
blends). The IE of the acceptor C60 also shifts to
higher binding energies by 300meV, mirroring
the increase in IE that is driven by the change in
long-range quadrupolar fields. Assuming a con-
stant distance between the IE and theEAof 2.4 eV
for C60 in all ternary blends, the effective band
gap for all samples can be calculated (37). The
relation of Voc and the effective gap deviates
from a linear correlation only at higher F4ZnPc
contents (Fig. 4B and table S1).
Tuning of energy levels by superimposing quad-

rupole fields is expected to work in a variety of
semiconducting small molecules and polymers,
but a few preconditions appear necessary. Be-
sides the large difference in themagnitude of the
quadrupole moments along the thin-film normal,
the superposition of their fieldsmust be coherent
facilitated by a systematic orientation of both spe-
cies in the films. A tuning effect can even be re-
alized with constituents of the same polarity, but
different orientation in the film, which thus effect
a different out-of-plane quadrupole moment. Al-
though the spatial range of this tuning effect and
the required degree of molecular intermixing need
further investigation, not only bulk tuning but also
tuning the energy levels spatially by gradients of
the mixing ratios is possible. This may motivate
entirely new designs of device architectures for or-
ganic semiconductors.
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ASTROCHEMISTRY

Discovery of the interstellar
chiral molecule propylene
oxide (CH3CHCH2O)
Brett A. McGuire,1,2*† P. Brandon Carroll,2*† Ryan A. Loomis,3 Ian A. Finneran,2

Philip R. Jewell,1 Anthony J. Remijan,1 Geoffrey A. Blake2,4

Life on Earth relies on chiral molecules—that is, species not superimposable on their mirror
images.Thismanifests itself in the selection of a singlemolecular handedness, or homochirality,
across the biosphere.We present the astronomical detection of a chiral molecule, propylene
oxide (CH3CHCH2O), in absorption toward the Galactic center. Propylene oxide is detected in
the gas phase in a cold, extended molecular shell around the embedded, massive protostellar
clusters in the Sagittarius B2 star-forming region.This material is representative of the earliest
stage of solar system evolution in which a chiral molecule has been found.

T
he origin of homochirality is a key mystery
in the study of our cosmic origins (1). Al-
though homochirality is itself evolution-
arily advantageous (2), the mechanism for
the selection of one iso-energetic enantio-

mer over another is uncertain. Many routes to
homochirality have been proposed through the
amplification and subsequent transfer of a small
primordial enantiomeric excess (e.e.). Disentan-
gling these possible mechanisms requires that
we understand the potential sources from which
an e.e. may arise. The oldest materials on which
e.e. data have been taken in the laboratory are
meteoritic samples (3), yet the provenance of this

e.e. remains a matter of considerable debate (4).
Material inmolecular clouds, fromwhich planetary
systems form, is processed through circumstellar
disks (5) and can subsequently be incorporated
into planet(esimal)s (6). Thus, a primordial e.e.
found in the parent molecular cloud may be in-
herited by the fledgling system. Constraining the
origin of any e.e. found in meteorites therefore
requires the determination of the possible contri-
butions of a primordial e.e. and thus the detec-
tion of a chiral molecule in these environments.
For the past 50 years, radio astronomy has been

the primary method for studying the gaseous,
complex molecular content of interstellar clouds.
In this regime, observed spectral features corre-
spond to fine-structure transitions of atoms, or
pure rotational transitions of polar molecules,
that can uniquely identify their carrier. The ob-
servations presented here were taken toward the
Sagittarius B2 North [Sgr B2(N)] molecular cloud,
the preeminent source for new complex-molecular
detections in the interstellar medium (ISM).
Propylene oxide (Fig. 1) was initially detected

