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The relative thermal and oxidative stabilities of N-[3-(triethoxysilyl)propyl]2,4-dinitroaniline (l), incorporated
covalently into sol gel coatings and of 2,4-dinitroani l ine, incorporated non-covalently into similar coatings,
showed no signif icant dif ference in relat ive thermal stabi l i ty in sol-gel derived f i lms under a variety of
condit ions: with no overcoat of SiOr; with a dense sol-gel-derived overcoat of SiOr; with a porous overcoat
of SiOt; over a porous, high surface area coating of SiOr; and copolymerized with or physical ly incorporated
into dense and porous SiO, f i lms derived from tetraethylorthosi l icate.
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INTRODUCTION

Modification of materials derived from the sol gel route,
by covalently incorporating or physically mixing organic
components into the inorganic network, results in useful
materials with properties that combine those of the
organic and the inorganic precursorst 8. Organics, thus,
can modify the properties of these inorganic networks
while being provided with a hard, chemically resistant
matrix.

The purpose of this work was to evaluate the
capabil ity of a sol-gel-derived inorganic network (SiO2)
to improve the thermal or oxidative stabil ity of organic
components included covalently and non-covalently in
it. The diffusion coefficient of oxygen through fully
densified sol-gel-derived SiO2 coatings on Si and on SiC
(Do, < 10 

- 14 cm2 s 
- 1 at 750'C)e is indistinguishable from

that through thermally grown SiO2. Oxidation of sil icon
or of sil icon carbide coated with a sol-gel-derived SiO2
film is l imited by the diffusion of oxygen through
this f i lm1o'11. I f  mass transport  of  oxygen through
the matrix similarly l imits oxidative degradation of
organic molecules included in sol gel matrices, then a
coating of SiO2 should retard degradation of the
organic dopants by serving as a barrier to diffusion of
oxygen. Here, we have incorporated the representative
organic chromophore 2,4-dinitroaniline into sol-gel-
derived matrices by three procedures (Figure 1): f irst, by
hydrolysing the derivatized chromophore 1 alone, to
form arylsiloxane polymers (equation (1)); second, by
copolymerizing it into a matrix by hydrolysing a mixture
of I with TEOS (equation (2)); third, by physically mixing
2,4 - dinitroanili ne wi th h yd rolysed tetraethylorth osilicate
(TEOS) (equation (3)).
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ArNH(CH2)3Si (OEr)3  +  HrO {  (ArNH(CH2)3SiO3/2) ,
T H F

( l )

nArNH(CH2)3Si (OEt ) .  *  mSi (OEt )4  +  HrO q

T H F

(ArNH(CH2)3SiO3/2) , (SiO2),  Q)

rArNH,+nrS i (OEt )+ f  HzO T  n .XH,  in  (S iOr ; .
THF

(3 )
where:

ArNH(CH2)3Si(OET):  :  OzN 
o 

NH(CH2)3Si(OEt)3
'No ,

I

Monitoring the u.v.-vis absorption of the chromophore
at 350 nm measured the relative stabil ity of the 2,4-
dini t roani l ine moiety in these environments.

We prepared samples of  the types i l lustrated
schematically in Figure / and examined the stabil ity, at
high temperature, of the chromophore included in them,
both under both argon and air.

The thermal stabi l i ty  of  (ArNH(CH2)3SiO.,r) ,  a lone
(Figure I A,the condition with the highest organic content
and the lowest expected thermal/oxidative stabil ity)
served as a standard against which to test the other
structures. We hypothesized that the placement of a
barrier to oxygen diffusion the coating of dense
and of  porous* SiO2 (Figures 1B and C)tz t+ over

x These preparat ions for  dense and porous SiO, resul t  in SiO,
coat ings wi th reported indices of  refract ion of  1.42 1.43 and 1.21-1.24
respect ively,  when made by dip-coat ingl2 '13
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A

B

Ch romophore-modif ied coati n g
on sapphire: alone,

under a dense SiO2 coating,

under a porous SiO2 coating,

over a porous, high surface area
coating,

copolymerized or physical ly
incorporated into a dense
SiO2 coating,

and copolymerized or
physical ly incorporated

into a porous SiOz coating.

