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hy monitoring changes 111 the  ultraviolet 
(UV) absorption spec tn~m after heatillg 
16).  T h e  DSC lneasurements have, hovvev- . , 

er, proved to  he a q ~ ~ i c k  \lay of obtaining 
the  relative ordering. T h e  greatl7- enhanced 
stab~litv of the  dinhenvlamino-substituted 
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chromophores eve; their dialk7-laminophe- 
nyl-substituted analogs is a surprising, but 
apparently quite general, phenomenon (5). 
T h e  stabilit7- of the  electric field-poled or- 
dering can be improved hy incorporating 
these chemically stable chrornophores into 
polymers such as polyiinides that have very 
high T,'s (7). 

Incorporation of N L O  chrornophores 
into volvlners can he accomnlished in  sev- 

Exceptionally Thermally Stable Polyimides for 
Second-Order Nonlinear Optical Applications 

T. Verbiest, D. M. Burland," M. C. Jurich, V. Y. Lee, 
R. D. Miller," W. Volksen 

The thermal stability of the electric field induced poled order in a new class of second- 
order optically nonlinear polymers, "donor-imbedded" side-chain polyimides containing 
no flexible connectors or tethers to the nonlinear optical (NLO) chromophore, is inves- 
tigated. In these polymers, the electron-donor part of the chromophore is a diaryl- 
substituted amine that is incorporated as a part of the polymer backbone. The donor- 
imbedded systems used in this study have exceptional chemical stabilities at elevated 
temperatures (350°C) and impressive poled order stability at extremely high temperatures 
(300°C). In both respects, they were significantly more stable than a true side-chain 
polyimide with a similar NLO-active chromophore covalently linked to the polymer back- 
bone by a flexible tether group. 

L ,  

era1 vvays: hy dissolution in a polymer host 
( a  guest-host system); hy covalent bonding 
of the  chroinophore to  the  pol7-mer by a 
flexible tether group ( a  side-chain system); 
or bv incornoration of the  c h r o m o ~ ~ h o r e  
into the  polymer backhone ( a  ina~n-chain  
or imbedded side-chain system). Each of 
these systems has its own set of advantaoes 
and disadvantages, but it 1s generally be- 
lieved that covalent17- bonded polymers, el- 
ther slde c h a ~ n  or main chaln, vvlll ultimate- 
ly he necessary for use In practical devices. 

W e  report the  exceptional therlnal sta- 
bility of the electric field-induced (poled) 
order in  a class of polyilnlJes 111 which the  
electron donor group of the chrolnophore is 
incorporated directly into the  backbone of 

Second-order optically nonlinear polymers 
have potential uses for second-harmonic 
generation (SHG)  (frequency doubling) ( 1  ) 
and for ver7- high speed optical switching 
and modulation 12).  In  order to  realize this 

the  optical nonlinearity, as rneas~lred hy 
the  electrooptic coefficient r (4), t o  be 
stable during processing and prolonged 
use, the  chrolnophores lnust be che~ l l~ca l ly  
stable a t  all temveratures that  the  svstem . , 

potential, ho\vever, the  polymers must 
withstand temperature excursions during 

encounters and the orientation of the chro- 
monhores must be maintained at these 
temperatures as well. Recently a class of 
n o n l ~ n e a r  optical ( N L O )  chromophores 
containlnc diarvlamino donor substituents 

processillg that may approach or exceed 
300°C and prolonged operation tempera- 
tures of LID to 100°C. Here \ve describe a 
class of exceptionally stable optically non-  
linear polyimides some of whose members 
can be used for periods lollger than 1000 
hours a t  temperatures of 225°C and above 
\vithout anv measurable decrease in  nonlin- 

- ,  
with s ~ ~ l x t a n t ~ a l  optical n ~ n l i n e a r i t y  and 
high thermal stabilit7- has been described 
1.5). Chrornonhore 1 is such a chro- ~, 

mophore. It is a variant of the  well-known 

earity and ;hat can be held at temperatures 
greater than  300°C for tens of Inmutes 
without thermal deeradation or suhstant~al 

