processes can be stimulated in an analogous manner to inelastic
scattering in our experiment—by using a precursor molecule (such
as HCI) and forcing ‘re-collision’ between a proton and the heavy
nucleus with an intense few-cycle optical pulse. To follow the
subsequent dynamics, the relative trajectories of the correlated,
charged nuclear fragments, as influenced by the field, can be
measured.

Regarding the ‘probe’, we note that any method of observing the
relative evolution of the correlated particles can be used for
measurement. In molecular science, harmonic generation is one
possible method'® where phase matching eliminates the contri-
bution from all but the first electron wave packet return, which
occurs about two-thirds of a period following ionization. Elastic
scattering is a second possible method®, with diffraction determin-
ing the nuclear position at the time of re-collision. O

Methods

Production and control of the electron wave packet

An optical parametric amplifier is used to shift the 40-fs output of a Ti:sapphire laser
system to longer wavelengths. We use 800 nm, 1.2 pm, 1.53 pm and 1.85 pm pulses. Each
ionizes D, near the field maximum and provides a progressively longer time delay between
ionization and re-collision. Taking the peak of the first electron microbunch to be the delay
time, this corresponds to delay times of 1.7, 2.7, 3.4 and 4.2 fs. Changing the wavelength
has other implications. The intensity and wavelength determine the maximum re-collision
energy 3.17q°E*/(4mw?) of the electron’ (q and 1 are the electron mass and charge, w and
E are the laser pulse’s angular frequency and electric field amplitude at the time of
ionization). We use a light intensity of 1.5 X 10" W cm™?, calibrated against the
ionization of xenon. Whereas at 800 nm the peak kinetic energy of the re-colliding electron
is 30 eV, the w ~* scaling of the kinetic energy means that at 1.85 um the energy of the peak
re-colliding electron is about 160 eV.

Kinetic energy analysis

The kinetic energy spectrum of D was measured with a time-of-flight (TOF) mass
spectrometer filled with 10~° torr of D,. The TOF axis was perpendicular to the direction
of propagation of the laser beam. A 1-mm-diameter hole in the electrode placed 1.5 cm
from the laser focus selects only those D ions resulting from dissociation of D3 molecules
that are aligned along the TOF axis. For the high-resolution results taken with 800-nm
light (not shown), the extraction field was 133 V cm ™' and the acceptance angle of the TOF
was 6 degrees at 8 eV. For the lower-resolution results, the extraction field was 400 V.em ™~ !
giving an acceptance angle of 9 degrees at 8 eV.

Selection of the re-collision channel

Deuterium ions are produced by a number of processes during strong field ionization of
D,. We distinguish fragments resulting from inelastic scattering caused by the returning
electron (Fig. 2) from those produced by any other process (such as sequential double
ionization?, bond softening® and enhanced ionization**’) using the strong sensitivity of
recollision phenomena to the ellipticity of the light polarization®”"’. It only takes a small
ellipticity to displace the electron laterally with respect to the parent ion so recollision is
impossible’. In strong fields, the difference between the spectrum obtained with linear and
elliptically polarized light is due to recollision.
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Multi-colour organic light-emitting
displays by solution processing
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Organic light-emitting diodes (OLEDs) show promise for appli-
cations as high-quality self-emissive displays for portable devices
such as cellular phones and personal organizers'™. Although
monochrome operation is sufficient for some applications, the
extension to multi-colour devices—such as RGB (red, green,
blue) matrix displays—could greatly enhance their technological
impact. Multi-colour OLEDs have been successfully fabricated by
vacuum deposition of small electroluminescent molecules, but
solution processing of larger molecules (electroluminescent
polymers) would result in a cheaper and simpler manufacturing
process. However, it has proved difficult to combine the solution
processing approach with the high-resolution patterning tech-
niques required to produce a pixelated display. Recent attempts
have focused on the modification of standard printing tech-
niques, such as screen printing®” and ink jetting®, but those
still have technical drawbacks. Here we report a class of electro-
luminescent polymers that can be patterned in a way similar to
standard photoresist materials—soluble polymers with oxetane

+ Present address: Institut fiir Physikalische Chemie, Universitit zu Kéln, Luxemburgerstr. 116, 50939
Koéln, Germany.
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sidegroups that can be crosslinked photochemically to produce
insoluble polymer networks in desired areas. The resolution of
the process is sufficient to fabricate pixelated matrix displays.
Consecutive deposition of polymers that are luminescent in each
of the three RGB colours yielded a device with efficiencies
comparable to state-of-the-art OLEDs and even slightly reduced
onset voltages.

