R  ae ro g e l, and  th u s  a h ig h  d e g re e  o f  c ro ss - lin k in g  is 
ex p ec ted .

T h e  sw e llin g  c a p a c itie s  o f  th e  2 .5  w t%  N R  ae ro g e ls  in  to lu e n e  a re  
d isp la y e d  in F ig u re  6.1 A . w h e re  th e  eq u ilib riu m  w eig h t q w (c irc le s )  an d  v o lu m e  q s 
( tr ia n g le s )  sw e llin g  ra tio s  a re  p lo tted  ag a in s t th e  S 2C I2 c o n c e n tra tio n . T h e  filled  and  
o p en  sy m b o ls  a re  th e  d a ta  p o in ts  o b ta in ed  fro m  th e  2.5 w t%  N R  a e ro g e ls  c ro ss- 
lin k ed  at T p r e p  o f  18 and  -18°c, re sp e c tiv e ly . In d ep en d en t o f  th e  te m p e ra tu re  ( T p r e p ) ,  

th e  W'eight sw e llin g  ra tio  (qw) o f  th e  2.5 w t%  N R  ae ro g e ls  d e c re a se s  s lig h tly  as  the 
S2C I2 c o n c e n tra tio n  is in c reased , in  acco rd  w ith  th e  p re v io u s  s tu d y . 19 F u rth e r , th e  2.5 
w t%  N R  ae ro g e ls  c ro ss - lin k e d  a t 7 p r e p  o f -18°c e x h ib it la rg e r  <7%v th an  th o se  p rep a red  
at 18°c, and  th is  is illu s tra ted  by  th e  e x is te n c e  o f  m u c h  la rg e r p o re  v o lu m es , 
tem p la ted  by th e  m a c ro sc o p ic  b e n z e n e  c ry s ta ls , a f te r  c o n d u c tin g  th e  re a c tio n  at v e ry  
low  te m p e ra tu re . 17' 20 In co n tra s t, th e  v o lu m e  sw e llin g  ra tio  (r/v) rem a in s  u n ch an g ed  
a fte r  a d ju s tin g  th e  ab o v e  e x p e rim e n ta l p a ra m e te rs , and  its v a lu e s  is m u c h  le ss  th an  
the  w e ig h t sw e llin g  ra tio  (q น). T h e  re la tiv e  v a lu e s  o f  q n an d  c/v p ro v id e  in fo rm a tio n  
re g a rd in g  the  in te rn a l s tru c tu re  o f  th e  n e tw o rk s  in  th e  sw o lle n  s ta te .I7,x T h is  is d u e  to  
the  fact tha t the  qw in c lu d e s  th e  so lv e n t lo ca tin g  in b o th  p o re s  an d  p o ly m e r reg io n  o f  
the  N R  aero g e l, w h ile  th e  (/, re p re se n ts  o n ly  th e  so lv en t in th e  p o ly m e r p h ase . T h u s,
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th e  la rg e  d iffe re n ce  b e tw e e n  th e se  tw o  v a lu e s  re fle c ts  th e  g rea t a m o u n t o f  so lv en t 
lo ca tin g  in the  p o res . F ig u re  6 . IB  sh o w s  th e  to ta l v o lu m e  o f  p o re s  (Fp), e s tim a ted  
from  th e  u p tak e  o f  m e th an o l by th e  2 .5  w t%  N R  ae ro g e ls , p lo tted  ag a in s t th e  S 2C I2 

c o n c e n tra tio n  an d  te m p e ra tu re  Tprep. T h e  to ta l pore  v o lu m e  (Fp) d e c re a se s  w ith  
in c rea s in g  th e  S 2C I2 c o n c e n tra tio n , re g a rd le ss  o f  the  Tprep. F u rth e r, th e  sam p le s  
p rep a red  at Tprep o f  -18°c e x h ib it th e  Fp in  th e  ran g e  o f  8 - 1 1 m l g"1, b e in g  s lig h tly  
h ig h e r th an  th o se  fo rm ed  at 18°c. w h ic h  is  a ro u n d  7 -1 0  m l g"1. In acc o rd  w ith  F ig u re
6.1 A , th is  is a c o n se q u e n c e  o f  th e  fro zen  z o n e s  inside  th e  ae ro g e l sa m p le s  at -18°c, 
ac tin g  as te m p la te s  d u rin g  th e  r e a c t io n s . |() T h ese  re su lts  a re  in g o o d  a g re e m e n ts  w ith  
th e  sw e llin g  c h a ra c te r is tic s  o f  th e  ty p ica l m a c ro p o ro u s  P1B g e ls , p re p a re d  u n d e r 
s im ila r  ex p e rim en ta l c o n d itio n s . 17"20

T h e  m ech an ica l p ro p e r tie s  o f  th e  2 .5  w t%  N R  a e ro g e ls  w e re  p ro b ed  
by  th e  c o m p re ss io n  te s ts , and  th e  re su lts  w ere  in te rp re ted  in  te rm s o f  th e  c o m p re ss iv e  
m o d u lu s  and  to u g h n e ss  at a g iv en  s tra in . F ig u re  6 .2A  sh o w s  th e  ty p ica l s tre s s -s tra in  
c u rv e s  o f  th e  2.5 w t%  N R  a e ro g e ls  fo rm e d  a t 7prep =  -18°c u n d e r v a r io u s  S2C I2 