using data from the publicly available Prebiotic
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Interstellar Molecular Survey (PRIMOS) project
at the Green Bank Telescope (GBT), which pro-
vides nearly frequency-continuous, high-resolution,
high-sensitivity spectral survey data toward Sgr
B2(N) from 1 to 50 GHz (7). Based on our model
of rotationally cold propylene oxide absorbing
against the Sgr B2(N) continuum (8), only three
transitions are predicted to have appreciable in-
tensity above the survey noise floor: the b-type
Q-branch 11,0 – 10,1, 21,1 – 20,2, and 31,2 – 30,3 tran-
sitions at 12.1, 12.8, and 14.0 GHz (l = 2.478,
2.342, and 2.141 cm), respectively (8). The 11,0 – 10,1
line at 12.1 GHz is obscured by radio frequency
interference (RFI) at the GBT; however, clear ab-
sorption signatures are observed from the 21,1 – 20,2
and 31,2 – 30,3 transitions (Fig. 2).
These features may be sufficient for a detec-

tion on their own at these wavelengths; however,
we endeavored to confirm the detection by ob-
serving the 11,0 – 10,1 line at 12.1 GHz using the
Parkes Radio Telescope (see the supplementary
materials for a detailed description of the Parkes
observations), which does not suffer from RFI in
the region of the line. The data confirm the pres-
ence of a feature at the same velocity (~64 km s–1)
as the transitions from PRIMOS, as well as for-
tuitously detecting a nearby feature of propanal,
a structural isomer of propylene oxide (Fig. 2).
The far larger Parkes beam (~115′′ versus 60′′)
encompasses a much larger sample of environ-
ments, inhomogeneously broadening the observed
transition and incorporating a second, distinct
~46 km s–1 component not seen by the GBT beam
but previously observed in the material surround-
ing Sgr B2 (Fig. 3) (9).
A fit to the observations using a single excita-

tion temperature for propylene oxide finds a
column density of NT = 1 × 1013 cm–2 and a
rotational excitation temperature of Tex = 5 K (8).
Although an excitation temperature of 5 K is in-
deed the best fit to the data, we note that the most
rigorous constraint on Tex is from the nondetec-
tion at higher frequencies in PRIMOS, giving an
upper limit of ∼35 K. Changes in Tex greatly af-
fect NT, and model parameters that fit the data
nearly as well are possible for excitation condi-
tions between Tex = 5 and 35 K. These models all
reproduce the observed features from the GBT
and Parkes and are consistent with the nondetec-
tion of propylene oxide at 3 mm; under these con-
ditions, no transitions of propylene oxide would
be detectable in the reported observations (10).
A search of spectral line catalogs reveals no

reasonable interfering transitions from other mo-
lecular species. Propylene oxide is an asymmetric
rotor with modest rotational constants and there-
fore has numerous (~450) transitions that fall
within the PRIMOS data. For lower excitation
temperatures (Tex ~ 10 to 35 K), at most 80 have
an intensity ≥1% of the strongest predicted line.
Of these, ~13% are unobservable due to a lack of
available receivers at the GBT. Inspection of the
entire PRIMOS data set showed no absorption or
emission features attributable to propylene oxide
at any of these frequencies except the three listed
above, in good agreement with the model and
the sensitivity of the survey.

This detection is complementary to the upper
limit placed by (10) on the nondetection of warm,
compact propylene oxide at Tex = 200 K toward
Sgr B2(N) at mm wavelengths using the Mopra
Telescope. This search was sensitive only to a
warm population of propylene oxide, however,
and resulted in a nondetection, with an upper
limit column density of 6.7 × 1014 cm–2 for an
excitation temperature of Tex = 200 K and
compact source size (5′′), such as that expected
for gas associated with the embedded proto-
stellar clusters/hot cores in this cloud (10).
In sources with strong background contin-

uum, of which Sgr B2(N) is a prominent exam-
ple, many rotationally cold, high-dipole moment
species are observed almost exclusively in ab-
sorption against the continuum source, as shown
in Fig. 3. Because of the exceptionally low line
densities, only two to fivewell-measured centimeter-
wavelength spectral features are needed to se-
curely claim a detection [see, e.g., (11–13)]. This
stands in stark contrast to mm-wave detections,
particularly toward Sgr B2(N), where dozens of
lines are typically required. Based on a statis-
tical analysis of the line density in our observa-
tions of Sgr B2(N), we find the likelihood of three
random features falling within three resolution
elements of the propylene oxide transitions to
be ≤6 × 10–8 (8).
Taken together, the GBT and Parkes obser-