Small-molecule OLEDs are commonly fabricated by vacuum
deposition, whereas polymer OLEDs are usually built by solution
processing (mostly spin-coating). The latter route has the advantage
of much easier device manufacture, and efficient single-layer devices
with low turn-on voltages can be obtained. By contrast, vacuum
deposition allows for the fabrication of multiple-layer devices,
which are generally more efficient than their single-layer analogues.
Furthermore, by using shadow masks, patterned structures can be
obtained. Recent research efforts focus on the adaptation of printing
techniques such as screen printing™® and ink jetting® to polymer
OLED technology. Screen printing has been demonstrated as a
simple patterning method to obtain macro-structured two-colour
signs. However, owing to its accuracy limitations, it can currently
not be used for full-colour display fabrication. Ink jet printing on
the other hand offers the possibility of achieving high resolution,
but has the disadvantage that the wettability of the substrate has to
be pre-adjusted (patterned by photoresist technique) in order to
place the drops at the precise location (wetting of pixel, but not of
bank). Often inhomogeneous films are obtained after drying. In
addition, the alignment of drops in consecutive depositions is a
rather cumbersome process; for example, the deposition of an
electroluminescent (EL) polymer on top of the commonly used
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Figure 1 Synthesis of polymers P1 to P4; chemical structure of photoacid 8.
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hole-injecting polymer PEDOT (poly(3,4-ethylenedioxy-thio-
phene)). Other potential large-area patterning routes are laser-
induced thermal imaging’ and reductive laser-induced bleaching'’.
The former method transfers the material from a precursor sub-
strate to the desired locations by local heating/contact printing. In
the latter case, a mixture of red- and green-emitting EL polymers
embedded in a blue-emitting host was used. Selective bleaching
yielded the three basic colours. Both processes are very delicate. In
particular, laser-induced bleaching most probably suffers from
relatively short lifetimes owing to the presence of large amounts
of decomposition products.

In this paper we demonstrate a three-colour (RGB) OLED by
solution processing using emitter polymers with photoresist prop-
erties, that is, soluble polymers, which can be cured photochemi-
cally to yield an insoluble form (polymer networks). In earlier work,
we have successfully used the crosslinking of oxetane-functionalized
hole-conductors for the fabrication of highly efficient blue OLEDs
with three graded hole-injection layers'"'>. Unlike other approaches
in this direction using reactive side- or main-chain polymers with
pendent polymerizable moieties'*'® or monomers with several
reactive groups'’™"’, the use of oxetane reactive units is the only
one so far that not only allows us to deposit an (in principle)
unlimited number of layers", but simultaneously maintains the
desired electrical and optical functionalities. Furthermore, the
volume shrinkage is small and thus formation of microcracks
upon curing is avoided. Here, we expand this approach to light-
emissive polymers of the poly-spiro family*.

The synthesis of the three oxetane-functionalized spirobifluor-
ene-co-fluorene polymers emitting blue, green and red light (P1-
P3) follows state-of-the-art procedure® and is depicted in Fig. 1.
The monomer feed ratios used in the preparation of the polymers
are given in Table 1. Thus, in the case of the blue-emitting polymer a
true comparison between the crosslinkable polymer P1 and the
non-crosslinkable reference P4 is possible, because monomer 3 is
structurally very similar to monomer 2, the only difference being
the oxetane units. By contrast, no such comparison with their
non-crosslinkable state-of-the-art analogues is possible for the
green- and red-emitting crosslinkable polymers®’, because mono-
mer 2 must replace some of the emissive moieties.

The polymerizations were achieved through a Suzuki polycon-
densation of the diboronic ester 1 and two or more aromatic
dibromides (2-7) with 0.8 mol% of tetrakis-(triphenylphosphine)-
palladium(0) as catalyst for 48h at a temperature of 87°C in a
mixture of toluene (with some ethanol) and water with tri-potassium

Table 1 Composition and properties of the studied polymers

Colour-emitting polymers

P1(X-blue) P2 (X-green) P3 (X-red) P4 (blue)
1 Moiety (mol%) 50 50 50 50

2 25 25 25 -

3 15 - - 40

4 10 10 10 10

5 - 15 - -

6 - - 10 -

7 - - 5 -
M., (gmol™") 115,000 180,000 135,000 195,000
M, (gmol™") 48,000 47,000 55,000 72,000
AmaxceL (M) 457 507 650 454
Amax.abs (NM) 399 392 394 397
CIE 1931 x 0.16 0.31 0.67 0.15
CIE1931y 0.19 0.58 0.33 0.16
Nmax (Pristine) (cd A™") 2.9 7.0 1.0 3.0

U [V] at 100 cd m™ 2 (pristine) 45 3.8 8.3 46
Nmax (Crosslinked) (cd A~ ") 3.0 6.5 1.1 na.