c o n c e n tra tio n s . T h e  lin e -sh a p e s  fo llo w  th e  c la ss ica l foam  b e h a v io r  in  w h ich  a  lin ea r 
e la s tic  reg io n  is fo llo w e d  by a h o riz o n ta l p la te a u , and  fin a lly  a d e n s if ic a tio n  reg io n , 
w h ich  is s im ila r  to  th e  cu rv e  o f  p re v io u s ly  re p o rte d  a e ro g e ls .7"13 A s n o ted , a fte r  b e in g  
c o m p re sse d  up  to  9 0 % . m o st o f  th e  sa m p le s  d id  no t re c o v e r  to  th e ir  o rig in a l sh ap e , 
ev en  th o u g h  the  N R  c o n c e n tra tio n  w as  in c re a se d  up  to  10 w t% . T h e  n eat 2 .5  w t%  
N R  aero g e l sh o w s  th e  c o m p re ss iv e  m o d u lu s  an d  to u g h n e ss  at 3 0 %  s tra in  o f  70  an d  2 
k P a , re sp ec tiv e ly . A fte r  b e in g  c ro ss - lin k e d  at -18°c, th e  m ech an ica l b e h a v io r  is 
g re a tly  im p ro v ed ; fo r in s tan ce , th e  sa m p le s  fo rm ed  at 1%  (v /v ) S 2C I2 e x h ib it th e  
co m p re ss iv e  m o d u lu s  an d  to u g h n e ss  at 3 0 %  s tra in  o f  1800  and  13 k P a , b e in g  ab o u t 
26  and  7 tim es  h ig h e r  th an  th o se  o f  th e  n ea t c o n tro l, re sp e c tiv e ly  (see  F ig u re  6 .2 B ). 
A t th e  sam e  tim e , th e  d e n s ity  is m a rg in a lly  in c reased  fro m  0 .0 6  to  0.11 g c m "3 (see  
F ig u re  6 .2C ). In c re a s in g  th e  S 2C I2 c o n c e n tra tio n  b ey o n d  th is  p o in t d o e s  n o t fu rth e r 
im p ro v e  the  m e c h a n ic a l p ro p e rtie s  su b s ta n tia lly , bu t in c rea se s  th e  m a te ria l d en s ity  
in s tead  ( -0 .1 2  g c m ’3). T h is  is p ro b a b ly  d u e  to  the  c y c liz a tio n  re a c tio n s  o c c u rrin g  
b e tw e e n  su lfu r c h lo r id e  an d  in te rn a l v in y l g ro u p s  a tta c h e d  on  th e  sam e  p o ly m e r 
ch a in s , w h ich  in tu rn  lim its  th e  n u m b e r  o f  e f fe c tiv e  c ro s s - l in k s . 16 19
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F ig u re  6 .2D  c o m p a re s  th e  ty p ica l s tr e s s - s tra in  c u rv e s  o f  th e  2 .5  \v t%  
N R  a e ro g e ls  c ro ss - lin k e d  at d iffe re n t te m p e ra tu re s . T h e  S 2C I2 co n ten t w a s  kep t 
co n stan t at 1% (v /v ). T h e  c o m p re ss iv e  m o d u lu s  and  to u g h n e ss  at 3 0 %  s tra in  o f  the  
ae ro g e l p rep a red  a t 18°c w ere  c a lc u la ted  as 3 2 0  and  5 k P a , re sp e c tiv e ly . It is seen  
tha t in c rea s in g  the re a c tio n  te m p e ra tu re  from  -18  to  1 8 °c  lead s  to  a 6 - an d  3 -fo ld  
d ec rea se  in  the  c o m p re ss iv e  m o d u lu s  and  to u g h n e ss  at 3 0 %  stra in  o f  th e  N R  
ae ro g e ls , re sp ec tiv e ly . T h is  d e m o n s tra te s  th e  m u c h  h ig h e r c ro ss - lin k in g  e ff ic ie n c y  o f  
S 2C I2 at very  low  re a c tio n  te m p e ra tu re , as c o m p a re d  to  th e  a m b ien t co n d itio n . 
In d eed , a s  the  a q u e o u s  reac tio n  so lu tio n  is co o le d  b e lo w  th e  f re e z in g  p o in t o f  
b e n z e n e  (5 .5 °C ), b o th  th e  ru b b e r c h a in s  and S2C I2 m o le c u le s  a re  e x c lu d e d  from  the  
b en zen e  c ry s ta ls  on  th e  b a s is  o f  freeze  c o n c e n tra tio n  and  a c c u m u la te  to  fo rm  the  
u n fro zen  reg io n s. T h u s , th e  red u ced  ra te  c o n s ta n t o f  re ac tio n  a t low  te m p e ra tu re  is 
co m p e n sa te d  by  th e  in c rea sed  c o n c e n tra tio n  o f  ru b b e r and  S 2C I2 in  th e  reac tio n  
zo n es , le ad in g  to  th e  fo rm a tio n  o f  d en se  ru b b e r  d o m a in s  su rro u n d in g  th e  b en zen e  
c ry s ta ls . 17’20 O n the  co n tra ry , i f  th e  c ro ss - lin k in g  is c o n d u c te d  at a m b ien t 
te m p e ra tu re , u su a lly  th e re  is no  freeze  c o n c e n tra tio n  o f  th e  re a c tio n  so lu tio n , th u s  
cau s in g  th e  ru b b e r c o n c e n tra tio n  in the  reac tio n  z o n e s  to  b e  le ss  th an  th a t o f  the  
ap p a re n tly  frozen  re a c tio n  sy s te m . 18 A s a re su lt, th e  fo rm a tio n  o f  e f fe c tiv e  c ro ss ­
lin k s b e tw e e n  the  ru b b e r  c h a in s  is lim ited  b e c a u se  o f  the  s lo w  re a c tio n  ra te . B es id e s , 
so m e  p a rts  o f  the  S 2C I2 m o le c u le s  a re  p ro b ab ly  h y d ro ly z e d  a t a m b ie n t te m p e ra tu re . 19 

It can  be  in fe rred  from  th is  resu lt th a t, by c o n d u c tin g  th e  re a c tio n  at 1%  (v /v )  o f  
S2C I2 and  Tprep =  -18°c, th e  sw e llin g  ca p a c itie s  an d  m ech an ica l in teg rity  o f  th e  2 .5 
w t%  N R  ae ro g e ls  a re  o p tim a lly  e x p lo ited .