vations provide strong evidence of cold, low-
abundance propylene oxide toward the Sgr B2
cloud complex, in excellent agreement with pre-
viously established upper limits, as well as with
previous observations of complex organic mol-
ecules. Indeed, many of the complex organics
seen toward Sgr B2(N) are found not in or near
the hot cores, but, like propylene oxide, in a
cold, extended shell around the source. In these
regions, molecules are often liberated into the
gas phase via nonthermal, shock-driven desorp-
tion, resulting in colder, spatially extended
gas-phase populations that are often more abun-
dant than predicted by standard warm-up mod-
els (14). This is consistent with the observation
that the structurally similar ethylene oxide is con-
sistently found to have low excitation temper-
atures (11 to 35 K), well below the temperature
of the surrounding grains (15), with the detec-

tions of glycolaldehyde (11), ethanimine (16), and
propylene oxide’s structural isomers propanal
(13) and acetone (8), in this region, and with
the general pattern of shock-driven liberation

1450 17 JUNE 2016 • VOL 352 ISSUE 6292 sciencemag.org SCIENCE

Fig. 1. The molecular structure of S-propylene oxide and R-propylene oxide. (A) S-propylene oxide.
(B) R-propylene oxide. Carbon, hydrogen, and oxygen atoms are indicated by gray, small white, and red
spheres, respectively.

Fig. 2. Observations of the 11,0 – 10,1 (Parkes),
21,1 – 20,2 (GBT), and 31,2 – 30,3 (GBT) transi-
tions of propylene oxide, in absorption, toward
the Galactic center. The 64 km s–1 systematic
velocity characteristic of Sgr B2(N) is indicated by
a vertical red line. The 11,0 – 10,1 transition of pro-
panal is also seen in theParkes data. Data are given
as antenna temperature (T*A ) as a function of shift

from local standard of rest velocity (VLSR), where

0 km s–1 is the measured laboratory frequency of

the transition (8), and have beenHanning smoothed.
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of complex molecules in the so-called central
molecular zone (14).
From a chemical perspective, the presence of

propylene oxide in Sgr B2(N) is not surprising.
Propylene oxide is the third species of the C3H6O
family detected toward this source. Its structural
isomers, propanal (CH3CH2CHO) (13) and ace-
tone [(CH3)2CO] (17), are both seen toward Sgr
B2(N), and propylene oxide is not the first ep-
oxide found in the ISM. Ethylene oxide (CH2OCH2)
is structurally similar to propylene oxide, dif-
fering by only a methyl group, and has been
detected toward numerous massive star-forming
regions, including Sgr B2(N) (15, 18). In the case
of acetone, Belloche et al. (19) report a column
density of NT = 1.49 × 1017 cm–2, but for a warm
population with Tex = 100 K that peaks at the
position of the hot core. In the detection of pro-
panal, column densities were not determined (13).
To determine the relative populations of these

molecules in the cold shell around Sgr B2(N), we
have used the same procedure as for propylene
oxide (8). We find that a column density of NT =
6 × 1013 cm–2 with Tex = 6.2 K reproduces the 11
propanal transitions observed in the full PRIMOS
data set (see the supplementary materials) to
within a factor of ∼2. Similarly, using 18 de-
tected lines of acetone in PRIMOS (see the sup-
plementary materials), we find that a column
density of NT = 2.1 × 1014 cm–2 with Tex = 6.2 K
reproduces these features within a factor of ~2.
The best-fit Tex = 5 K for propylene oxide is in
remarkably good agreement with these values,
which, due to the larger number of observed
transitions over a wider frequency range for pro-
panal and acetone, are much more rigorously
constrained. Tex up to 35 K for propylene oxide
is formally allowed in the propylene oxide fit,
due to loose constraints stemming from the
narrow range of energy levels covered in a
narrow frequency window. However, the best-
fit, Tex = 5 K, is greatly bolstered by the similar
conditions exhibited by the acetone and propa-
nal populations.

