
provide a conclusive demonstration of the 
principle of the enhancement of nonlinear 
optical response through the supramolecular 
engineering of polymers. It is expected that 
considerably larger enhancement can be ob- 
served in structures with better alignment of 
chromophores, such as certain biopolymers 
and derivatives of helical poly(tripheny1meth- 
ylmethacrylate)~ (1 6). 
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Carbon Dioxide and Oxygen Isotope Anomalies 
in the Mesosphere and Stratosphere 

Mark H. Thiemens,* Teresa Jackson, Edward C. Zipf, 
Peter W. Erdman, Cornel van Egmond 

Isotopic (SI70 and SI80) measurements of stratospheric and mesospheric carbon dioxide 
(CO,) and oxygen (0,), along with trace species concentrations (N,O, CO, and CO,), were 
made in samples collected from a rocket-borne cryogenic whole air sampler. A large 
mass-independent isotopic anomaly was observed in CO,, which may in part derive from 
photochemical coupling to ozone (0,). The data also require an additional isotopic 
fractionation process, which is presently unidentified. Mesospheric 0, isotope ratios 
differed from those in the troposphere and stratosphere. The cause of this isotopic 
variation in 0, is presently unknown. The inability to account for these observations 
represents afundamental gap in the understanding of the 0, chemistry in the stratosphere 
and mesosphere. 

T h e  measurement of stable isotope ratios 
of atmospheric species provides a powerful 
method for investigating chemical transfor- 
mation mechanisms in the atmosphere. A 
particularly important example is strato- 
spheric 03, for which an "0 enrichment of 
up to 40% in the '80/'60 ratio has been 
observed (1-4). In laboratory studies of iso- 
topic fractionation during O3 formation, O3 
was produced that was enriched in the 
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heavy isotopes, with Sl7O = Sl80,  rather 
than S I 7 0  = 0.5 S l80  (5 ,  6). The isotope 
ratios were thus distributed in a mass-inde- 
pendent manner; in a mass-dependent pro- 
cess, the S l80  variation would be twice that 
of S170 because the relative mass difference 
is doubled 15). It has been demonstrated . , 

that the anomalous fractionation occurred 
in the O + 0, recombination step and was 
mediated by molecular symmetry factors 
(7). Many of the observed stratospheric Of  
1 8 0  enrichments are significantly greater 
than those observed in laboratory experi- 
ments, which are at most 150 per mil (8- 
10). To  date. there is no  consistent e x ~ l a -  
naiion for this large discrepancy or for'the 
observed variability of the l80 enrichment 

in stratospheric 03. The inability to ac- 
count for these observations represents a 
fundamental gap in the understanding of 
stratospheric O3 chemistry. 

Stratospheric C02 has also been shown 
to be enriched in l80 in comparison with 
tropospheric C02 (1 1-13), and it has been 
shown that stratospheric 0, isotopes are 
mass-fractionated independently (12). It 
has been proposed that the C02 enrich- 
ment may arise from isotopic exchange be- 
tween C 0 2  and O('D), with O('D) derived 
from O3 photolysis (14). Laboratory exper- 
iments demonstrated that isotopic ex- 
change between O( lD)  and CO, produces a 
mass-independent fractionation, with equal 
enrichment in the heavy isotopes in CO, 
(15). Recent simultaneous S170 and S l80  
measurements of stratospheric C 0 2  have 
demonstrated that the magnitude of the 
mass-independent isotopic anomaly linearly 
correlates with 14C0 activity, which con- 
firms the stratospheric origin of the isotopic 
enrichment (13). The use of simultaneous 
isotope ratio measurements (S170 and 
SI80) thus offers an insight into atmospher- 
ic chemical processes that cannot be ob- 
tained from concentration or measurements 
of single (S180) isotope ratios. 

The observation of photochemical cou- 
pling between stratospheric O3 and C02 has 
several implications. First, the CO, isotopic 
measurements provide another probe of the 
overall oxidation processes of the upper at- 
mosphere (1 3). In particular, estimates of the 
O('D) density can be obtained, which deter- 
mines the lifetime of some of the more long- 
lived species, such as N 2 0 ,  and is an integral 
component of the radiative budget of the 
upper atmosphere. Second, the 0, isotopes 
provide another measure of stratosphere-tro- 
posphere mixing. 