T h e  d e g re e  o f  c ro ss - lin k  (Te) o f  th e  2 .5  w t%  N R  ae ro g e ls , sh o w n  in 
F ig u re  6 .3 , v a rie s  lin ea rly  w ith  th e  c o n c e n tra tio n  o f  S 2CI2 . T h is  is  e x p e c te d  s in ce  th e  
c a lc u la ted  c ro ss-lin k  d e n s ity  sh o u ld  be  re la ted  to  the  m o d u lu s  o f  e la s tic ity  o f  the  
s a m p le s .2 A lth o u g h , th e  h ig h est c ro ss - lin k  d e n s ity  is a tta in ed  a t 5 %  (v /v )  o f  S2C I2, 
m o st o f  th e  su lfu r b r id g e s  are  o rig in a te d  fro m  th e  cy c liz a tio n  re a c tio n s  o c c u rr in g  
b e tw een  su lfu r  c h lo r id e  an d  in te rn a l v in y l g ro u p s  a tta c h e d  on  th e  sa m e  ru b b e r  ch a in s . 
T h e re fo re , th o se  lin k a g e s  are  no t re co g n ized  as  a  m ain  so u rce  o f  th e  re in fo rc em en t 
fo r th e  2 .5  w t%  N R  ae ro g e ls .
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F ig u re  6 .4 d e p ic ts  th e  S E M  im ag es o f  th e  2.5 \v t%  N R  a e ro g e ls  
p rep a red  at d iffe re n t leve ls o f  S 2C I2. T h e  Tprcp w as se t to  -18°c. T a k in g  th e  n ea t 
co n tro l as a re fe ren ce , th e  im ag e  (F ig u re  6 .4 A ) re v e a ls  a  w e ll-d e f in e d  lay e red  
a rc h ite c tu re  th a t fo llo w s th e  d irec tio n  o f  th e  g ro w in g  ice  c ry s ta ls .4' 13 A fte r  b e in g  
c ro ss-lin k e d  w ith  0 .25 and  0 .5 %  (v /v ) o f  S 2C I2, it is seen  th a t th e  la m e lla r  s tru c tu re  
co lla p se s  s lig h tly , and  the  reg u la rity  o f  sp ace  b e tw een  e a c h  layer is m in im ized . T h is  
d e m o n s tra te s  th e  re lax a tio n  o f  the  co n s titu e n t m a te ria ls , m ak in g  u p  th e  lay ers , a f te r  
sw e llin g  o f  th e  ae ro g e l sa m p le s  in th e  o rg an ic  so lv en t (b en zen e ) p r io r  to  th e  so lu tio n  
c ro ss - lin k in g . 11 In o th e r w o rd s , as th e re  is an  in su ffic ien t a m o u n t o f  S 2C I2 fo r 
p ro d u c in g  the s ta b le  p o ly m e r p h ase  w ith in  a  d ecen t tim e , m an y  o f  th e  s tru c tu re s  
c o lla p se  as a re su lt o f  the  s tru c tu ra l re lax a tio n  u p o n  a b so rp tio n  o f  b e n z e n e . W h en  the  
ร 2C I2 c o n c e n tra tio n  is in c reased  to 1 and  5%  (v /v ), the  la m e lla r  m o rp h o lo g y  re m a in s  
u n ch an g ed  o v e r th e  en tire  c ro ss -se c tio n  o f  the  sam p les, an d  th e  sh e e ts  a re  so m e w h a t 
ro u g h e r. T h is  a p p e a rs  to  be  a  resu lt o f  th e  in c reased  c ro ss - lin k in g  e ff ic ie n c y  in the  
p o ly m e r-ric h  u n fro zen  c h a n n e ls  at m u ch  h ig h e r S 2C I2 co n c e n tra tio n , w h ic h  g iv es  rise  
to  th e  fo rm a tio n  o f  d en se r p o ly m e r d o m a in s , b e in g  s tro n g  e n o u g h  to  c o m p ro m ise  th e  
s tru c tu ra l re lax a tio n . A  lack  o f  the  s tru c tu ra l in teg rity  is a lso  ev id e n c e d  fo r th e  N R  
a e ro g e ls  p rep a red  at Tprep =  18°c (n o t sh o w n ), ev en  th o u g h  the  S 2C I2 co n te n t w as  
kep t co n stan t at 1%  (v /v ). T h is  again  re fle c ts  th e  low  c ro ss - lin k in g  e ff ic ie n c y  at h ig h  
reac tio n  te m p e ra tu re , as m en tio n e d  ea rlie r. E D X  sp ec tro sco p y  w a s  c o n d u c te d  to 
m o n ito r  th e  su c c e ss  o f  the  so lu tio n  c ro ss - lin k in g  o f  2 .5  w t%  N R  a e ro g e ls  a t Tprep o f  - 
18°c, and  the re su lts  are  c o lle c te d  in  T ab le  6 .2 . A s e x p e c te d , in c re a s in g  th e  S2C I2 

c o n c e n tra tio n  le ad s  to  a lin e a r in c rease  in the  w eig h t ra tio s  o f  th e  s/c and  S /S i, 
w h ic h  is from  0.1 to  0 .8  and  0 .2  to  2 .3 , re sp ec tiv e ly .

6 .4 .2  E ffe c t o f  th e  N R  C o n cen tra tio n
T h e  in co rp o ra tio n  o f  p o ly m e ric  b in d e rs  in to  th e  p r is tin e  c lay  ae ro g e ls  

is an  e ffec tiv e  ap p ro ach  fo r p ro d u c in g  the  rig id , fo am -lik e  m a te r ia ls .7' 13 In c rea s in g  
th e  N R  c o n c e n tra tio n  w e b e lie v e  sh o u ld  lead  to  th e  fo rm a tio n  o f  th e  in te rp e n e tra tin g  
c o -c o n tin u o u s  n e tw o rk s , in w h ich  th e  lay ers  ap p e a r to  be  c o n n ec ted  by  a w e b  o f  
p o ly m er, g iv in g  น.ร the s ig n ific a n t im p ro v em en t in th e  m a te ria l p ro p e rtie s .
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T h e  so lu tio n  c ro ss-lin k in g  o f  N R  ae ro g e ls , c o m p ris in g  5 an d  10 w t%  
o f  N R . w as  co n d u c ted  at 1% (v /v ) o f  S 2C I2 and  Tprep o f -18°c. T h e  e s tim a te d  am o u n t 
o f  ร 2CI2 in  co n tac t w ith  1 g o f  th e  5 and  10 w t%  N R  ae ro g e ls  w a s  c a lc u la ted  u s in g  
E qs (6 .6 ) an d  (6 .7 ) an d  is  c o lle c ted  in T ab le  6 .3 . It is seen  tha t in c re a s in g  th e  w eig h t 
frac tio n  o f  N R  s lig h tly  in c rea se s  th e  am o u n t o f  b e n z e n e  u p tak e  (<7b) and  th e reb y , th e  
w e ig h t p e rc e n ta g e  o f  S 2C I2 in co n ta c t w ith  1 g o f  th e  sam ples. F ig u re  6 .5  illu s tra te s  a 
lin ea r d e p e n d en cy  o f  th e  bu lk  d e n s itie s  o f  th e  n ea t and  c ro ss-lin k e d  N R  ae ro g e ls  on  
th e  w eig h t frac tio n  o f  N R . T he b u lk  d en s ity  o f  N R  ae ro g e ls  in c re a se s  fro m  0 .0 6  to
0 .13  g c m '3, as  the  W 'eight frac tio n  o f  N R  is in c reased  up  to  10 w t% . A t th e  sam e  
tim e , the  c ro ss-lin k e d  sam p le s  h av e  th e  b u lk  d en s ity  in  the  ran g e  o f  0 . 1 1 - 0 . 2 0  g cm"3, 
b e in g  re la tiv e ly  h ig h e r  th an  that o f  th e  n ea t c o n tro ls , a s  ex p ec ted .