All threemembers of theC3H6O family are then
detected in absorption in the PRIMOS data at
remarkably similar excitation conditions, suggest-
ing that they likely occupy the same cold, shocked
region surrounding Sgr B2(N). Propanal and ace-
tone are thermodynamically favored over propyl-
ene oxide, residing 22.7 and 30.8 kcal mol–1 (0.98
and 1.33 eV) lower in energy, respectively (20).
However, although the relative column densities
derived here do roughly follow the pattern of in-
creasing abundance with increasing stability,
chemistry inmolecular clouds is largely kinetically
controlled, rather than thermodynamically, and
relative abundances do not regularly follow ther-
modynamic patterns (21, 22). The recent detec-
tion of acetone and propanal at an abundance
ratio of three to one in comet 67P/Churyumov-
Gerasimenko shows that members of the C3H6O
family also feature prominently in the volatile
organic content of comet nuclei, and the remark-
ably similar ratios to those observed toward Sgr
B2(N) suggest that such kinetically controlled
routes to both species are widespread and not
isolated to extraordinary interstellar sources (23).
The leading models for the production and en-

hancement of an e.e. in the interstellar medium
likely act over time scales far longer than the de-
livery of complex organic material to the planet-
forming region of disks (24–26). A number of
mechanisms have been proposed for gas-phase
routes in the ISM to create such a primordial e.e.
Although beta decay–related chemistry has been
proven to generate slight chiral asymmetries (25)
that would be universal in nature, perhaps the
most intriguing route, astronomically, is enan-
tiomerically selective photochemistry induced by
circularly polarized light (CPL) (24). Here, the
chirally sensitive chemical reaction networks
would be stochastically driven on the spatial scales
of giant molecular cloud complexes. Toward the
Orion Nebula cluster, for example, significant CPL
patterns capable of producing e.e. do not extend
over the entire protostellar cluster but have been
detected over regions that are large compared

with individual protoplanetary disks (26). We have
rigorously examined the possible mechanisms for
determining an e.e. (see the supplementary ma-
terials) and concluded that the standard, total
power observations shown here cannot determine
whether such an e.e. exists in the case of propylene
oxide but that high-precision, full-polarization-state
measurements can, in principle. Critically, the
detection of gas-phase propylene oxide toward
the Galactic center provides a molecular target
for such observations and demonstrates that
interstellar chemistry can reach sufficient levels
of complexity to form chiral species in environ-
ments with the physical conditions required to
produce an enantiomeric excess.
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Fig. 3. Illustration of source structure within the Sgr B2 region. (A) The GBTand Parkes beams probe different portions of the cold molecular shell in
front of the bright continuum sources/hot cores within Sgr B2. Molecules in the shell that are not backlit by continuum sources are not seen in
absorption. (B) As the schematic of the sky view shows, the GBT (red) and Parkes (blue) beams probe different continuum sources, with the GBT beam
probing only Sgr B2(N), whereas the Parkes beam also includes most of Sgr B2(M) to the south.
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FOREST ECOLOGY

Northeastern North America as a
potential refugium for boreal forests
in a warming climate
L. D’Orangeville,1,2* L. Duchesne,3 D. Houle,3,4 D. Kneeshaw,1 B. Côté,5 N. Pederson6

High precipitation in boreal northeastern North America could help forests withstand the
expected temperature-driven increase in evaporative demand, but definitive evidence is lacking.
Usinganetworkof tree-ringcollections from16,450standsacross 583,000km2of boreal forests
in Québec, Canada, we observe a latitudinal shift in the correlation of black spruce growth with
temperature and reduced precipitation, from negative south of 49°N to largely positive to the
north of that latitude. Our results suggest that the positive effect of a warmer climate on growth
rates and growing season length north of 49°N outweighs the potential negative effect of lower
water availability. Unlike the central and western portions of the continent’s boreal forest,
northeastern North America may act as a climatic refugium in a warmer climate.

