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component block copolymer melts. The ¢ phase
is the approximant crystal structure to certain do-

potentially suitable for application as a photonic
crystal (35). More generally, the concept of guid-
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to characterize the thermodynamic and kinetic
properties of these fascinating aperiodic systems.

Identification of the ¢ phase in linear block
copolymer melts presents the opportunity for
designing interesting and useful materials from
many other polymers. Decades of experimental
experience and well-established theory show that
single-component block copolymer melts exhibit
universal phase behavior, governed by well-
established molecular parameters, primarily the
molecular weight, composition, and segment-
segment interaction parameter x (8). The ¢ phase
has an enormous unit cell, with lattice parameters
that are expected to scale with the two-thirds
power of block copolymer molecular weight.
Thus, an asymmetric diblock copolymer pre-
pared with 20 times the molecular weight of IL-15
(i.e., amodest 80 kg/mol), and subject to judicious
choice of block types (which controls ), should
result in a unit cell dimension of ¢ = 0.3 um,
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relaxation to the ground state or to intermediate
dark states. The fluorescent state is easily de-
stroyed or quenched by photochemical reactions,
often involving electron or proton transfer. Indeed,
only a very small fraction of all absorbing mole-
cules (called chromophores) are strongly fluores-
cent (then called fluorophores). Nonfluorescent
chromophores include certain metal complexes
and many conjugated molecules, for example,
DNA bases, that are important in biology. Such
molecules could become more-natural labels than
fluorophores.

The first single-molecule optical detection ex-
periment, by Kador and Moerner, was achieved
by absorption (4) but relied on favorable cryo-
genic conditions, under which the absorption
cross section of the narrowest molecular tran-
sition was extremely large. Their doubly modu-
lated absorption technique was later improved on
with modern optics and detectors (5—7), but the
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So far, single-molecule imaging has predominantly relied on fluorescence detection. We imaged single
nonfluorescent azo dye molecules in room-temperature glycerol by the refractive effect of the heat that
they release in their environment upon intense illumination. This photothermal technique provides
contrast for the absorbing objects only, irrespective of scattering by defects or roughness, with a signal-
to-noise ratio of ~10 for a single molecule in an integration time of 300 milliseconds. In the absence of
oxygen, virtually no bleaching event was observed, even after more than 10 minutes of illumination. In
a solution saturated with oxygen, the average bleaching time was of the order of 1 minute. No blinking
was observed in the absorption signal. On the basis of bleaching steps, we obtained an average
absorption cross section of 4 angstroms? for a single chromophore.

ingle-molecule optical detection (/) has
become an indispensable tool in molecular
biology and materials science. For the past
20 years, optical single-molecule detection has
relied on fluorescence (2, 3) because of the low
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background of this technique. However, moni-
toring optical absorption more directly would
have definite advantages. Fluorescence requires
an efficient pathway for populating the emitting
state and also the near absence of nonradiative
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absorption signal still appears on a strong back-
ground of unabsorbed photons, resulting in a
lower signal-to-noise ratio than fluorescence.
Detecting the absorption of a single molecule at
ambient conditions is much more challenging than
at low temperature because of the reduction by 5
to 6 orders of magnitude of the cross section,
essentially because of fast dephasing by thermal
fluctuations. A method for the detection of single-
molecule absorption at room temperature must
thus solve two different problems.

First, the absorption cross section of a typical
chromophore at room temperature is only of the
order of 102 nm?. The number of the absorption
events varies as the ratio of the absorption cross
section to the area of a diffraction-limited light
beam. This ratio is about 107" for a laser spot di-
ameter of 300 nm. Because statistical fluctuations
in a number N of photons scale as /N, a change
in transmitted signal of 107 requires more than
10" photons to be detected. Of those, at least 10
have to be absorbed by the molecule. The de-
tection of such small signals therefore requires
many absorption events, which may conflict with
the poor photostability of many fluorescent mole-
cules at ambient conditions.

Second, in a direct extinction measurement,
where only missing photons are identified, a
molecule’s absorption appears on a background
of scattering by any inhomogeneities in refractive
index, arising for instance from roughness of the
interfaces. Therefore, for practical applications, it
is vital to be able to discriminate true absorption
from scattering.