Figure I  Schemat ic i l lustrat ions of  st ructures that  incorporate the ary ls i loxanc moiet l  rnt t r
(or  onto)  a s i l icate matr ix .  I ,  Mater ia l  prepared by hydrolysis of  l :  [ ] .  mater ia l  prepared b1,
cohydrolysis of  I  and TEOS or by physical ly  mix ing 2.4-din i t roani l inc w i th previously hydrolysed
TEOS (mo la r  ra t i o  l : 144  fo r  fo rmu la t i ons  lo rm ing  dcnsc  S iO . .  l : 31  fo r  po rous  S iOr ) ;
E.  unmodi f ied SiOr.  prepared f rom TEOS alone:  Q.sapphire substratc (crystal l ine Al .O.. ) .  Thc
porous coat ing ol  SiO, consists of  spher ical  s i l ica part ic lesra

c

E

the (ArNH(CH2)3SiO.,r) ,  layer might improve the
oxidat ive stabi l i ty  by l imi t ing the di f fusion of  oxygen to
the chromophore (see Introduction).

Coating a layer of high surface area SiO2 with
(ArNH(CH2)3SiOr,2),  a l lowed us to test  whether the
increased surface area at  the (ArNH(CH2)3siO..r) , ia i r
interface affected the stabil ity of the chromoph ore (Figure
1D),  which i t  should i f  oxidat ion is the mechanism of
degradat ion.

Studying the stabi l i ty  of  the chromophore in the gel
matr ix,  made by copolymeriz ing (ArNH(CH2)3SiO-r,2),
with TEOS (Fiaures lE and F), reflected both the effects
of reduced oxygen diffusion to the chromophore and of
int imate incorporat ion wi th restr icted mobi l i ty  of  the
chromophore with the inorganic matr ix.

Physical ly mixing 2,4-dini t roani l ine wi th TEOS
formed non-covalent ly incorporated chromophore-
containing precursors for  both dense and porous coat ings
(Fi t lures IE and F).  Comparing the di f ferences in
stabil ity of covalently lersu.s non-covalently incorporated
chromophore, tested whether covalent incorporat ion had
any effect on the dye's stabil ity.

EXPERIMENTAL

Materiuls

N - [3 -  ( t r iethoxysi ly l )propyl ]2,4 -  d in i t roani l ine ( l )
(Petrarch), 2.4-drnitroanil ine (Aldrich), tetraethylortho-
si l icate (Al fa) ,  ammonium hydroxide (Mal l inckrodt)

2 6 1 0  P O L Y M  E R ,  1  9 9 3 ,  V o l u m e  3 4 ,  N u m b e r  1  2

and absolute ethanol  (USf)  were used as received.
Hydroch lo r ic  ac id  (Ma l l inckrod t )  was  d i lu ted  w i th
doubly dist i l led w,ater.  The sapphire substrates were
opt ical  qual i t l  s ingle crvstals (2.00 + 0.02 in long x
0 . 5 0 0 * 0 . 0 1 5  i n  n i d e  x  0 . 0 1 8 + 0 . 0 0 3  i n  t h i c k ;  r 5 c m  x
1.25 cm x 0.45 cm).  purchased from Saphikon, Mi l ford,
NH.

General procetlure

Treatment of  I  wi th acidi f ied water in THF and
st i r r ing overnight converted i t  to a yel low sol  of
(ArNH(CH2)rs io r , r ) " .  The sapph i re  subs t ra te  was d ip -
coated in the solut ion.  a i r  dr ied.  heated to 100'C for
5 min,  p laced direct ly into the spectrophotometer wi th
the dip-coated side in the bottom end of  the sample
holder,  and i ts u.v.  v is spectrum was measured direct ly
in t ransmission mode. These samples were heated without
further modif icat ion and served as controls in studies of
stabi l i ty  (Fiplure I  A).

To improve wett ing and adhesion of  subsequent
overcoat ings,  samples ( I - ioure 1A) prepared by th is
procedure were treated briefly with an oxygen plasma.
These surface-oxidized samples, when dipped into the
appropr iate hydrolysed solut ion of  TEOS, formed a
densc t  2 or porous 1 I  SiO, coat ing over the chromophore-
containing lnyer ( I - igures IB and C) af ter  being heated to
100 C for 5 min.  As an al ternat ive method of  prepar ing
a sample wi th high surface area, the sapphire substrate
was f i rst  d ip-coated with a suspension that formed a
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Phys ico l l y  mixed in  dense S iO2

RT
A  o i r
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Copolymerized in dense SiO2

RT
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Copolymerized in porous SiOz
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Physicol ly mixed in porous SiO2
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Hyt l ro lys is  t l  l .  To  a  so lu t ion  o f  I  (0 .1  g ,0 .26  mmol )
in  te t rahvdro furan  (THF)(20  ml )  was  added HCI  (0 .02  ml
o f  a  I  M  s o l u t i t - r n .  l . l  m m o l  H r O ) .