0 

loss in optical nonlinearity. 
An electrooptic polymer consists of a 

dipolar chromophore either dissolved in or 
chemically attached to a polymer backbone 
(3). T h e  s7-stem is made opticall\- nonlinear 
by ralsmg the  polymer-chromophore system 
above its glass transition temperature Tg in  
the  presence of a n  electric field. T h e  elec- 
tric field orients the  dipolar chromophores, 
and after orientation the svstem is returned 

d7-e molecule Disperse Red 1 (chromophore 
2 )  which is stable up to  tenlperatures of 
309°C. T h e  substitution of the two nhenvl 

to  a lower operating temperature hefore 
removal of the  poling field. I n  order for 

L ,  

groups for the  alk7-l groups increases the 
stability to 393°C. In  both cases, the  ther- 
mal stahlllt\- is estimated by differential 
scanning calorimetr7- (DSC)  a t  a heating 
rate of 20°C ner minute. T h e  value of the  

B M  Research D ~ v s ~ o n ,  Almaden Research Center, 650 
Hary  Road, San Jose, CA 95120-6099, USA 

NO2 

Fig. 1. Chemcal structures of PI-1. PI-2, and 
PI-3. decomposition teinperature obtained in this *To whom correspondence should be addressed. 
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the  pol7-mer without an\- flexible connector 
functiona11t~-. T h e  thermall7- stable donor- 
imbedded side-chain polyimides \vere pre- 
pared by the  condensation of a dianh7-dride 
with a n  N L O  diamine to form first a poly- 
alnic acid and subsequently the  pol7-imide. 
T h e  diamine contains the  d~phenylamino- 
substituted nitrobenzene chromophore. In  
principle, different diamine chronlophores 
could be used to enhance the  optical non- 
linearity and to optimize other physical 
properties. T h e  dianhydrlde can be varied 
to modify polymer properties such as T,, 
solubility, and adhesion. Donor- imbeddd 
polyimides that incorporated less stable di- 
alk7-lamino-substituted chro~nophores 1 ~ 1 t h  
flexible connector groups have been previ- 
ously reported (8). 

Tvvo dianhydrides are used in  the current 
study, either hexafluoroisopropyliclene diph- 
thalic anhydride (6FDA) or the  ethylene 
glycol ester of trilnellitic anhydride 
(TMEG).  T h e  diamine used to produce the  
main-chain polymers is ILT,ILT-(bis(p-amino- 
pheny1)amino)azo-4'-nitrobeniene. Dialnine 
and dianhydride were reacted to  form the  
polyamic acid, and then chemical i m ~ d ~ z a -  
tlon with acetic anhydride-p7-ridine pro- 
duced the polyimlde. A Inore detailed de- 
scription of the spthesis  is given in (9). 
W h e n  6FDA was used, the  pol7-imide PI-1 
in Fig. 1 i ~ a s  formed, and when TMEG was 
used, PI-2  was formed. T h e  chromophore 
percentage by vveight in  the  polymers was 
53% for PI-1 and 58% for PI-2. For com- 
parison, a side-chain polyimide PI-3 pre- 
pared as described in (10) contains a similar 
NLO-active chromophore (45 vveight %) 
that is covalently llnked to the backhone by 
a flexible aryloxyalkyl tether group. All of 
the  systems contain chromophores w t h  diar- 
ylamino donor substitution. 