Three main routes have been pursued in the
past 10 years toward surmounting these obstacles.

Photothermal contrast relies on the intensity
change of a probe beam caused by a modulated
heating beam of a different color. Kitamori and
co-workers (8) have detected sub-yoctomole
concentrations of absorbers in solution with inte-
gration times of several seconds, that is, in con-
ditions under which many diffusing molecules
contributed in turn to the signal. Boyer ef al. (9)
applied a similar method to detect single im-
mobilized gold nanoparticles down to 5 nm in
diameter, a performance that was later substan-
tially improved by Berciaud et al. (10, 11) and
has led to a number of applications in recent
years.

Alternatively, various sensitive optical tech-
niques have been applied either in interferometers
(12) or in a reflection or transmission geometry
(13, 14) to detect some tens of molecules (/2),
small particles (/3), or quantum dots (75). In the
latter two cases, however, the use of ultraclean
and stable conditions was essential to ensure the
absence of scattering background.

Most recently, Xie and co-workers have
explored stimulated emission to distinguish ab-
sorption from scattering (/6). Indeed, because
stimulated photons can only arise from the excited
state of molecules, this method efficiently rejects
scattering and fulfills the second requirement.
With a modulated stimulating beam, they were

able to image absorption in cells down to a few
tens of molecules.

We pushed the sensitivity of photothermal
detection to the single-molecule limit, demonstrat-
ing a signal-to-noise ratio of about 10 with rea-
sonable integration times of 100 to 300 ms, joined
to excellent rejection of the scattering background.

Photothermal contrast relies on a time-
dependent thermal lens. This inhomogeneous
refractive index profile results from the heat dis-
sipated by a pointlike absorber in its surround-
ings. The local inhomogeneity of the refractive
index scatters a probe beam. The resulting weak
scattered field interferes with the main probe field
(either transmitted or reflected), thereby slightly
changing the detected probe intensity. A disad-
vantage of the method is that the transduction ef-
ficiency, relating the index change to the dissipated
heat, is rather low. It is proportional to on/07, of
the order of 10 K ! or lower. However, this in-
efficiency is more than compensated for by a gain
in applicable probe intensity and the associated
reduction in photon noise. Because the probe
wavelength can be chosen in a transparency re-
gion, a spectral range where absorption is negligi-
ble, the probe intensity can be very high, much
higher than the saturation intensity of the heating

-1 0 1
logio (photothermal) (a.u.)

log,, (photothermal (a.u.))

beam. Photon noise on the probe beam is there-
fore considerably reduced.

Our setup for photothermal contrast imaging
is shown in fig. S1 (/7). The absorbed pump
power gives rise to a temperature gradient with
an amplitude AT g,r = ﬁ;s—ih;é“ at the surface of the
source, assumed to be spherical: 6, is the ab-
sorption cross section of the absorber, /., the
pump intensity, ¥ the thermal conductivity of
the medium, and R the radius of the heat source.
The backward scattered probe light is collected
by the focusing microscope objective, sent to a
fast photodiode, and fed into the lock-in ampli-
fier. The photothermal signal is proportional to
both the heating and probe powers. We mod-
ulate the pump at rather high frequency (around
1 MHz) to reject mechanical, electronic, and laser
noise. We have chosen the reflection geometry
with index matching to adapt the probe signal
to the characteristics of our fast low-noise de-
tector (maximum detected intensity 18 uW). Be-
cause a good overlap of the two tightly focused
beams with different colors is critical, residual
chromatic aberrations of the objective must be
carefully compensated.