I  v ' i th TEOS lur dense coat inqs.  To a solut ion
c o n t a i n i n g  p r e v i o u s l y  h y d r o l y s e d  T E O S  1 2  ( 1 0  m l ,
1 8 . 6 m m o l )  a n d  e t h a n o l  ( 9 0 m I )  w a s  a d d e d  I  ( 0 . 0 5 g .
0 . 1 3  m M  ) .

I  v ' i th T EOS lor porous coat inqs.  To a solut ion in a
25 ml  round-bot tomed f lask  conta in ing  e thano l  (13 .6  ml ) ,
ammonium hydroxide (0.44 ml.  29.9 wIo/o).  and I  (0.08 g,
0 .2  mmol )  was  added TEOS (1 .4  ml .  6 .3  mmol )  d ropwise
whi le the solut ion was st i r red v igorously.

).4-Dinitrounil ine antl TEOS /or dense c'oatincts. To a
so lu t ion  o f  e thano l  ( l0ml )  and prev ious ly  hydro lysed
TEOS'  t  (  l0  ml .  I  8 .6  mmol )  was  added 2 ,4-d in i t roan i l ine
( 0 . 0 2  g .  0 . 1 3  m m o l ) .

2.1-Dinitrottnil ine untl T EOS .lbr por()us ('outinqs. To
a solut ion in a 25 ml round-bottomed f lask containins

Figrrr€ 2 Survey transmi.ssion u.v. vis speclra ol the alumina substrate. lhe alumina substrate r i lh Sior coatings not containing chromophore.
and alumina subslralcs bearing thc chromophorc in lhe confiBuntions shown in I-igrrr /. Thc spcctra wc-re recorded ar 

_dillerent 
gains.

Chromophore-nodif ied coating on sapphirc: (a) alone: (b) undcr a dense SiO, coatinF (c) under a porous SiO, cort ing: (d) orer a porous,-high
surface arca coatinF {c) copolymerized or nhtsierl l }  rnc,)rpordtcd rntr ' .r , lensc SiOr;oating: t l  copolrmcrized or phrsical lr  incorporated into a
porous SiO, coal ing

porous si l icar3.  Heat ing th is sample to 200 C for 5 min
consol idated the porous SiO2 coat ing (Fiqure ID).

Cohydrolysis of  I  wi th TEOS (molar rat io of  l :TEOS.
l ' .144 and l :31 for  the dense and porous formulat ions.
respect ively)  and addi t ion of  2,4-dini t roani l ine (saine
rat ios as for  l :TEOS) formed 'composi te '  mater ia ls wi th
thc dycs covalent ly and non-covi t lent ly incorporated.
respect ively (Fiuure^s 1E and F).

Procetlure .f 'or therntul treut ment
Samples  were  in i t ia l l y  heated  to  100 'C fo r  5min ,

measured in  the  u . r .  v is  in  t ransmiss ion  mode.  heated  in
a i r  o r  a rgon to  100 C fo r  2h .  and coo led  ro  25  C.  The
samples were reheated to a higher temperature (200 to
700 C in 100 C intervals)  using the same thermal cycle
and ra te .  I  Cmin

Conditiorts o/- ht'drolt ' .sis tt- sol qel mononrers
Solut ions forming dense SiO2 coat ings were prepared

according to l i tcrature procedures 1 2 14. Al l  sol  gel
mixtures were st i r red overnight at  room temperature
(24 C) and stored in a f reezer (-  8 C).

2 6 1 2  P O L Y M E R ,  1 9 9 3 ,  V o l u m e  3 4 ,  N u m b e r  1 2
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and ( inset)  a p lot  of  re lat ive absorbance of
of  temperaturc of  thermal  t reatment in a i r

survey spectra, although they vary in total content of
chromophore, i l lustrate the decrease in the intensity of
the absorption at 350 nm as a function of thermal
treatment under both air and argon.

Figure 3 presents the u.v.-vis spectra and a plot of
relative absorbance at 350 nm of a fi lm derived from I
alone (Figure I A) as a function of temperature of thermal
treatment in air up to 700"C. The relative absorbance is
the ratio of the measured absorbance to that after an
init ial treatment at 100'C for 5 min.