T h e  T, values of all three pol7-im~des 
shovvn in Flg. 1 were determined hy dynam- 

2 , ..; 
1 

80 120 160 200 240 280 
Temperature ("C) 

Fig. 2. The reaxaton time T (the point at whch the 
electrooptic coefficient has decayed to l/e of ~ t s  
initial value) a s  a functon of temperature for PI-1 , 
PI-2, and PI-3. 

ic inechanical thermal analysis or DSC 
(heating rate 20°C per minute) or hoth. 
T h e  values obtained vvere 350°C for P I - I ,  
252°C for PI-2 ,  and 228°C for PI-3. T h e  
value measured for PI-1 is greater hy rnore 
than 100°C than correspondil~g values re- 
ported for other N L O  polyim~des. Variable- 
temperature UV-visible absorption studies 
iniiicated that PI-1  was stable tovvard 
chemical degraiiation at 350°C for several 
hours, whereas P I -2  and PI -3  were stable to 
300" and 275"C, respectively. PI-1  was 
even relatively stable (< 150h decomposi- 
t ion) a t  380°C for 20 min. All of the  poly- 
mers were soluble in  the  imidized form, and 
good optical quality filnls (losses in unpoled 
fillns of =2 dB/cm at 1305 n m )  could he 
obtained b7- spin coating onto  indium tin 
oxide (IT0)-coated quartz substrates from 
a suitahle solvent (P I -1  in cyclopentanone 
and PI -2  and PI -3  in  1,1,2,2-tetrachloro- 
ethane).  After spinning, all of the  pol7-mer 
samples were heated In a n  oven a t  225°C 
for several hours to  remove residual solvent. 

T h e  polyimides were electric field-poled 
for -45 mi, by using either a corona dis- 
charge (1 1)  or b7- contact poling between 
t\vo conducting electroiies. T h e  poling tern- 
peratures were 310°C for P I - I ,  265°C for 
PI-2, and 225°C for PI-3. For the  electrode 
polillg experiments, a small gold top elec- 
trode was evaporated o n  the polymer-coated 
ITO-quarts substrates. T h e  relevant elec- 
trooptic coefficient r, ,  of electrode poled 
samples was measured hy an  ellipso~netric 
techniclue described by Teng and Man with 
a diode laser at 1305 nln (12). T h e  poling 
progress was monitored by follovving the sec- 
ond harmonic light (523.5 nm)  generated In 
the pol7-mer samples. A pulsed 1047-nm Nd: 
YLF laser was used as the excitation source. 

Relaxation of the  poled N L O  chro- 
lnophores at different temperatures was fol- 
lo\ved b7- monitoring the  decrease of the  
SHG signal emanating from the  samples as 
a result of the  decay in the  poled order (1 3) .  
T h e  observed decay can be fit quite well b7- 
a stretched exponential f ~ ~ n c t i o n  (14):  

where I ( t )  is the  intensity of the  second 
harlnonic light at time t after the removal of 
the  pollng electric field, the  iluantity [I(t)/ 
1(0)111' is a measure of the  degree of orien- 

tatlonal order in  the  sample and is propor- 
tional to  the  electrooptic coefficient r ,  T 1s 
the  time that it takes the  s7-stem to deca7- to 
1/e of its initial value I(O), and p may vary 
het\veen 0 and 1 and describes the  breadth 
of the  dis t r ib~~t ion In relaxation times. 
W h e n  P = 1 the  deca7- is exponential; for P 
< 1 the  time taken to decay the  second l/e 
is longer than 7. Equation 1 is considered 
here simply as a wa7- to describe the  nor- 
malized decay with only two adjustable pa- 
rameters. Other  fiinctional forms can also 
be used to  describe the  deca7-, and the  phys- 
ically correct form to  use is still a matter of 
discussion (1 5). 

T h e  measured values of r 3 ,  depend o n  
the  strength of the  electric field used to pole 
the  system. For PI-1 and PI-2 ,  the values 
per unit poling field a t  1305 n m  obtained by 
either electrode or corona poling are 0.029 
2 0.007 (pm/V)/(V/pm) and 0.033 t 
0.0035 (pm/V)/(V/pm),  respectively. These 
values, when compared to an  electrooptic 
coefficient of 0.040 F 0.008 (pm/V)/(V/ 
pln)  for the side-chain polymer PI-3, show 
that there 1s n o  significant difference be- 
tween the  imbedded-head and side-chain 
system and are consistent with the  rough17- 
similar chromophore density in all three 
polymers. These s7-sterns yield experimen- 
tally measured r33 values a t  1305 n m  of 4 to  
7 pm/V when poled in a n  electric field of 
160 to  180 V/pm.  