U [V] at 100 cd m~2 (crosslinked) 45 3.8 75 n.a.

Monomer feed ratio in the polymerization of the polymers (Fig. 1) and selected physical properties of
the investigational polymers. n.a., not applicable. EL, electroluminescence; abs, absorbance;
M, number average of molecular weight; M,,, weight average of molecular weight; Amax abs.
maximum wavelength of absorption; Amax gL, maximum wavelength of electroluminescence; CIE
1931 X, y, colour coordinates according to the 1931 CIE convention; U [V] at 100 Cd m~' the
voltage that needs to be applied in order to achieve 100 Cdm™ " light output; ‘pristine’ refers to
non-crosslinked samples without addition of the photoacid 8; X, crosslinkable.
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phosphate as the base. It is another advantage of the oxetane
functionality that it is chemically stable under these conditions.
The polymers were obtained in yields of approximately 75% after
precipitation in methanol and subsequent purification. The result-
ing conjugated polymers contain about 25mol% of the oxetane-
functionalized monomer 2 and are soluble in common organic
solvents, such as toluene, tetrahydrofuran (THF) or xylene. The
physical properties of these polymers are listed in Table 1.

Oxetanes are commonly polymerized cationically*"**. Therefore,
to initiate the crosslinking process the photoacid 8 (Fig. 1) was
added. Upon ultraviolet (UV) illumination, the initiator decom-
poses via a multiple-step mechanism and eventually generates
protons H*, which open the oxetane ring and start the polymeriz-
ation®'. Ultimately, the initially generated protons are consumed in
the polymerization. After the softcuring step (see Methods) oxetane
groups could no longer be detected by Fourier transform infrared
(FTIR) investigations''. The chain end consists of an oxonium
cation®, so the crosslinked films were treated with solutions of
various bases and nucleophiles for neutralization purposes. We
found that rinsing the films with pure THF led to the best device
performance. Further investigations are underway.

The electron-rich, highly fluorescent poly(spirobifluorene-co-
fluorenes) are efficient photosensitizers, so in a competitive side

0.9
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Figure 2 Performance of OLEDs based on crosslinkable polyspiro-derivatives. Voltage
dependence of a, the current density J, b, the electroluminescence intensity, and ¢, the
luminous efficiency for red-emitting (P3, squares), green-emitting (P2, circles), and blue-
emitting (P1, triangles) devices. The open symbols refer to the crosslinked devices, the
solid symbols to the non-crosslinked reference devices. The lines are guides to the eye.
The inset of b shows the same data sets as the main figure, however, on a semi-
logarithmic scale.
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reaction, radical cations are formed in the EL layer due to electron
transfer between the polymer and the initiator. These cations
effectively quench the EL. However, by a post-baking step at
180 °C, the EL can be completely recovered. The exact mechanism
is currently under investigation and will be published elsewhere
(C.D.M. and K.M., manuscript in preparation; ref. 21). We point
out that with all three polymers, the emission spectra (photolumi-
nescence (PL) as well as EL) were not affected by the crosslinking or
the consecutive curing step.

OLED devices were prepared (see Methods for details) with the
general structure: ITO/PEDOT (20 nm)/EL polymer (80 nm)/Ca
(20nm)/Ag (200 nm). In the non-crosslinked reference devices no
photoinitiator 8 was added to the solution of the EL polymer.

In their non-crosslinked form, all three polymers show a per-
formance that compares favourably with state-of-the-art EL poly-
mers reported®. In particular, the blue-emitting polymer P1
exhibits an excellent maximum efficiency of fpax = 2.9cd AL
This compares t0 Nma = 3.0cdA™! in the reference devices using
non-crosslinkable P4 (Table 1). The latter fact demonstrates that the
incorporation of the oxetane groups did not significantly alter the
EL properties of the resulting polymer.