T h e  in flu en ce  o f  ru b b e r c o n c e n tra tio n  on  the  m a te r ia ls  m ech an ica l 
p ro p e rtie s  is sh o w n  in F ig u re  6 .6 , w h e re  th e  s tre s s -s tra in  b e h a v io rs  (6 .6 A ), 
co m p re ss iv e  m o d u lu s  (6 .6 B), an d  to u g h n e ss  at 3 0 %  stra in  (6 .6 C ) o f  th e  n ea t and  
c ro ss - lin k e d  N R  a e ro g e ls  a re  g iv en . T h e  gen era l tren d  is th a t th e  sam p le s  co n ta in in g  
re la tiv e ly  h ig h e r  w e ig h t frac tion  o f  so lid  m a tte r  a re  s tiffe r  th an  th o se  la ck in g  
su ffic ie n t so lid  c o n te n t to  bu ild  th e  ro b u st s tru c tu re s . 10 F or in s tan ce , the  co m p re ss iv e  
m o d u lu s  is in c reased  fro m  70 to  3 0 0  kP a, as th e  a m o u n t o f  N R  in c rea se s  fro m  2 .5  to  
10 w t% . F low ever. th is  in c rease  is no t s ig n ific an t and  lim ited  by  th e  lack  o f  s tru c tu ra l 
in teg rity  o f  th e  ru b b e r  d o m ain . T h u s, it is o f  c o n s id e ra b le  im p o rta n c e  to  c rea te  a 
la rg e  n u m b e r o f  e f fe c tiv e  c ro ss-lin k s  b e tw een  the  ru b b e r c h a in s  in  o rd e r to  im p ro v e  
th e  r ig id ity  o f  th e  N R  ae ro g e ls  and  to  p ro m o te  th e  a p p re c ia b le  load  tra n s fe r  u n d e r 
s tress . R esu lts  fo r c o m p re ss io n  te s ts  o f  th e  c ro ss - lin k e d  sam p le s  a re  sh o w n  in F ig u re  
6 .6 B and  6 .6 C. It is se e n  tha t th e  c o m p ress iv e  m o d u lu s  and  to u g h n e ss  at 3 0 %  stra in  
o f  th e  c ro ss-lin k e d  N R  ae ro g e ls  a re  in c reased  by  a  fac to r o f  1 5 -2 7 x  an d  6 - 8 x, 
re sp ec tiv e ly , d e p e n d in g  on  th e  w e ig h t frac tio n  o f  N R , as co m p ared  to  th o se  o f  th e  
n ea t co n tro ls . N o t su rp r is in g ly , th e  h ig h es t r ig id ity  is  o b se rv ed  fo r th e  c ro ss - lin k e d  
10 w t%  N R  ae ro g e l, w h ic h  e x h ib its  the  co m p re ss iv e  m o d u lu s  an d  to u g h n e ss  at 3 0 %  
stra in  o f  4 5 0 0  and  4 6  k P a , re sp ec tiv e ly . A t the  sam e  tim e , its  d e n s ity  rise s  to  0 .2 0  g 
c m '3, y ie ld in g  the  sp e c if ic  c o m p re ss iv e  m o d u lu s  (m o d u lu s  p er u n it w e ig h t)  o f  22 .5  
M P a  cm 3g"'. as  co m p ared  to the  v a lu e s  16.4 and  2 0 .7  M P a  c m 3g ‘l o b ta in e d  u sin g  th e  
c ro ss-lin k e d  2 .5 and  5 w t%  N R  ae ro g e ls , re sp ec tiv e ly . A s n o ted , the  p r is tin e  c lay
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ae ro g e l, fab rica ted  fro m  a 5 vvt% a q u e o u s  d isp e rs io n , h as  th e  co m p re ss iv e  m o d u lu s  
o f  2 0  k P a  at a d e n s ity  o f  0 .0 5  g c m '3, w h ich  c o n v e rts  in to  th e  sp ec if ic  c o m p re ss iv e  
m o d u lu s  o f  0 .4  M P a-cm 3g ' \

F ig u re  6 .7A  illu s tra te s  th e  e q u ilib r iu m  w e ig h t <yw (c irc le s )  an d  v o lu m e  
f/v ( tr ia n g le s )  sw e llin g  ra tio s  o f  the  N R  ae ro g e ls  in to lu en e  p lo tted  as a  fu n c tio n  o f  
N R  co n c e n tra tio n . T h e  filled  an d  o p en  sy m b o ls  a re  the  d a ta  p o in ts  o b ta in e d  from  the  
neat an d  c ro ss-lin k e d  N R  a e ro g e ls , re sp ec tiv e ly . T h e  v o lu m e  sw e llin g  ra tio  (<7 v) o f  
th e  n ea t N R  a e ro g e ls  in c re a se s  s lig h tly  from  2 to  3, as th e  am o u n t o f  N R  m a trix  is 
in c rea sed  from  2 .5  to  10 w t% . In co n tra s t, th e  w e ig h t sw e llin g  ra tio  (c/w) d o es  no t 
c h a n g e  m u ch  w ith  th e  w e ig h t frac tio n  o f  N R , an d  th e  d iffe re n ce  is  lim ited  by  the 
len g th  o f  e x p e rim e n ta l e rro r. T h is  is  e x p la in ed  on  the  b a s is  o f  a  c o m p ro m ise  b e tw een  
a re d u c tio n  o f  th e  av a ila b le  p o re  v o lu m e s  fo r th e  so lv en t to  be  d ra w n  in to  an d  the  
in c rea sed  a b so rp tio n  o f  so lv e n t by  th e  p o ly m e r d o m ain , u p o n  in c re a s in g  th e  N R  
co n c e n tra tio n . A s  n o ted , th e  v o lu m e  sw e llin g  ra tio  (<7v) o n ly  in c lu d es  th e  so lv e n t in 
the  p o ly m e r  reg io n . A n o th e r  e v id e n c e  fo r a d e c re a se  in th e  s ta tic  free  v o lu m e s  u pon  
in c re a s in g  the m a ss  frac tio n  o f  N R  is sh o w n  in F ig u re  6 .7 B , w h e re  th e  to ta l v o lu m e  
o f  p o re s  ( Vp) o f  th e  N R  ae ro g e ls  is p lo tted  ag a in s t the  N R  c o n cen tra tio n . It is  seen  
that th e  to ta l p o re  v o lu m e  ( Vp) d e c re a se s  from  11.7 to  6 .8  ทา! g "1 w ith  in c rea s in g  the 
w e ig h t frac tio n  o f  N R , as e x p ec ted . T h e  sw e llin g  b e h a v io rs  o f  the  c ro ss - lin k e d  N R  
ae ro g e ls  fo llo w  th e  sam e  p a tte rn  as  th o se  o f  th e  n ea t c o n tro ls ; h o w ev e r, th e  v a lu es, 
re g a rd in g  th e  q w, g v, and  Vp, a re  so m ew h a t lo w er. T h is  re f le c ts  th e  fo rm a tio n  o f  a 
la rge  n u m b er o f  e ffe c tiv e  c ro ss - lin k s  b e tw e e n  th e  p o ly m e r  ch a in s , c a u s in g  a 
re s tr ic tio n  on th e  m a te ria ls  sw e llin g  cap ac ity , p a rtic u la rly  a t h ig h  p o ly m e r  lo ad in g . 
F u rth e r. F ig u re  6 .7 C  illu s tra te s  a lin ea r d ep e n d e n c y  o f  th e  c ro ss - lin k  d e n s itie s  (F e) o f  
the  N R  ae ro g e ls  on  th e  w e ig h t frac tio n  o f  N R , w h ic h  is in g ood  a g re e m e n t w ith  the  
co m p re ss io n  d a ta  p re se n te d  in F ig u re  6 .6 .