T h e  observed polar order stabilities are 
quite different for the  donor-imbedded side- 
chain and side-chain polyimides. Figure 2 
shows the  experimentally determined relax- 
ation times 7 obtained by fitting the  SHG 
deca7- to Eq. 1 at various temperatures for 
the  three polymers. Values of p were slight- 
ly dependent o n  temperature and increased 
with temperature from about 0.2 to 0.4. 
Obv~ously, the  donor-embedded polyimides 
(P I -1  and PI -2 )  are significantly more sta- 
hle at high temperatures as indicated by 
their much longer relaxation times a t  any 
given temperature. T h e  i~npressive poled 
order stability observed for P I -1  is undoubt- 
edlY due in part to its very high T,. T h e  T, 
of the  co~lformatiol~ally rnore flexlhle PI-2 ,  
o n  the  other hand, while high, is more 
snnilar to  that of the  side-chain polyi~nide 
P I -3  (252" versus 228°C). T h e  increased 
orientational stability of P I -2  over PI-3 

1 .O Fig. 3. The decay of the square root 
of the SHG intensity (proporiiona to 
the decay of the electrooptic coeffi- 

Q 
cent r)  as a functon of tme. The - open c rces  are for PI-1 held at a 

20 
2 - constant temperature of 225°C and 

the open squares for PI-2 held at 
170°C 
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Fig. 4. Decay of the normallzed SHG coeffclent 
d(tJld(0) = [i(t)/i(0)li ' as  a functlon of tlme for 
PI- I .  Ths experlment was done on the same 
sample studled In Flg 3 after the 1000-hour 
decay experment shown In that experment was 
completed 

probably results from the  stronger coupling 
of the  orientational motion of the NLO- 
chrornophore in hoth  P I - 1  and PI -2  to the  
polymer backbone than occurs for the  side- 
chain system PI-3. Rearrangement of the  
chromonl~ores in P I - I  and PI -2  thus re- 
quires correlated luotion of a substantial 
region of the  polyimide backbone. 

A poled PI -1  sample was lnaintained a t  
225°C for 1000 hours while rnollitori~lg the  
orientational decay (Fig. 3). After a de- 
crease of -iOh during the  first 10 hours, no  
f ~ ~ r t l ~ e r  measural~le change occ~lrred over a 
neriod of 1000 hours. Similar lone-term 
stahlity, also shown in  Fig. 3, was observed 
for P I -2  held at 170°C. For the  side-cha~n 
systern con ta~n ing  a flexible tether group 
(PI -3 ) ,  this kind of orientat~onal stability 
was only o b s e r ~ ~ e d  for temperatures up to 
100°C. Figure 4 shows the  ilupressive short- 
term stability of PI-1 .  Here the  polyilnide is 
ranlped up in temperature every 2000 s. A t  
300°C, the  polymer loses only -15'K) of its 
n o n l i n e a r ~ t ~  over this time Increment. 

which is typical of d e v ~ c e  processing times. 
This class of polymers can meet the  se- 

vere operating and processing tenlperature 
requirements for application of these pol\- 
nlers in integrated ontoelectrol~ic d e ~ ~ i c e s .  
Wi th  recent advances 111 identifying chro- 
mopl~ores w ~ t h  large optical nonlinearities 
( 16) and in ~mproving chromophore ther- 
mal stability ( 5 ) ,  it should now he possible 
to  proiiuce thermally stable NLO polymer 
systems with large electroopt~c coefficients. 
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Plant Growth-Rate Dependence of Detrital 
Carbon Storage in Ecosystems 