We very recently used this setup (/8) to
improve the photothermal detection approach of
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Fig. 1. Photothermal images of gold nanospheres illustrate the large dynamic range of the method and
its low background. (A) A raster scan image of a sample containing 10-nm (yellow) and 5-nm (red)
diameter gold particles in glycerol: heating power is 0.43 mW; probe power, 21 mW; integration time per
pixel, 3 ms. The FWHMs of the photothermal spots are 210 nm and 370 nm. a.u., arbitrary units. (B)
Histogram of the photothermal signals for 94 gold particles of 5-nm or 10-nm diameter. (Inset) Histogram
of signals for 88 gold particles of 20-nm diameter in the same conditions. As expected, the photothermal
signal roughly scales as the volume of the particles. (C and D) The point-spread function (PSF) of the
photothermal signal is well fitted by a Gaussian with 6, = 220 nm, o, = 250 nm, and o, = 670 nm, as
mapped by scanning a 20-nm-diameter gold particle in three dimensions. Note the two weak lobes of the
PSF in the x, zimage, also observed in confocal fluorescence microscopy. These data are reproduced from
(18). (E) Linear scaling of the photothermal signal of a 20-nm gold particle with heating and probe (inset)
powers. Solid lines show linear fits at low heating and probe powers. Error bars indicate standard deviation
values. For most of the data, they are smaller than the symbol size.
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Berciaud et al. (10, 11). Among the different points
discussed in (/8), the choice of the transducing
fluid is crucial to enhance the sensitivity. We first
characterized the sensitivity of our setup with gold
nanoparticles used as absorption standards.
Figure 1A shows an image of a sample contain-
ing 10-nm- and 5-nm-diameter gold spheres on
glass surface in glycerol. We measured photo-
thermal signals by heating at 514 nm and probing
at 800 nm. The signals from different diameters
differ by a factor of about 8, as expected from the
volume ratio. The elongated shape of the photo-
thermal spots in this image (210 nm and 370 nm
principal half-maximum widths) arose from the
shape of the pump beam, because spatial filtering
was weak in this experiment. Stronger spatial fil-
tering yielded a much better shape. In our pre-
vious work (/8), we measured the photothermal
detection volume by scanning a 20-nm gold
sphere in three dimensions. The full widths at half
maximum (FWHM, determined by a Gaussian fit)
across x, , and z are 220 nm, 250 nm, and 670 nm,
respectively. These data are reproduced in Fig. 1,
C and D. Last, we verified the linear relationships
between pump and probe powers and photother-
mal signal by varying the heating power over 4
orders of magnitude (I uW to 10 mW) and the
probe power over 2 orders of magnitude (1 mW to
100 mW). Slight deviations from linear behavior at
high power may be due to variations of spectra or
thermal constants of the materials in the broad
range of temperature changes explored (from 0.05

15

0 20 40
time (s)

K up to about 500 K). Compared with our prior
report (18), we exploit the thermal sensitivity of
glycerol here but not the thermal isolation from the
glass substrate.

To ascertain the possibility of detecting a
single organic molecule in photothermal micros-
copy, we only need to compare the smallest de-
tectable power over a given integration time to the
power dissipated by a single molecule. In (/8), we
demonstrated the detection of a dissipated power
as low as 3 nW with a signal-to-noise ratio of
SNR = 8 and an integration time of 10 ms. By
increasing the integration time to hundreds of ms,
even smaller dissipated powers can be measured.
A single molecule can release heat along two path-
ways: a direct nonradiative transition from the
excited state and vibronic relaxation before and
after a radiative fluorescent transition. The shorter
the fluorescence lifetime (zg) and the lower the
fluorescence quantum yield (75) are, the larger is
the dissipated power at saturation. The most favor-
able molecules for photothermal detection should
therefore have strong nonradiative channels and
thus very weak fluorescence yields. This is the
case for the trial molecules chosen in the present
work. We calculated the dissipated power at sat-
uration for several commercially available organic
molecules (fig. S2 and table S1) (/7). The highest
dissipated power at saturation of 15 nW well
above the limit of 3 nW was obtained for a high-
efficiency dark quencher (Black-Hole-Quencher,
BHQI, Biosearch Technologies, Novato, Califor-