Here, we report the simultaneous mea- 
surement of the Sl7O and S l80  composition 
of C 0 2  and 0, and the concentrations of 
N 2 0 ,  CH4, and CO from samples taken in 
the altitude range of 30 to 60 km. Samples 
were taken with the use of the rocket-borne 
cryogenic whole air sampler .(CWAS) de- 
scribed by Erdman and Zipf (16). The sys- 
tem uses closed-cycle refrigerators to chill 
1 .&kg, gold-plated blocks to approximately 
15 K. Pneumatically actuated valves open 
and close at predetermined times to collect 
whole air samples, with altitudes and sam- 
pling column lengths (- 1.1 km) deter- 
mined by radar. The payload is launched by 
a two-stage Nike-Orion rocket. The two 
sampling missions reported here (March 
and May 1992, with two launches for each 
mission) were launched from the White 
Sands Missile Range (WSMR), New Mex- 
ico (32.4"N, 253.7"E), with three samples 
collected per flight (Table 1). The altitudes 
of the samples, the sampling interval, and 
the absolute sample sizes were nearly iden- 

SCIENCE VOL. 270 10 NOVEMBER 1995 



tical for the flights, which shows the repro- 
ducibility of the measurements. To  ensure 
quantitative collection, we measured the 
amount of air within the samolers and com- 
pared it to that expected for a sampling 
interval. The quantity of air collected 
matched that expected for the sampling 
profile within ?5%. 

Here, the CO, was cryogenically separat- 
ed from the whole air samples. For 0, iso- 
topic analysis, the CO, was quantitatively 
converted to 0, to permit S1'O and S170 
measurements. The CO, was reacted with 
BrF, in a Ni tube at 800°C for 48 hours (1 7). 
Isotope measurements were made in a mass 
spectrometer (Finnigan MAT 251). Whole 
air aliquots were taken for separation and 
isotopic analysis of 0, as described (18). 

The isotopic data (Fig. 1)  were all frac- 
tionated mass-independently-that is, S170 
$: 0.5 S1'O. The mass-independent isotopic 
composition was of the same magnitude as 
that reported in (12) for stratospheric sam- 
ples collected by balloon flight. There is a 
clear relation between the i so to~ic  data and 
trace species concentration profiles (Fig. 2). 
Concerning the relative behavior of S1'0 " 

versus CH, and N 2 0  concentrations with 
altitude, at 35 and 40 km for the flights in 
March and May, a peak in the S l 8 0  profile 
was observed. Methane and N 2 0  possess a 
similar. structure, and this was attributed to 
the transport of stratospheric air derived 
from equatorial latitudes (19). The quasi- 
mirror image behavior for both data sets " 
may arise from the involvement of O('D); 
elevated O( 'D) levels increase the S180 in . , 

CO, while simultaneously lowering the 
N,O and CH, concentrations because re- 
action with O('D) is their dominant sink 
(20). Such enhanced levels of O('D) re- 
quire a stratospheric source for the trans- 
ported air parcel. The height of the observed 

fold is a~oarentlv seasonal, with the winter 
L .  

peak occurring a; higher altitudes than that 
for spring. This variation may reflect strato- 
spheric and mesospheric circulation dynam- 
ics, given that meridional transport differs 
between winter and summer (21). 

The interaction between O('D) and CO, 
is consistent with the laboratory data of Wen 
and Thiemens (15), who showed that the 
production of the short-lived C03*  transi- 
tion state, intermediate in the isotopic ex- 
change between CO, and O('D), produces a 
mass-independent isotopic composition in 
CO,, with equal I7O and "0 enrichments 
in CO,. Enhanced values of S1'O in CO, 
derive from higher number densities of 
atomic 0, longer interaction times, or both. 
The anti-correlation between the atmo- 
spheric ''0 enrichment and the N 2 0  and 
CH, mixing ratios reflects increased O3 pho- 
tolysis, the source of O('D). The critical 
proof is the observation of the mass-indepen- 
dent isotopic composition. 