The non-crosslinked polymers P3 (red; fmax = 1cdA™!) and P2
(green; Nmay =~ 7cd A™!) exhibit somewhat reduced efficiency com-
pared with previous non-crosslinkable examples (2.0 and
10.0cd A™", respectively®®). We attribute this (particularly in the
red-emitting case) to an unfavourably changed charge-carrier
balance in the polymer, resulting from the necessity of incorporat-
ing the oxetane-functionalized monomer 2 in 25% feed (partially
replacing 6 and 7 in state-of-the-art analogues). Another reason for
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Figure 3 Demonstration of the photoresist properties of crosslinkable polyspiro-
derivatives. a, Cross-section of a 73-nm-thick photo-structured layer of the blue emitting
polymer (P1) illuminated through a grid with 250-pm spacing (125-p.m openings).

b, Photograph of a RGB (red, green, blue) device. Dimensions of the glass substrate are
25 x 25 mm.
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the reduced performance is probably the use of calcium cathodes in
this work as opposed to barium in ref. 20.

The OLEDs made from crosslinked P1 and P3 exhibited identical,
if not even slightly improved maximum efficiency 7 ,,, compared
to the non-crosslinked references (Fig. 2; see also Table 1). In
contrast, OLEDs made with the crosslinked green-emitting P2
achieved only about 92% of the non-crosslinked analogues. The
turn-on voltage for light emission was slightly reduced in all
crosslinked devices. Furthermore, in all three cases the crosslinked
devices exhibited higher efficiency at high luminance, and they
could be driven to higher current density before breakdown
occurred.

After having demonstrated the ability to crosslink the materials
without significant alteration of their EL properties, we then took
advantage of the photoresist-type properties of the materials and
investigated the possibility of photo-patterning the films. For this
purpose, the layers were irradiated through a shadow mask (grating;
250-pm period, 125-pm gap size). After curing, the films were
developed by immersing them into THE, which re-dissolved the
non-irradiated areas of the film. The line scan obtained with a
profilometer (Fig. 3a) clearly demonstrated the formation of
125-pm-wide ridges with a height identical to the previous film
thickness (that is, full modulation). The edges are sharp, demon-
strating that no significant diffusion of the photogenerated protons
into the dark regions takes place. We point out that the achievable
resolution in our materials is much higher (a few micrometres), as
was tested by illuminating with a holographic interference pattern
(E. Mecher, C.D.M. and K.M., manuscript in preparation). By
applying the above-mentioned procedure three times, once for
each polymer, we were able to fabricate pixelated devices with
three individually addressable colours (Fig. 3b).

In conclusion, we have demonstrated a RGB polymer OLED
obtained by simple spin-coating. Except for the blue-emitting
material the efficiencies of the new generation of EL polymers do
not reach the best state-of-the-art values quite yet, but this can
certainly be achieved by optimizing the synthetic route. Coatings
were obtained that can be processed similarly to ordinary photo-
resists using standard lithographic techniques. We believe this to be
a highly promising technology for the fabrication of true-colour
matrix displays with many advantages, such as thermal and/or
mechanical robustness (due to the formation of polymer networks)
and higher efficiency at high light levels than their non-crosslinked
counterparts. ]

Methods

Film preparation

Thin films were prepared by spin-coating the polymers from toluene solution

(15mg ml™ "), which additionally contained 0.5wt% (relative to EL polymer) of the
photoacid {4-[(2-hydroxytetradecyl)-oxyl]-phenyl}-phenyliodonium
hexafluorantimonate 8 (Fig. 1) as initiator for the cationic polymerization of the oxetane
units®'. The films were irradiated (standard handheld UV lamp, UV B, A = 302 nm) for
about 3 s in inert gas atmosphere at room temperature. Afterwards, to further advance the
crosslinking process in the growing network, the films were annealed at 90 °C for 30 s (‘soft
curing’). The heating increased the diffusional mobility of the oxetane reactive groups and
thus the degree of crosslinking. Afterwards, the films were rinsed with THF and finally
heated to 180 °C for 5 min to remove the radical cations formed upon polymerization
(‘post baking’). The resulting polymer networks were found to be insoluble in any
common solvent. The films exhibited an average surface roughness (root mean square,
r.m.s.) of <1 nm as determined by atomic-force microscopy (AFM). No signs of shrinkage
were found.

Device preparation and physical characterization

ITO (indium tin oxide)-coated glass substrates were commercially obtained from Merck
display glass (20 Qinch ~?) and carefully cleaned and dried before use. An ozone treatment
yielded a rather hydrophilic surface.