T h e  m ic ro s tru c tu re  o f  th e  5 and  10 w t%  N R  ae ro g e ls  b e fo re  an d  a fte r 
the  c ro ss - lin k in g  re a c tio n s  a re  g iv en  in F ig u re  6 .8 . B efo re  th e  so lu tio n  c ro ss-lin k in g , 
it is  a p p a ren t th a t in c re a s in g  th e  w e ig h t frac tio n  o f  N R  re su lts  in  th e  e v o lu tio n  o f  the  
ae ro g e l s tru c tu re  fro m  the  h ig h ly  lam e lla r  m o rp h o lo g y  (F ig u re  6 .8 A ), in  w h ic h  the 
lay e rs  d is tin c tly  se p a ra te , to  th e  m o re  c o n tin u o u s  s tru c tu re  (F ig u re  6 .8 B). in w h ich  
the lay e rs  are c o n n e c te d  by  a w eb  o f  p o ly m er. T h e  a p p e a ra n ce  o f  the  co m p le te ,
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in te rp e n e tra tin g  n e tw o rk s  at h ig h  m ass  fra c tio n  o f  so lid  m a tte r  is th e  p r im a ry  reaso n  
fo r th e  v astly  im p ro v ed  m ech an ica l p ro p e rtie s  o f  th e  NR a e ro g e ls , a s  th ey  are  
c a p a b le  o f  su p p o rtin g  th e  ap p lied  m ech an ica l loads. A  s im ila r  re su lt w as  rep o rted  by 
G a w ry la  et a l .9 fo r th e  lo w  d e n s ity  p o ly m e r/c la y  ae ro g e l c o m p o s ite s  b a sed  o n  case in  
p ro te in . T h e  m o rp h o lo g ica l tra n s itio n  is a lso  ev id en t in  c a se  o f  th e  c ro ss - lin k e d  NR 

a e ro g e ls  (see  F ig u re  6 .8 C and  D ); h o w ev e r, th e  lay ers  a re  q u ite  c o a rse  a n d  rough . 
T h is  again  v e r itie s  th e  su ccess  o f  th e  so lu tio n  c ro ss-lin k in g , w h ich  le a d s  to  the  
ex cep tio n a l re in fo rc em en t o f  th e  NR ae ro g e ls . T he  E D X  sp ec tro sco p y  re su lts  (no t 
sh o w n ) illu s tra te  a s lig h t d e c re a se  an d  in c re a se  in  the  s / c  (fro m  0 .4  to  0 .2 )  and  ร /ร  Î. 
( fro m  0 .8  to  1 .8 ) w e ig h t ra tio s , re sp e c tiv e ly , w ith  in c re a s in g  th e  w e ig h t frac tio n  o f  
NR. E lem en ta l m a p p in g  w as p e rfo rm ed  on  th e  c ro ss-lin k e d  10 w t%  NR aero g e l to  
id e n tify  th e  lo ca tio n  o f  th e  ร an d  Cl a to m s, NR m atrix , an d  c lay  a e ro g e l, and  the  
im a g e s  are d e p ic te d  in F igu re  6 .9 . It is se e n  tha t b o th  th e  ร an d  C l a to m s  are 
u n ifo rm ly  d is tr ib u te d  o v e r the  in v es tig a ted  a re a  and  sa tis fa c to r ily  a ttach  to  th e  rubber' 
d o m a in , in acco rd  w ith  the  re a c tio n  m e c h a n ism  p ro p o se d  b y  th e  O k ay  e t a l . 16 

H o w e v e r , so m e  o f  th e  ร a to m s a re  ly in g  on  th e  p o ly m e r- lre e  su rface  o f  c lay  ae ro g e l, 
as  c a n  be seen  by  th e  su lfu r m ap . T h is  is a ttr ib u te d  to  th e  h ig h  su rface  a re a  o f  c lay  
p a r tic le s , w h ich  is c a p a b le  o f  ab so rb in g  a p a rt o f  c u ra tiv e  on  th e ir  su rfa c e .2 21

In F ig u re  6 .1 0 A  an d  B , th e  T G A  and  D T G  c u rv e s  o f  th e  n e a t and  
c ro ss - lin k e d  NR a e ro g e ls  w ith  v a rio u s  NR c o n c e n tra tio n s  a re  g iv en , re sp e c tiv e ly , 
an d  th e  overa ll re su lts  are  co lle c ted  in T a b le  6 .4 . T h e  n ea t NR ae ro g e ls  d isp lay  a 
s in g le  step  o f  w e ig h t lo ss  in  th e  ra n g e  b e tw e e n  3 0 0  and  4 5 0 ° c ,  w h ich  is re la te d  to  the  
d e c o m p o s itio n  o f  NR ph ase . In c re a s in g  th e  NR c o n c e n tra tio n  le a d s  to  a sh if t  in the  
d e c o m p o s itio n  te m p e ra tu re  (T fo) an d  rate  o f  w e ig h t lo ss  (d \V /d T ) to w a rd s  lo w e r and  
h ig h e r  v a lu es, re sp ec tiv e ly . T h is  is no t u n e x p e c te d , as  th e  ac tu a l p e rc e n ta g e  o f  c lay  
ae ro g e l (o r c h a r  y ie ld ) d e c re a se s  w ith  in c re a s in g  th e  w e ig h t frac tio n  o f  NR. 