—
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Fig. 2. (A) Photothermal image of four constructs (BHQ1-10T-BHQ1), consisting of two fluorescence
quenchers (BHQ1) attached to a single strand of DNA (10 thymine bases): integration time per pixel, 300
ms; heating power, 5.1 mW at 514 nm; probe power, 84 mW at 800 nm. (B) Photothermal time traces
showing single-step bleaching obtained on a sample with BHQ1-10T-BHQ1 on glass in oxygen-saturated
glycerol: integration time per point, 100 ms; heating, 5.1 mW; probe, 84 mW. (C) Histogram of amplitude
of 30 bleaching steps in the photothermal traces. The average change in absorption cross section upon
bleaching is 4.1 A The red line represents the distribution of absorption cross sections of single
chromophores corresponding to the isotropic distribution of transition dipole moments. The cutoff at 6.3
A% s the calculated cross section for a perfectly oriented molecule. (D) Histogram of survival times before
one-step photobleaching events for the same set of data. The average time is 49 s.
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nia). This azo dye molecule is used in the design
of oligonucleotide probes to quench the fluores-
cence of a dye in a DNA construct (19, 20). For
the present experiments, we chose a chromophore-
DNA construct to increase the absorption signal
by the presence of two chromophores in each con-
struct and to secure the adhesion of the constructs
to the glass surface by their single-strand DNA
linker (figs. S3 and S4) (17).

A photothermal image obtained on a sample
of spin-coated quencher-DNA construct (BHQ1-
10T-BHQ1) submerged in nitrogen-bubbled glyc-
erol is shown in Fig. 2A. The image reveals four
photothermal spots with a SNR ~ 10 for an inte-
gration time of 300 ms. These spots persisted for
as long as 1 hour without bleaching or fading.
Less than 2% of the molecules bleached in the
first 10 min of illumination. When the glycerol was
saturated by oxygen, in contrast, one-step photo-
bleaching was observed after an average time of
~1 min. Several typical background-corrected
photothermal traces are displayed in Fig. 2B and
demonstrate digital irreversible steps. We never
observed any blinking or any later reappearance
of a bleached photothermal signal.

The absolute value of the change in absorption
cross section upon photobleaching is estimated
by comparison to the photothermal signal of 20-
nm gold nanoparticles. The calculated (27, 22)
cross section of these gold nanospheres is 460
nm? at 514 nm in glycerol, in good agreement
with absolute cross-section measurements (23).
The histogram in Fig. 2C summarizes the ab-
sorption cross-section changes in 30 single bleach-
ing steps, with an average value of 4.1 A% This
value, which corresponds to the cross section of a
single chromophore, is in satisfactory agreement
with the isotropic value, 6guq = 2.1 A?, deduced
from the absorption spectrum of the quencher-
DNA construct in glycerol. Note that the maxi-
mum value of the cross section for a favorably
oriented molecule is 3opug = 6.3 AZ. The his-
togram of Fig. 2C is a broad distribution without
distinct maximum, in qualitative agreement with
the isotropic distribution of transition dipole mo-
ments (solid line in Fig. 2C with a steplike cutoft
at 3 o). Our observation suggests that the
absorption dipoles of BHQ1 molecules are not
freely rotating, even under the heavy illumination
to which we subjected them, and that the mole-
cules are fixed to the surface and/or to the DNA
linker.

The histogram of survival times before digital
photobleaching is shown in Fig. 2D. The average
number of absorbed photons before bleaching is
about 10" under oxygen-saturated conditions
and larger than 10'® under oxygen-free con-
ditions, showing a huge reduction in the bleach-
ing efficiency per photon compared with usual
fluorophores in the same conditions. This robust-
ness can be attributed to the much shorter dwell
time in the excited singlet state resulting from the
efficient internal conversion. We have attempted
measurements of the polarization dependence of
single-molecule absorption signals, but these
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measurements were very difficult because of the
buildup of a photothermal background over long
illumination times by the pump beam [the probe
had no noticeable effect on this buildup (figs. S6
to S8) (17)].

We could not observe simultaneous fluores-
cence and photothermal signals from the spots of
Fig. 2. Such simultaneous signals arose only from
abnormally bright spots, attributable to large ag-
gregates, and showed quick correlated decays of
both signals upon illumination (fig. S9) (/7). On
the sample of Fig. 2, we also observed a few spots
with strong photothermal signals corresponding
to an absorption cross section of about 1 nm?,
which shows one-step bleaching. Possible inter-
pretations are aggregates of several molecules de-
sorbing simultaneously or, more probably, another
chemical species with a large absorption cross sec-
tion, possibly with excited-state absorption of the
intense probe beam. We only found very few ex-
amples of two-step photobleaching of the BHQ1-
10T-BHQ1 constructs. We believe that this absence
results from the low probability of bleaching,
joined with the low probability of finding two
favorable orientations in the same construct.