Relatiue chromophore stabil ity as a.function of thermal
treatment. Figure 4 i l lustrates the absorbances of the
2,4-dinitroanil ine group at 350 nm as a function of the
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Figure 4 Relat i rc absorbance at  150 nm of  incorporated 2,4-din i t ro-
ani l inc in sol  gel  coat ings as a lunct ion of  temperature of  thermal
t rea tmen t  (a )  i n  a i r  and  (b )  under  a rgon .  Samp les  were  he ld  a t  each
tcmperatr"r re lor  I  h.  The re lat i r ,e absorbance is  the rat io of  the measured
absorbancc to that  af ter  an in i t ia l  t reatment at  100 C for  5 min.  The
svmbo ls  deno te  ch romophore ;  (C)  a lone .  (O)  ove r  po rous  S iO , .
(A )  w ' i t h  a  densc  S iO ,  ove rcoa t .  (A )  w i th  a  po rous  S iO ,  ove rcoa t ,
( [ )  copo l rmer i zed  in  dense  S iOz .  ( l )  copo lymer i zed  in  po rous  S iOr .
(  O )  phy's icai l l  mired in dense SiO..  and ( l  )  physical ly  mixed in porous
SiO..  The points arc shown displaced f rom the nominal  temperatures
to aroid over lap.  The data points represent thc average measurement
r l l  t no  samp lcs .  the  e r ro r  ba rs  the i r  range
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Figure 3 U.v.-v is spectra
I  l F i q u r e  /  4 ) a s  a  f u n c t i o n

ethanol(13.6 ml). ammonium hi,droxide (0.44 m\.29.9 wIo/o).
and 2.4-dtni t roani l ine (0.035 g.  0.19 mmol)  was added
TEOS (1 .4  ml ,  6 .3  mmol )  d ropwise  wh i le  the  so lu t ion  was
st i r red v igorousl l ' .

Rutlrcr./ortl but'kst'ttt terinq spe('tros(,opt onal1,sis. The
depth prof i le of  oxygen in the coat ing on a Si  substrate
was clbtained using a 2 MeV He * beam.

R E S U L T S  A N D  D I S C U S S I O N

C httr u c t e r i : ctt i o n of t he c' hr omo phor e -mo difi e d t' o at i nq s and
SiO.  o te r (oa ts

Sample characterization consisted of measuring the
thicknesses of  coat ings,  by Rutherford backscatter ing
spectroscopy (RBS).  and the u.v.  v is spectra of  the
chromophore .

.\ l eusurernent of coatinq thit,kne)-ser^. The thickness of
the  chromophore-mod i f ied  coat ings  on  a  (100)  s i l i con
subsrrarc increased from 300 + 200 A to 7000 + 200 A
af te r  app l i ca t ion  o f  the  dense S iO2 coat ing .  and to
4-500 * 100 A af ter  appl icat ion of  the porous SiO, coar ing.

L'.r ' . i ' i .s .sper'tru of'the c'hromopltores in sol qel-derit,etl
t 'ot t t i r t t ls .  I - iqures Ja-/ 'show survey transmission u.v.  v is
spectra of  the alumina substrate,  the alumina substrate
with SiO, coat ings not containing chromophore, and
alumrna substratcs bear ing the chromophore in the
conf ieurat ions shown in I  iuure 1.  These spectra include
' in i t ia l '  spcctra takcn before s igni f icant heat ing and af ter
heat ing to the highest temperatures used (700'C),  both
in air  and under argon. We chose the l " -"*  at  350 nm to
monitor the absorbance of  the chromophore because
there is no signi f icant interference at  th is wavelength f rom
cither the substrate or the SiO, coat inss.  These
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temperature of the most recent thermal treatment under
air and under argon. The relative decrease of the
absorbance at 350 nm is the same under treatments in
air and in argon. Furthermore, the relative decrease in
the signal is similar for all the conditions studied.

CONCLUSIONS

The relative oxidative and/or thermal stabil ity of the
organic group the 2, -dinitroanil ine group seems not
to be significantly improved by inclusion in the sol-gel-
derived matrix. The process that l imits degradation of
the chromophore appears to be thermal rather than
oxidative, based on the observation that there is no
increase in relative stabil ity under the oxygen-free, argon
environment relative to air. Adding a SiO, coating, which
should serve as a barrier to diffusion of oxygen, had no
effect on the stabil ity of the chromophore; this result is
also consistent with a thermal rather than an oxidative
mechanism for degradation.

There was no significant difference between the relative
rate of disappearance of the chromophore when it was
covalently or non-covalently incorporated into the gel.

There appears to be no significant effect on the relative
stabil ity of the chromophores when coated on a high
surface area sil ica compared with placement on the flat
substrate.

The sol gel lattice (at least for the delicate chromophore
2,4-drnitroanil ine) does not provide any real thermal/
oxidative protection to organic chromophores incorporated
in i t .
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