T h e re fo re , the  10 w t%  NR ae ro g e l, c o m p ris in g  th e  lo w est p e rc e n ta g e  o f  c lay  ae ro g e l, 
d isp la y s  an in fe r io r  th e rm a l s ta b ility  co m p ared  to  th a t o f  th e  2 .5  w t%  NR aero g e l. 
A f te r  b e in g  c ro ss - lin k e d  w ith  S 2C I2, the th e rm a l b e h a v io r  o f  th e  NR a e ro g e ls  sh o w s a 
tw o -s te p  w e ig h t lo ss  p ro cess . T h e  first s tep , o b se rv ed  in th e  ran g e  b e tw een  150 and  
2 5 0 ° c .  is a sso c ia te d  w ith  the  e lim in a tio n  o f  h y d ro g en  c h lo r id e  (HC1) g a s23, w h ich  
s lig h tly  low ers th e  o n se t d e c o m p o s itio n  o f  NR (To); fo r  in s tan ce , th e  To v a lu e  is
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red u ced  from  355  to  3 5 0 ° c  w h en  th e  10 w t%  N R  ae ro g e l w as c ro ss - lin k e d . T he 
a p p e a ra n c e  o f  I ICI gas w as v e rified  by  a  d e c re a se  in th e  pH  v a lu e  o f  DI w a te r  fro m
8.4 to  5 .7  u p o n  th e  iso th e rm al h ea tin g  o f  th e  c ro ss - lin k e d  sam p le  in  a  th ree  n eck  
ro u n d -b o tto m e d  flask  at 2 2 0 ° c  u n d e r a  m ild  flo w  o f  N 2 fo r 24  hr. In  th e  se co n d  step , 
it is a p p a ren t th a t th e  d e c o m p o s itio n  ra te  (dW /dT) o f  th e  c ro ss - lin k e d  sa m p le s  is 
re la tiv e ly  lo w er th an  tha t o f  th e  n ea t c o n tro ls , and  the  v a lu e  o f  7 d2 is n o w  n ea rly  th e  
sam e  i.e. in the  ran g e  b e tw e e n  391 and  396°c. w h ich  is lik e ly  th e  d e c o m p o s itio n  
ran g e  o f  th e  c ro ss - lin k e d  N R , re g a rd le ss  o f  the  w e ig h t frac tio n  o f  c lay  ae ro g e l. 
T h e re fo re , it can  be  in fe rred  tha t th e  c ro ss - lin k e d  N R  ae ro g e ls  a re  m o re  th e rm a lly  
s tab le  th an  the n ea t c o n tro ls , a s  the  e x is te n c e  o f  su lfu r  b rid g e s  re s tr ic ts  the  th e rm a l 
m o tio n  o f  th e  ru b b e r  ch a in s.

In d ep en d en t o f  th e  so lu tio n  c ro ss-lin k in g , th e re  is sm a ll d isc re p a n c y  
e x is tin g  b e tw een  th e  th eo re tic a l (b ased  on  th e  s ta rtin g  m a te ria l w e ig h ts )  and  ac tu a l 
(c a lc u la ted  fro m  th e  T G A  m a ss  loss i.e . IT) and  IV2) v a lu e s  o f  th e  o rg a n ic  m a tte r  in 
th e  d ried  c o m p o s ite s  (see  T a b le  6 .5 ). T h is  s ig n ifie s  tha t all o f  th e  o rg a n ic  m a tte rs  
w ere  co m p le te ly  rem o v ed  d u rin g  the  T G A  an a ly sis , le av in g  b e h in d  th e  c h a r y ie ld  
w h ic h  is  c lo se  to  th e  ac tu a l p e rcen tag e  o f  in o rg an ic  c lay  a e ro g e l, d e te rm in e d  
g ra v im e tric a lly . F u rth e r, b ecau se  o f  th e  h ig h ly  p o ro u s  in te rn a l s tru c tu re s , th e  
p o ly m e r-fre e  c lay  ae ro g e l an d  low  d e n s ity  p o ly m e r/c la y  ae ro g e l c o m p o s ite s  e x h ib it 
the  th e rm al in su la tio n  p ro p e rtie s  s im ila r  to  th o se  o f  c o n v en tio n a l in su la tin g  fo a m s .9 

T h is  lo w  th erm al c o n d u c tiv ity  is re fle c ted  in the  v a lu e  o f  7 d2, b e in g  re la tiv e ly  h ig h e r  
th an  tha t o f  th e  ty p ica l N R  m a trix , w h ich  is a ro u n d  3 7 4 ° c .23

6 .5  C o n c lu s io n s

A  se rie s  o f  low  d e n s ity  N R /c lay  ae ro g e l c o m p o s ite s  w e re  fa b r ic a ted  th ro u g h  
a s im p le  fre e z e -d ry in g  o f  th e  c o rre sp o n d in g  aq u eo u s  d isp e rs io n s , fo llo w e d  by  th e  
so lu tio n  c ro ss - lin k in g  in b e n z e n e  u s in g  S 2C I2 as a c ro ss - lin k in g  ag en t. E ffec ts  o f  th e  
e x p e rim e n ta l c o n d itio n s  v iz . S2CI2 c o n c e n tra tio n  and  Tprep on th e  s tru c tu re  and  
p ro p e rtie s  o f  th e  2 .5  w t%  N R  aero g e l w e re  in itia lly  in v es tig a ted , an d  it w as fo u n d  
tha t 1% (v /v ) o f  ร2C I2 and  rprcp o f  -18°c w ere  v e ry  e ffe c tiv e  fo r im p ro v in g  th e  
m ech an ica l p ro p e rtie s , w ith o u t a ffec tin g  th e  m ic ro s tru c tu re . T h is  w a s  e x p la in e d  by
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th e  h ig h  c ro ss - lin k in g  e ffic ie n cy  o f  S2CI2 e v e n  at very  lo w  reac tio n  te m p e ra tu re s . 
In c rea s in g  the  S2CI2 co n ten t b ey o n d  th is  p o in t d id  no t fu rth e r im p ro v e  th e  m a te ria ls  
p ro p e rtie s  bu t ra th e r  in c reased  th e  bu lk  d en sity . T h e  w e ig h t frac tio n  o f  N R  w as 
re c o g n iz e d  as a n o th e r  c ru c ia l fa c to r  tha t in flu e n c e s  th e  p ro p e rtie s  o f  th e  N R  ae ro g e ls , 
s in c e  th e  s tru c tu ra l in teg rity  and  b u lk  d e n s ity  w ere  u ltim a te ly  re la ted  to  th e  to ta l 
so lid s  co n ten t o f  th e se  m a te ria ls . In c rea s in g  th e  w eig h t frac tio n  o f  N R  fro m  2 .5  to  10 
w t%  led to  the s tru c tu ra l ch an g es  fro m  th e  h ig h ly  lam ella r m o rp h o lo g y  to  th e  m o re  
c o n tin u o u s  n e tw o rk s  that c o n fe r  th e  m a te r ia ls  w ith  m u ch  h ig h e r  co m p re ss iv e  
m o d u lu s , c o n n e c tiv ity , and  d en s ity . A t the  sa m e  tim e , the  re in fo rc in g  e ffe c t is even  
m o re  p ro m in en t w h en  th e  sam p le s  w ere  c ro ss - lin k e d  w ith  1% (v /v ) o f  S2CI2 a t Tprep = 