Our successful single molecule detection relied
here on favorable conditions, the use of glycerol
(with large On/0T and poor heat conduction) instead
of water, with a high heating power of 5.1 mW
focused into the diffraction-limited spot and with
an even higher probe power of more than 70 mW.
Although the conditions for single-molecule
absorption in a cell, for example, would be far

from these ideal ones, this result opens the way
for further optimization of the technique and to a
much broader variety of absorbing molecules.
Interesting candidates are natural absorbers, for
example, metal proteins such as hemoglobin,
which would be useful for applications in analyt-
ical biochemistry and medical assays (24).

An intrinsic limitation of the photothermal
method is the low transduction factor between
pump and probe because of the relatively weak
variation of refractive index with temperature. A
future search for more-efficient transduction, for
example, photomechanical or photoelectrical de-
tections using micro- and nano-optomechanical
systems (25), appears full of promise.
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Atmospheric CO,: Principal Control Knob
Governing Earth’s Temperature

Andrew A. Lacis,* Gavin A. Schmidt, David Rind, Reto A. Ruedy

Ample physical evidence shows that carbon dioxide (CO,) is the single most important
climate-relevant greenhouse gas in Earth’s atmosphere. This is because CO,, like ozone, N,0, CH,,
and chlorofluorocarbons, does not condense and precipitate from the atmosphere at current
climate temperatures, whereas water vapor can and does. Noncondensing greenhouse gases,
which account for 25% of the total terrestrial greenhouse effect, thus serve to provide the stable
temperature structure that sustains the current levels of atmospheric water vapor and clouds via
feedback processes that account for the remaining 75% of the greenhouse effect. Without the
radiative forcing supplied by CO, and the other noncondensing greenhouse gases, the terrestrial
greenhouse would collapse, plunging the global climate into an icebound Earth state.

greenhouse gas (GHG) in the atmosphere.

For example, it has been asserted that “about
98% of the natural greenhouse effect is due to
water vapour and stratiform clouds with CO,
contributing less than 2% ({). If true, this would
imply that changes in atmospheric CO, are not
important influences on the natural greenhouse

It often is stated that water vapor is the chief
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capacity of Earth, and that the continuing in-
crease in CO, due to human activity is therefore
not relevant to climate change. This misunder-
standing is resolved through simple examination
of the terrestrial greenhouse.

The difference between the nominal global
mean surface temperature (75 = 288 K) and the
global mean effective temperature (7g = 255 K)
is a common measure of the terrestrial green-
house effect (Gt = Ts — Tg = 33 K). Assuming
global energy balance, 7% is also the Planck ra-
diation equivalent of the 240 W/m? of global
mean solar radiation absorbed by Earth.

The Sun is the source of energy that heats
Earth. Besides direct solar heating of the ground,
there is also indirect longwave (LW) warming
arising from the thermal radiation that is emitted
by the ground, then absorbed locally within the
atmosphere, from which it is re-emitted in both
upward and downward directions, further heating
the ground and maintaining the temperature gra-
dient in the atmosphere. This radiative interaction
is the greenhouse effect, which was first dis-
covered by Joseph Fourier in 1824 (2), experi-
mentally verified by John Tyndall in 1863 (3),
and quantified by Svante Arrhenius in 1896 (4).
These studies established long ago that water
vapor and CO, are indeed the principal terrestrial
GHGs. Now, further consideration shows that
CO, is the one that controls climate change.

CO, is a well-mixed gas that does not con-
dense or precipitate from the atmosphere. Water
vapor and clouds, on the other hand, are highly
active components of the climate system that re-
spond rapidly to changes in temperature and air
pressure by evaporating, condensing, and precip-
itating. This identifies water vapor and clouds as
the fast feedback processes in the climate system.

Radiative forcing experiments assuming dou-
bled CO, and a 2% increase in solar irradiance
(5) show that water vapor provides the strongest
climate feedback of any of the atmospheric GHGs,
but that it is not the cause (forcing) of global cli-
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