A t  55 km (27 May flight), a peak in 
S1'O exists but without an accompanying 
CH, inflection. This suggests that the mes- 
o s~he re  mav be a contributor to the 0, 
isotopic composition of stratospheric CO,: 
because of larger amounts of atomic O and 
smaller amounts of CH,. Iniection of mes- 

't s 

ospheric air would thus be detectable from 
the 0, isotopic signature but not from the 
CH, concentration. The C O  altitudinal 
data' also suggest inputs of mesospheric air. 
For both sampling missions, an increase in 
the C O  mixing ratio above 40 km was 
observed. which indicates a mesos~heric 
source. Carbon monoxide in this altitudi- 
nal region prim-arily comes from meso- 
spheric CO, photolysis (22). The  lack of a 
corresponding dip in the N 2 0  and CH, 
data and their suppressed concentrations 
with respect to  the measurements in 

Fig. 1. A three-isotope 
plot showing the 0, isoto- 
pic composition of atmo- 
spheric CO, for different 40 
fractionation processes. - 

Line A represents the bulk 8 - E 
- x 

terrestrial mass fraction- 35 1 
ation line, whereas line B "O 

results from addit~onal is0 
:! topic exchange between 

tropospheric CO, and 
O('D). Line C represents 25 1 
the measured range of .% 1 
tropospheric CO, iso- Q - 

topes (12). Line D is the 3 20 L 
best-fit line for the 0, iso- 
towic comwosition of the 
upper atmospheric CO, 
samples measured here; 30 40 50 60 70 

asterisks represent the Isotopic composition 6180 (per mil) 
March, and squares the 
May, data. The datadefine a line of slope 1.1 6, w~th a linear regression constant of 0.98. The offset of line D from 
lhne B is the result of a secondary fractionation process, the source of which is at present unknown. 

March also suggest the injection of upper 
level air rich in O( 'D)  and CO and de- 
pleted in CH, and N,O. 

Another important feature associated 
with the CO, isotopic data in Fig. 1 is that 
the data define a straight line with a slope 
nearly 1.0. If the isotopic composition were 
a result only of the process of isotopic ex- 
chanee with O('D), the best-fit line should " . ,,  

have a slope = 1.0 and pass through the 
isotopic composition of tropospheric CO, 
(S1'0 = 40 per mil, S170 - 20 per mil). 
The observed best-fit line of the strato- 
s ~ h e r i c  CO, i so to~ic  data does not intersect 
the terrestrial fractionation line at the tropo- 
spheric value but rather at a value for S l80  
of approximately 34 per mil. These observa- 
tions require an additional process, along 
with exchanee between O( 'D) and CO,. It - 
has been shown (15) that isotopic exchange 
between O('D) and CO, defines a Sl7O = 
S1'0 fractionation line passing through the 
bulk CO, reservoir. 

The expected isotopic fractionation line 
(Fig. 1) would arise if O( 'D) exchanged 
with CO, of approximate tropospheric iso- 
t o ~ i c  com~osition (CO, at 1300 m at 

, '. 
White Sands has an isotopic composition of 
S1'0 of 41.5 per mil). The data clearly do 
not pass through the S180 value of tropo- 

lsotopic composition 6180 (per mil) 

30 40 5 0 60 
7 0 1 " '  " " " " "  