-18°c. T h e  sw e llin g  cap ac ity  o f  th e  N R  a e ro g e ls  d ec reased  w ith  e ith e r in c re a s in g  th e  
S2CI2 co n cen tra tio n  o r  d e c re a s in g  th e  w e ig h t frac tio n  o f  N R . T G A  s tu d ie s  rev ea led  
th a t th e  c ro ss-lin k ed  N R  ae ro g e ls  w e re  m o re  th e rm a lly  s tab le  th an  the  n ea t co n tro ls , 
a lth o u g h  the  MCI' (g a s)  w as e m e rg e d  a fte r  th e  ce rta in  d e g re e  o f  d ec o m p o sitio n . 
B es id e s , the  o rg an ic  m a tte rs  d eco m p o sed  co m p le te ly  d u rin g  th e  an a ly s is , leav in g  
b e h in d  th e  ch ar y ie ld  that is c lo se  to  the ac tu a l p e rcen tag e  o f  th e  in o rg a n ic  c lay  
ae ro g e l. L astly , it is su g g es ted  th a t the  d e v e lo p e d  fo am -lik e  m a te r ia ls  a re  v ery  
p ro m is in g  for a w id e  v arie ty  o f  a p p lic a tio n s , w h ere  th e  low  d e n s ity  and  a d v an ced  
m ech an ica l b e h a v io r  a re  o f  g rea t im p o rtan ce .

6 .6  A c k n o w le d g e m e n t

F in an c ia l su p p o rt from  th e  R oyal G o ld e n  Ju b ilee  P h .D . P ro g ram  is  g rea tly  
a p p re c ia ted  (P H D /0 0 8 8 /2 5 4 9 ).
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T a b le  6 .1  T he e s tim a ted  a m o u n t o f  th e  c ro ss - lin k e r  (S 2C I2) in  co n tac t w ith  1 g o f  2 .5  
w t%  N R  ae ro g e ls

S 2C I2 co n cen tra tio n s
(%  v /v )

2 .5 w t%  N R  ae ro g e ls  (c/b = 9 .4 5 )
ท *  10J

(m o l g"1)
D ry  w e ig h t 

( g g 1)
W eig h t p e rc e n ta g e  

(% )
0 .25 0 .34 0 .05 4 .4
0.5 .0 .67 0 .0 9 8.3
1 .0 1 :34 0 .18 15.3
5.0 6.71 0.91 47 .5

T a b le  6 .2  E D X  sp ec tro sco p y  re su lts  o f  th e  2 .5  w t%  N R  ae ro g e ls  fo rm ed  at Tprcp =  - 
18°c u n d e r v a rio u s  S2CI2 c o n c e n tra tio n s

S 2C I2
c o n cen tra tio n s

(%  v /v )

E lem en ta l c o m p o sitio n  (w t % )

c A1 Si ร C l

0 3 7 .0  ± 0 .6 7.8 ± 0 .2 22 .2  ±  0.3 - -
0 .25 38 .3  ± 0 .4 6 .6  ± 0 .2 15.9 ± 0 .2 3 .7  ± 0 .1 1.3 ±  0.1
0.5 38.1 ± 0 .6 6 .2  ±  0 .2 17.4 ± 0 .2 6 .5  ±  0 .2 1.9 ± 0 .1
1 29 .8  ±  0.4 5.5 ± 0 .1 15.0 ±  0 .1 12.4 ± 0 .1 7 .9  ±  0.2
5 3 0 .9  ± 0 .5 3 .9  ±  0.1 10.3 ± 0 .1 2 3 .7  ± 0 .2 8.5 ± 0 .3
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Tabic 6 .3  T he e s tim a te d  a m o u n t o f  the  c ro ss - lin k e r  (ร 2C I2) in co n tac t w ith  1 g o f  the  
N R  ae ro g e ls

N R
c o n c e n tra tio n s

(w t% )

Vb
( g g - 1 )

1 %  (v /v ) o f  ร 2(ะ!2

ท * 1 0 3 

(m ol g '1)
D ry  W'eight 

(g  g-1)
W eig h t

p e rc e n ta g e  (% )

2.5 9.45 1.34 0 .18 15.3

5.0 9.61 1.36 0.18 15.5

1 0 .0 10.19 1.45 0 .2 0 16.3
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Table 6.4  T h erm al c h a ra c te r is tic s  o f  the s tu d ied  m a te ria ls

S am p les V
(°C )

IVi b
(% )

Td 2C 
(๐๑

dW /dT  d 
(% /°C )

I V2 e 
(% )

2 .5  w t%  N R  
aero g e l

- - 407 0.5 43.3

พ  1%  (v /v ) S 2C I2 I 9 l 1 2 .0 3 9 1 0.5 4 3 .9
5 w t%  N R  
aerogel

- - 374 l . l 62 .4

พ  1%  (v /v ) S2C I2 194 12 .6 391 0.7 54.3
10 W 1% N R  
aerogel

- - 377 l .4 71 .7

พ  l%  (v /v ) S2C I2 2 0 0 l i . o 396 0 .9 69 .2

a T h e  tem p e ra tu re  at w h ic h  the h y d ro g en  c h lo r id e  gas (HC1) w as rem o v ed . 
b W eig h t lo ss  at the  te m p e ra tu re  ra n g e  o f  150“ 2 5 0 ° c .  
c T h e  d eco m p o sitio n  te m p e ra tu re  o f  N R . 
d T h e  m ax im u m  rate  o f  w e ig h t loss. 
e W eig h t lo ss  at the  te m p e ra tu re  ran g e  o f  2 5 0 - 6 0 0 ° c .
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Table 6 .5  T h e o re tic a l and  a c tu a l v a lu es  o f  the o rg a n ic  m a tte r  in th e  dried  
c o m p o s ite s

S am p le s T h eo re tic a l v a lu e  a 
(% )

M easu red  v a lu e  b (% )