Just Cebrian* and Carlos M. Duarte 

Detrital carbon accumulation accounts for most of an ecosystem's capacity to store 
organic carbon because the carbon contained as plant detritus exceeds that stored in 
living plants by about threefold. A comparative analysis of the mass and turnover of detrital 
carbon in ecosystems demonstrates that these properties are strongly related to the 
turnover rate of the dominant primary producers and are poorly related to ecosystem 
primary production. These results contribute to an understanding of the factors that 
control carbon storage in ecosystems and the role of carbon storage in the global carbon 
budget. 

T h e  assessment of factors that control C 
storace 111 ecosvstems (1-3) is essential for 
deterkining thk role of vegetation in the 
global C budget (4 ,  5 ) .  Carbon storage in 
ecosvstelns is accounted for ~nostlv hv the  , ,  
detrGa1 C mass, which alnounts to  about 
threefold that accounted for in living plant 
tissues ( 3 ,  4 ) .  Hence, knowledge of the  
factors that control the size and turnoT7er of 
the  detrital C nool in ecosvstelns should 
help elucidate t i e  processes ;hat col~trol  C 
sinks in the  global C budget (5). 

In this report we use a broad-scale com- 
parlson from published values to  show that 
even though iietr~tai C flux IS strongly con- 
trolled 1.y ecosystelu prilnary production, 
neither one is strongly related to  the  Inass 
and turnover of the  detrital C pool. W e  
then ilernonstrate that plant turnover rate 
exnlai~ls a maior fraction of the  variance in 
detrital C Inass and turnover among ecosys- 
terns. W e  compiled data from reports o n  
abovegrou~lil biomass and primary produc- 
tion and the  Inass and production of detrital 
C ( 6 )  from a broad range of ecosystems 
(7-1 1 ) .  

Carbon flux into the  detrital pool was 
strongly and linearly related to  primary pro- 

duction (Fig. 1) .  This linear relation ap- 
plied both to ~ n d i ~ ~ i d u a l  ecosystem types 
and to all the  types grouped together ( 1  2).  
O n  average -56% of primary production 
enters the  detrital nool. and. with the ex- 

L ,  

ception of grassla~lds, Inore productive eco- 
systems y~e ld  a co r re~pon i l ing l~  higher C 
flow into the  detrital pool. Our  results sup- 
port the  general findings that litterfall rates 
are higher in Inore aroductive forests 113) , , 

and that phytoplanktonic primary produc- 
tion is positively correlated to phytoplank- 
ton sed~lnelltation rates (14) .  

Detrital C Inass was poorly relateil t o  
hoth  primary production and C flux Into 
the  detrital pool (Fig. 2) ,  '0th of them 
explallling only -10'K) of the  variation in 
d e t r ~ t a l  C Inass anlong ecosystems. T h e  C 
Inass of the  detrital pool v a r ~ e d  by about 
three orders of m a g n ~ t u d e  for similar val- 
ues of C flux into t h ~ s  pool (Flg. 2B). T h e  
differences in  detrital C Inass arnong eco- 
systems were instead strongly correlated to  
the  plant turnover rate (Fig. 3 A ) ;  the  
tendencv toward reduced detrital C Inass 
with increasing plant growth rate account- 
ed for 53% of the  variance in  detrital C 
mash. 

T h e  observat~ons that  d e t r ~ t a l  C mass la  

Centre de Estudos Avanzados de Blanes, Conselo S u  illde~elldent of flux illto the 
Deror de nvestiaacones Centfcas, Camide ~ a n t a  Bar- iietrital pool (Fig. ZB), whereas it declines 
bara sin, 1 7 3 0 f ~ l a n e s ,  Grona, Span as plant growth rate increases (Fig. 3 A )  
'To whom correspondence should be addressed. imply that  the  loss rate of detrital C 
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