Single-colour OLED devices were obtained by first spin-coating PEDOT as the hole-
injecting contact (20 nm), baking at 120 °C, followed by spin-coating of the polymers from
toluene solution (15mgml ") to yield 80-nm-thin films, then crosslinking the films as
described above, and finally depositing Ca (20 nm) and Ag (200 nm) as the top electrode
(active area 0.08 cm?). Except for the PEDOT deposition, all other steps were performed in
a glove box under inert gas atmosphere.
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RGB devices were fabricated by depositing the first polymer as described above,
illuminating selected areas through a shadow mask, soft curing, then removing the still
soluble, non-illuminated areas with THE. This procedure was repeated for each colour,
and finally the devices were post-baked. The results were independent of the sequence of
deposition of the three colours, unambiguously demonstrating that a layer once
crosslinked is unaffected by the others (no inter-diffusion/penetration).

The characterization of the devices was performed by a custom-made voltage generator
using a calibrated amperemeter and a calibrated photo diode.

Chemicals

All chemicals were purchased from Aldrich, Lancaster, or Strem and were used without
further purification. Monomers 1 and 3-7 were synthesized as described; see ref. 24. The
reactions were carried out under an argon atmosphere. Solvents were commercial pro
analysis (p.a.) quality.

Synthesis of 2
Synthesis of 2,7-dibromo-9-(2,5-dimethylphenyl)-9-(3,4-di(3-ethyl(oxetane-3-
ethyloxy)-hexyloxyphenyl))-fluorene was carried out as follows:

1g (1.9mmol) of 2,7-dibromo-9-(2,5-dimethylphenyl)-9-(3,4-dihydroxyphenyl)-
fluorene was dissolved in 10 ml dimethyl sulphoxide (DMSO) in a 100-ml Schlenk flask
under nitrogen atmosphere. 2.08 g (7.5 mmol, 4 equiv.) 3-(6-bromohexylmethyl)-3-
ethyloxetane were added under stirring. The mixture was degassed several times. 0.49 g
(7.5 mmol, 4 equiv.) of very fine ground KOH were added. The reaction was performed at
60 °C. After 5h the mixture was cooled to room temperature and diluted with 20 ml water.
The aqueous phase was extracted with ether. The organic phases were collected and dried
over anhydrous magnesium sulphate. After removing the solvent the resulting oil was
purified by silica-gel column chromatography using toluene/ethylacetate (4:1) as eluent.
The product 2 was obtained as a light yellow oil in 67.8% yield.

'H NMR (CDCl5) spectrum: 7.66—6.48 (multiplet (m), 12H, aromatic); 4.45-4.30 (m,
8H, -OCH,-oxetane); 3.95-3.80 (m, 4H, -OCH,-ether); 3,49 (singlet (s), 2H, -OCH,-);
3,48 (s, 2H, -OCH,-); 3.42 (triplet (t), 4H, -OCH,-); 2.19 (s, 6H, benzylic); 1.82-1.29 (m,
20H, aliphatic); 0.89-0.79 (m, 6H, -CHj3).

General procedure for polymer synthesis

The boronic ester 1 (3.203 g, 4.0 mmol), the mixture of bromide monomers 2-7 (see Table
1; 4.0 mmol in total), and K;PO,H,0 (4.05g, 17.6 mmol) were added to a mixture of
toluene (12 ml), water (6 ml) and ethanol (0.1 ml), and the solution was degassed for

30 min. Pd(PPh;)4 (70 mg, 0.06 mmol) was added, and the suspension was heated under
reflux (~87 °C) under argon with vigorous stirring. After 2 days boronic ester (0.03 g,
0.058 mmol) was added, and the mixture was refluxed for a further 6 h. Then
bromobenzene (0.05 ml, 0.47 mmol) was added for endcapping and the mixture refluxed
for a further 3 h. After cooling, the reaction mixture was diluted with toluene (80 ml) and
stirred with NaCN (2% in water, 100 ml) for 3 h. The organic phase was separated, washed
with water and poured into methanol to precipitate the polymer. This was then dissolved
in THF (80 ml) and reprecipitated in methanol (200 ml). The polymer was collected by
filtration and dried under vacuum. The later procedure was repeated.

Yield of P1: 4.3 g, 77%. '"H NMR (CDCls) spectrum: 7.8-6.6 (m, 22.1H); 6.4-6.0
(m, 2H, Spiro); 4.3—4.4 (m, 4H, OCH,-oxetane); 4.0-3.3 (2 X m, 15.2H, OCH,); 2.2-0.7
(m, 61.6 alkyl H).