2 .5  w t%  N R  aero g e l 34.3 43.3
พ  1%  ร 2C l2 44 .4 55 .9
5 w t%  N R  ae ro g e l 51.1 62 .4
พ  1%  ร 2C l2 58.7 66 .9
10 w t%  N R  aero g e l 67.6 71 .7
พ  1%  ร 2C l2 72.9 8 0 .2

a D e te rm in ed  g ra v im e tric a lly  (w e ig h t m e a su re m e n t) . 
๖ C a lc u la te d  u sin g  th e  th e rm o g ra v im e tr ic  an a ly s is .
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F ig u r e  6.1 (A ) T h e  e q u ilib r iu m  w eig h t <7%v (c irc le s )  an d  v o lu m e  q v ( tr ian g le s)
sw e llin g  ra tio s  o f  th e  2.5 w t%  NR ae ro g e ls  in to lu e n e  sh o w n  as a  fu n c tio n  o f  S2CI2 

c o n c e n tra tio n . 7’prcp =  18°c (f ille d  sy m b o ls)  an d  -18°c (o p en  sy m b o ls). (B )  T h e  to ta l 
v o lu m e  o f  p o re s  ( Vp) in  2.5 w t%  NR ae ro g e ls  e s tim a te d  fro m  th e  u p ta k e  o f  m eth an o l 
sh o w n  as a  fu n c tio n  o f  S2CI2 co n c e n tra tio n . Tprcp =  18°c (f illed  sy m b o ls )  and  -18°c 
(o p e n  sy m b o ls).
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F ig u r e  6 .2  (A ) T y p ica l s tre s s -s tra in  cu rv es  o f  th e  2 .5 w t%  N R  a e ro g e ls  c ro ss-lin k e d  
at v a rio iis  S 2C I2 c o n c e n tra tio n s . 7’prep =  -I8°c. (B ) C h a n g e s  in th e  c o m p re ss iv e  
m o d u lu s  (filled  sy m b o ls )  an d  to u g h n e ss  at 3 0 %  s tra in  (o p en  sy m b o ls)  o f  th e  2.5 w t%  
N R  a e ro g e ls  p re p a re d  at v a r io u s  S2C I2 c o n c e n tra tio n s . 7prep =  - I 8 ° c .  (C ) D en sity  o f  
the  2 .5  พ t%  N R  a e ro g e ls  sh o w n  as a fu n c tio n  o f  th e  S2C I2 c o n c e n tra tio n . 7 ’prep =  - 
18°c. (D ) C o m p a riso n  o f  th e  s tre s s -s tra in  c u rv e s  o f  th e  2 .5  w t%  N R  a e ro g e ls  fo rm ed  
at d if fe re n t te m p e ra tu re s . ร 2ต 2 =  l%  (v /v ).
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F ig u r e  6 .3  V a ria tio n  o f  the  d e g re e  o f  c ro ss - lin k  (F e) o f  th e  2 .5  \v t%  N R  a e ro g e ls  as  
a fu n c tio n  o f  S2CI2 c o n c e n tra tio n . Tprep =  -1 8°c. T h e  lin e  is o n ly  a  g u id e  to  th e  eye.

F ig u r e  6 .4  S E M  im a g e s  o f  th e  2 .5  w t%  N R  ae ro g e ls  c ro ss - lin k e d  at d iffe re n t lev e ls  
o f  ร 2ท 2ะ (A ) the  n ea t c o n tro l;  (B ) 0 .2 5 %  (v /v ); (C ) 0 .5 % ; (D ) l%  (v /v ); (E ) 5%  (v /v ). 
T p r e p  = -l 8°c.
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F ig u re  6 .5  T h e  b u lk  d e n s itie s  o f  N R  a e ro g e ls  b e fo re  ( f ille d  sy m b o ls )  an d  a f te r  th e  
c ro ss-lin k in g  re a c tio n  (o p en  sy m b o ls )  sh o w n  as a fu n c tio n  o f  N R  c o n c e n tra tio n . Tprcp 
= -18°c. ร 2๐ 2 =  1 % (v /v ) .
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F ig u re  6 .6  (A ) T y p ica l s tre s s -s tra in  cu rv es  o f  th e  n ea t an d  c ro ss - lin k e d  N R
aero g e ls , co n ta in in g  d iffe ren t w e ig h t frac tio n s  o f  N R , a s  in d ic a te d . (B , C ) 
C o m p ress iv e  m o d u lu s  (c irc le s) and  to u g h n ess  at 3 0 %  stra in  ( tr ia n g le s )  o f  th e  n ea t 
and c ro ss-lin k ed  N R  ae ro g e ls  p lo tted  as a  fu n c tio n  o f  N R  c o n c e n tra tio n . Tprcp =  - 
18°c. ร2Cl2= l% ( v /v ) .
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F ig u r e  6 .7  (A ) T h e  e q u ilib r iu m  w e ig h t q w (c irc le s )  and  v o lu m e  </v (trian g le s)
sw e llin g  ra tio s  o f  th e  n ea t (f ille d  sy m b o ls) and  c ro ss-lin k ed  (o p en  sy m b o ls )  N R  
a e ro g e ls  in  to lu e n e  sh o w n  as a  fu n c tio n  o f  N R  c o n cen tra tio n . Tprep =  -18°c. S 2C I2 = 
1%  (v /v ). (B ) T h e  to ta l v o lu m e  o f  p o re s  (Fp) in th e  n ea t and  c ro ss - lin k e d  N R  
a e ro g e ls  e s tim a te d  from  th e  u p tak e  o f  m e th an o l sh o w n  as a fu n c tio n  o f  N R  
c o n c e n tra tio n . Jprep =  -18°c. S 2C I2 =  1%  (v /v ). (C ) V a ria tio n  o f  th e  d e g re e  o f  c ro ss ­
lin k  (F e) o f  th e  N R  ae ro g e ls  as  a  fu n c tio n  o f  N R  c o n cen tra tio n . Tprep =  - 1 8°c. S 2C I2 =  
l% ( v /v ) .
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F ig u r e  6 .8  S E M  m ic ro g ra p h s  o f  th e  5 an d  10 w t%  N R  ae ro g e ls : (A , B ) b e fo re  b e in g  
c ro ss -lin k e d ; (C , D ) a f te r  b e in g  c ro ss -lin k e d . Jprcp =  - 18°c and  S 2C I2 =  1 %  (v /v ).

F ig u re  6 .9  E lem en ta l m a p p in g  o f  th e  10 w t%  N R  ae ro g e l c ro ss-lin k e d  at 1%  (v /v ) 
o f  S2CI2 and  7prep o f - 1 8°c.
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Figure 6.10 (A) TGA and (B) DTG thermograms o f  the neat and cross-linked NR  
aerogels, comprising various N R  concentrations. T p r e p  =  -1 8°c and ร 2ต 2 =  1% (v/v).
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