E 

2 0 F . .  . . .  1 
0 20 40 60 80 100 

Mixing ratio 

Fig. 2. 6180 profiles for CO, and 0, isotopic com- 
posit~on and CH, and N,O mixing ratio profiles for 
samples taken on (A) 12 and 15 March 1992 and 
(B) 22 and 27 May 1992. The mixing ratios for N,O 
and CH, are in parts per billion and parts per 
billion/lO, respectively. Note the anti-correlation 
between the 180 enrichment and the N,O and 
CH, mixing ratios, which is indicative of increased 
0, photolysis, the source of O(lD). 
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spheric CO, and require a second fraction- 
ation process that offsets the observed data. 
The source of this secondarv fractionation 
process observed in the stratospheric and 
mesospheric samples is not known. Our C O  
observations along with the increasing mag- 
nitude of isotopic fractionation suggest a 
mesospheric origin for the fractionation. 
Stratospheric concentrations of O('D) peak 
at an altitude of approximately 48 km with 
a number density of 200 to 300 cm-3 (23). 
The O('D) concentrations rise rapidly by 
more than an order of magnitude in the - 
mesosphere. The significantly enhanced 
levels of electronically excited atomic 0 
would produce greater '70,'80 enrich- 
ments, which is consistent with our obser- 
vations. The stratospheric isotopic CO, 
data reported by Thiemens et al. (1  2) agree 
with the data presented here, with the high- 
est altitude samples (-35 km) lying along 
the fractionation line D (Fig. I ) ,  whereas 
the lower altitude samples lie on a line with 
a slope of -1 passing through tropospheric 
CO, values. Thus, the higher altitude sam- 
ples appear to possess the greatest heavy 
isotope enrichment. Sampling artifacts can 
be ruled out as the CO, concentration for 
all altitudes was 350 ppm (parts per mil- 
lion), the amount expected if all the ex- 
oected CO, was recovered. 

It is not.known what additional processes 
might occur in the mesosphere. For example, 
the effect of temperature on the exchange 
process is not known for the relevant in situ 
temoeratures. The effect of ion-molecule re- 
actions, for example, charge transfer, on iso- 
topic composition 1s also unknown. Resolu- 
tion of the source of this isotopic component 
is of importance as the magnitude of the 
anomalous component is sufficiently large 
that the absolute amount of energy required 
to produce the observed anomalous isotopic 

composition represents an important process 
in the upper atmosphere. 

The molecular 0, isoto~ic data also Dro- 
vided further evidence for mesospheric in- 
put into the stratosphere of isotopically dis- 
tinctive components. All of the data in 
Table 1 agree with the tropospheric 0, 
value. 6180 = 23.5 (24). within the error , , 

limit 'of t o .  1 per mil; the only exceptions 
to this are the two uppermost March sam- 
ples (S180 = 23.1 per mil), which differ by 
0.4 per mil, significantly beyond error lim- 
its. This is the first observation of a varia- 
tion in the 0, isotopic composition of at- 
mospheric 0,. In hundreds of tropospheric 
measurements of air samples taken in the 
United States, Australia, and Europe, the 
value has been constant to within k0.04 
per mil; thus, the mesospheric variation 
observed here is significant. 

It has been suggested that an upper at- 
mospheric process could alter the 0, iso- 
topes on the basis of the measured 0, iso- 
tooic com~osition of extraterrestrial Fe 
spherules, which acquire their 0, at alti- 
tudes above -100 km (25). It was suggested 
that a source of heavy 0 (S180 > 40 per 
mil) at this altitude may exist, and a qual- 
itative model. based on calculations bv Cole- 
grove et al. (26), was provided. ~ e c i u s e  of 
the dominance of 0, photolysis over recom- 
bination at altitudes above 80 km, there is a 
net downward flux of 0 atoms and upward 
flux of 0, molecules (26). During such mo- 
tion in the atmosphere, the model predicts 
that the associated isoto~ic fractionation for 
0 atoms is greater than that for 0 molecules 
because of the smaller mass of the former. 
The net result could be the creation of an 
isotopic composition with heavy isotope en- 
richment in the upper levels and light iso- 
tope (total 0 )  enrichment in the lower lev- 
els (25). The lower level (light isotopes) of 

Table 1. Flight isotopic and trace species concentration data for the rocket-borne whole air cryogenic 
sampler, lsotopic compositions are reported with respect to standard mean ocean water (SMOW). 