T
he boreal forest biome is responsible for
~20% of the total carbon (C) sequestrated
annually by forest ecosystems (1) and con-
tains a large fraction of the planet’s remain-
ing unmanaged forests (2). Over the current

century, this ecosystem is expected to undergo
one of the largest increases in temperatures (3).
Low mean annual temperatures (MATs) are a
major constraint on boreal forest productivity,
and increases in temperature and growing season
length in recent decades are reported to have ben-
efited tree growth over large areas of Fennoscandia
(4) and Russia (5). In central and western areas
of North American boreal forests, however, anal-

ysis of recent tree-ring width data (6, 7), in com-
bination with stable carbon isotope analysis (8, 9)
and satellite images (10), suggests that changes in
soil water balance have canceled potential gains
in forest growth from recent warming. An increase
in water deficit in these regions is suggested to
have increased treemortality in recentdecades (11).
The boreal forest of northeastern North Amer-

ica (NENA) receives more than twice the mean
annual precipitation (MAP) as its central andwest-
ern counterparts, typically exceeding the mean
annual evapotranspiration demand (MAE). This
pattern results in a strong west-east gradient in
water availability (Fig. 1A), which should con-
tinue in the future, because climate projections
suggest that NENA could be the only area across
the circumboreal forest with sufficient precipi-
tation to fully compensate for increasing evap-
orative stress induced by warmer temperatures
(2). Future increases in temperature combined
with an earlier snowmelt, leading to an earlier
start to the growing season, could thus allow lo-
cal tree species of NENA to better withstand and
even thrive in awarmer climate. Although satellite-
drivenmeasures generally support this hypothesis
for NENA (12, 13), empirical studies and climate-
growth models have not yet reached a consensus
(14–18), anddefinitiveevidence fromwell-replicated

large-scale tree growth data is lacking. Shouldwater
availability become a chronic factor limiting tree
growth and survival across much of the boreal
forest, NENA could act as a climatic refugium in
the near future for black spruce [Picea mariana
(Mill.) B.S.P.], the most abundant tree species
throughout theNorth American boreal forest (19),
including our study region (fig. S1).
Using a network of tree-ring collections from

16,450 stands representing much of the boreal
forest east of 80°W (Fig. 1B), our objective was to
determine howwater availability and air temper-
ature control interannual variations in the growth
of black spruce (20). To do so, we used boot-
strapped correlations to measure the influence
of seasonal climate on radial growth for the period
1960–2004. Should the dominant climatic con-
straint on growth be lowwater availability, growth
should be positively correlatedwith precipitation
and soil moisture and, because evaporative de-
mand increases with temperature, negatively cor-
related with temperature. In contrast, opposite
results would support the hypothesis that low
temperatures are the dominant climatic growth
constraint. By determining the climatic sensitiv-
ity of the annual growth of 26,697 trees across a
583,000-km2 area in boreal NENA, we had the po-
tential to resolve the discrepancy between em-
pirical studies and model forecasts on the fate of
these forests under anthropogenic climate change.
To this end, individual tree-ring series were stan-
dardized to emphasize interannual variations due
to climatic variables and were averaged according
to landscape unit and soil type (Fig. 1C).
Two strikingly different types of tree growth

response to seasonal climate were detected by
bootstrapped correlations (Fig. 2). The first re-
sponse, dominant across the northern part of the
study area, indicates that an increase in temper-
ature with a concomitant reduction in available
water has positive effects on growth. The second
response,more frequent in forests south of 49°N,
indicates that an increase in water availability
rather than temperature has a positive effect on
growth.
Support for the low-temperature constraint hy-

pothesis is observed in summer (July andAugust),
winter (November to April), and to a lesser extent
prior-year fall (September and October) (Fig. 2).
Out of the 109 chronologies, hereafter called forests,
which display significant growth correlations
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Discovery of the interstellar chiral molecule propylene oxide
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excess first appeared.
astronomical objects, including regions where planets are being formed, to discover how and why the
propylene oxide. The work raises the prospect of measuring the enantiomer excess in various 

 used radio astronomy to detect the first known chiral molecule in space:et al.unknown. McGuire 
excess of one type. The two forms are almost identical chemically, so how this excess first arose is
Biological systems overwhelmingly use one enantiomer over another, and some meteorites show an 

A chiral molecule is one that has two forms that are mirror images of each other: enantiomers.
Chiral molecule discovered in space
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