Yield of P2: 2.0 g, 76%. "H NMR (CDCl;) spectrum: 7.8-6.6 (m, 21.8 H); 6.4-6.0
(m, 2H, Spiro); 4.3—4.4 (m, 4H, OCH,-oxetane); 4.0-3.3 (2 X m, 19.0H, OCH,); 2.2-0.7
(m, 60.1 alkyl H).

Yield of P3: 1.96 g, 75%. "H NMR (CDCls) spectrum: 7.8-6.6 (m, 19.8H); 6.4-6.0
(m, 2H, Spiro); 4.3—4.4 (m, 4H, OCH,-oxetane); 4.0-3.3 (2 X m, 14.0H, OCH,); 2.2-0.7
(m, 55.6 alkyl H).

Yield of P4: 3.79 g, 79%. "H NMR (CDCl) spectrum: 7.8-6.2 (m, 20.4H); 6.2-6.1
(m, 4H, Spiro); 4.0-3.4 (2 X m, 11.2H, OCH,); 2.1-0.7 (m, 58.8H, alkyl H).
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The signature of Dansgaard—Oeschger events—millennial-scale
abrupt climate oscillations during the last glacial period—is well
established in ice cores and marine records'. But the effects of
such events in continental settings are not as clear, and their
absolute chronology is uncertain beyond the limit of '*C dating
and annual layer counting for marine records and ice cores,
respectively. Here we present carbon and oxygen isotope records
from a stalagmite collected in southwest France which have been
precisely dated using ***U/*’°Th ratios. We find rapid climate
oscillations coincident with the established Dansgaard—Oeschger
events between 83,000 and 32,000 years ago in both isotope
records. The oxygen isotope signature is similar to a record
from Soreq cave, Israel®, and deep-sea records™, indicating the
large spatial scale of the climate oscillations. The signal in the
carbon isotopes gives evidence of drastic and rapid vegetation
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changes in western Europe, an important site in human cultural
evolution. We also find evidence for a long phase of extremely
cold climate in southwest France between 61.2 * 0.6 and
67.4 = 0.9 kyr ago.

Several of the 24 Dansgaard-Oeschger (DO) events identified in
the GRIP”® and GISP2’ Greenland ice cores over the last glacial
period indicate air temperature changes greater than 10 °C. North
Atlantic and Mediterranean marine cores show similar amplitude
changes in the water temperature>'®''. However, the consequences
of these events on the continent are still not well known, because of
the scarcity of well-preserved and well-dated records. We know that
the ocean—atmosphere system was closely coupled as far as the
central Mediterranean region, where the vegetation has been recon-
structed thanks to pollen records (in lakes) that reacted very quickly
and sensitively to these abrupt climate changes'*"’. GRIP and GISP2
dating uncertainties may exceed the duration of a single DO event
for a large part of the glacial period (estimated for GISP2 at 2% over
the past 40 kyr, and between 5% and 10% for the period <50 kyr
ago'*"®). Marine cores are dated by orbital tuning with inherent
accuracy and, for their late-glacial part, by '*C dating. However, for
periods of interest here, this latter method suffers from limitations
linked with analytical precision, '*C age calibration, fluctuations in
the carbon cycle, and a varying age reservoir'®. The few continental
records also display a lack of absolute ages, especially after 40 kyr
ago'>". This highlights the importance of establishing chronologies
of those events from other records.

Here we present stable isotope records (8'°C and 8'%0) from a
stalagmite of the Villars cave (southwest France, less than 200 km
from the Atlantic Ocean; Fig. 1) that show most of the DO events
between 83 and 32 kyr ago (Fig. 2). We have determined 27 thermal
ionization mass spectrometry (TIMS) U-series dates on this
147-cm-long stalagmite (Vil9’), leading to an absolute timescale
with errors less than 2% (20) up to 83 kyr ago (see Supplementary
Table 1 for information, and ref. 17 for methods). Three main
hiatuses occurred at 78.8-75.5kyr ago (referred to as D2), 67.4—
61.2 kyr ago (D3) and 55.7-51.8 kyr ago (D4). The regular 33Cand
3'%0 decreases towards the D3 hiatus, and also the steady increase
that is observed afterwards, suggests that this growth cessation is
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Figure 1 Map showing locations of the study sites. GRIP and GISP2; 72.58° N, 37.64° W.
Villars cave; 45.30°N, 0.50°E. MD95-2042; 37.48°N, 10.10°W. DSDP 609; 50° N,
27°W. Soreq cave; 31.6°N, 35°E.
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