Isotopic composition* 
Alti- nn * 

Date tude GO, O2 
(km) N2O (ppbv) CH, (ppbv) 

8180 8170 8180 8170 

March 1992 
15 30.0 44.5 28.9 23.6 12.2 89.1 i 2.4 933 i 30 25.0 i 3 

23.4 12.0 27.0 2 1.0 
23.6 12.0 39.5 2 1.2 
23.4 12.0 21.8 2 0.9 
23.1 11.8 6.7 2 0.5 
23.1 11.8 2.2 2 0.2 

May 1992 
23.5 11.8 70.8 i 2.1 
23.5 11.8 71.8 2 2.1 
23.4 11.8 27.2 2 1.0 
23.4 11.8 1 1  .O i 0.5 
23.5 11.8 2.2 i 0.2 
23.4 11.8 1.0 2 0.2 

'Uncertainties are approximately k0.2 ppmv (2a error bars) 
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this circulation cell would be the upper me- 
sosphere, which could serve as a source of 
the isotopically light 0, measured in the 
March flight. Although later measurement 
of the Fe isotopes in similar Fe spherules 
showed that the 1 8 0  enrichment derives 
from atmospheric evaporation effects (27), it 
is possible that some component of the fea- 
tures suggested in (25) is qualitatively cor- 
rect. At present, no source of the isotopic 
fractionation process in 0, can be specified 
conclusively; however, the CO, and 0, iso- 
topic data tentatively suggest that the source 
region is the upper mesosphere, particularly 
because the molecular 0, isotopic fraction- 
ation was observed in winter, when the net 
air mass trajectory is downward from the 
upper mesosphere (2 1 ). 

Carbon dioxide photolysis may be con- 
sidered a possible contributing factor to the 
observed CO, isotopic composition. It is 
known that at altitudes above 55 km, the 
primary C O  source is photodissociation of 
CO, (22), consistent with our data here, 
which show increasing C O  concentrations 
with increasing altitude. It is known that in 
0, photolysis the lighter isotopes are pref- 
erentially dissociated because of their high- 
er relative vibrational frequency in a nearly 
mass-dependent fashion (28). If the same 
were true for CO,, the residual CO, would 
be isotopically heavy; however, our obser- 
vations suggest that a light component is 
required. Photolysis would thus shift the 
data in the wrong direction. In addition, 
the measured CO,/CO ratio at 59.5 km in 
the March flight was 2784; if all C O  were 
derived from CO, photolysis, this C 0 2 / C 0  
ratio would be too large to alter the CO, 
isotopic composition for any reasonable sin- 
gle-stage fractionation factor associated 
with CO, photolysis. The requirements 
are particularly forbidding at 30.0 km 
(March). where the C0,ICO ratio is , , - 14,000; thus, our observations cannot be 
attributed purely to CO, photolysis ef- 
fects. It is unclear at present what process, 
along with O( 'D) + CO, isotopic ex- 
change, is responsible for the observed 
CO, isotopic data. The magnitude of the 
isotopic fractionation is large, and the pro- 
cess represents an important reaction in 
upper atmospheric chemistry. 

Our results from the isotooic and trace 
species concentration data in whole air 
samples collected from flights of the rocket- 
borne CWAS clearly show that combined 
isotope and trace species measurements pro- 
vide a wealth of data that reflect both upper 
atmospheric chemical interactions and cir- 
culation dynamics. The isotope data reveal 
dvnamic features that could not be obtained 
from only concentration or measurement of 
the ratios of single isotopes. Presently un- 
explained isotopic anomalies reside in both 
molecular 0, and CO,. In addition, there 
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Logic Gates Made from Polymer Transistors 
and Their Use in Ring Oscillators 

A. R. Brown,* A. Pomp, C. M. Hart, D. M. de Leeuw 

Metal-insulator-semiconductor field-effect transistors have been fabricated from polymer 
semiconductors that can be processed from solution. The performance of these tran- 
sistors is sufficient to allow the construction of simple logic gates that display voltage 
amplification. Successful coupling of these gates into ring oscillators demonstrates that 
these logic gates can switch subsequent gates and perform logic operations. The ability 
to perform logic operations is an essential requirement for the use of polymer-based 
transistors in low-cost low-end data storage applications. 

O n e  major application for polymeric metal- 
insulator-semiconductor field-effect transis- 
tors (MISFETs) (1-4) is in low-end data 
storage, such as chip cards and identification 
tags. Here the use of crystalline silicon tech- 
nology is inappropriate: The excellent elec- 
trical performance of silicon, in terms of 
switching speed and small volume, is not 
required, and the bonding of silicon chips 
onto flexible plastic substrates dominates 
costs. The component parts of a MISFET are 
an insulator layer, conducting contacts, and 
a semiconductor layer. Soluble organic insu- 
lators are well known [such as poly(methy1 
methacrylate) and poly(viny1 chloride)], and 
recently Garnier et al. (2) have demonstrat- 
ed that conducting contacts for such poly- 
mer MISFETs can be achieved by printing 
techniques. If a solution-processible organic 
semiconductor is also used, low-cost large- 
area electronics for data storage can be real- 
ized by using only printing processing steps 
directly onto plastic substrates (rendering ex- 
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pensive photolithographic steps obsolete and 
avoiding incompatibility problems). 

However, electronic circuits with a poly- 
mer as the active semiconductor have not 
been reported. Until now, polymer MISFETs 
have not been able to display voltage ampli- 
fication, which is a fundamental require- 
ment for the construction of useful logic 
gates. Only -if the logic gates can switch 
subsequent gates does integration become 

Precursor Pentacene wiH2b - c H = c H j  

n 
Precursor PTV 

Fig. 1. Chemical structures of pentacene, PTV, 
and their precursors. Both elim~nation reactions 
occur at 140°C for 1 hour; pentacene is realized in 
vacuo and PTV in N, and HCI. 

13 (1 995). 
21. G. Brasseur and S. Solomon, Aeronomy ofthe Middle 

Atmosohere (Reidel. Dondrecht. 1984). DO. 32-82. 
22. M. ~ l l e n ,  Y. Y .  Yung, J. W. Waters, J, ~ h h ~ h ~ s .  Res. 

86, 361 7 (1981). 
23. P. M. Banks and G. Kockarts, Aeronomy, Part A 

(Academic Press, New York, 1973). 
24. P. Krooonick and H. Craia. Science 175. 54 119721. 
25. R. N. Ciayton, T. K. ~ a y e b a ,  D. E. ~rownlee, ~ a r &  

Planet. Sci. Lett. 79, 235 (1 986). 
26. F. D. Colegrove et ab, J. Geophys. Res. 70, 4931 

(1 965). 
27. A.M. Davisetal., LunarPlanet. Sci. XXII, 281 (1991). 
28. S. K. Bhattacharya and M. H. Thlemens, Geophys. 

Res. Lett. 15, 9 (1 988). 
29. We gratefully acknowledge NSF (grant ATM-9321202) 

and the Natlonal Aeronautics and Space Administration 
(grant NAG 5-609) for support. 

22 June 1995; accepted 8 September 1995 

possible. W e  report here on the successful 
construction of ~o lvmer  MISFETs that do 

A ,  

display voltage amplification. Two different 
solution-processible organic semiconductors 
were used. The MISFETs have been used to 
fabricate both inverter and NOR gates. 
Switching of one gate by another is demon- 
strated in ring oscillators constructed from 
five identical coupled stages. 

These eates have been realized with the 
u 

use of precursor-route through-conjugated 
polymers. Through-conjugated polymers are 
intractable, being neither soluble nor fus- 
ible. Solution processibility has been suc- 
cessfully introduced to conjugated polymers 
such as polythiophenes and poly(paraphe- 
nylenes) by the introduction of solubilizing 
side chains (for example, alkyl and alkoxy 
groups). However, these side chains have a 
detrimental effect on the.charee-carrier mo- 
bility because they both decGase through- 
conjugation (1)  and decrease T-T overlap 
of neighboring chains (5). In a precursor 
route, solubilizing side chains are chosen 
that can be eliminated later to leave onlv 
the through-conjugated polymer. Hence, 
precursor polymers are particularly suited to 
be the active semiconductor in polymeric 
MISFETs, combining solution processibility 
with good electrical properties (6). Here we 
use oligomeric pentacene and fully poly- 
meric poly(thienyleneviny1ene) (PTV), 
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sPin-On-gass\ Polysilicon gate silicon wafer spacer 

Fig. 2. Schematic cross sect~on of transistors 
used in this study. 
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