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espite the possibility of scattering o the lower indivect valleys,

Wikl & veverse bias froem 0o 4%, both peaks ave ved shifted by te
CSE The e—lah exciton is aliifted from 1ADE mm (0% 1o 1,456 mm
(4] The maximum effective absorprion coefficient change is
et at L4 nm under 3V bias, This i, to our kaowledge,
the first efficient dectro-absorption modulation cheerved in group-
IV materials, and s performance s comparable 1o high-guality
{direct gapd IT1-V materials at similar wz\ﬂmg]ll: {5, for r\mrnph-:
ref. 19%. The clarity of the exciton peaks in the presence of 2 fidd is
actually better than that of typical IV structures at such wave-
lengths™, and the electroahsorption shows much clearer shifts than
previnus electroabsorption. measurements in indirect TV
materials®, With a 4% hias, the shsorption coefficint contrast is
greater than 3 over a handwidth ranging frem 1443 1o 1,471 nm,
with a peak value of 465 at 1461 nim,

Thee: prosssibiility oof oo prerating different quamtarm-wel] designs an, say,
1,550 mm, which @ compatible with lorg-distance tdocommunica-
tions, will be the sobject of future worde We also anticipate that
waveguiede rrsedulator stroctures will be realizable using appropriate
muterials for waveguide cladding Laers,

T miesasuried shift agrees with simulated results [Fg, 4) ohtained
via the tunnaling resomanece method™ '™ Inaddition, weevalmted the
exetiom hindimg energy shafl o in rell 18, wang numerally evaluated
eectron and hole wavefunctions, thewgl this correction 5 =1 meV
and i neglected here. We used 2 P-valley dectrom effective mass of
O0dlm, + 01151 — K, and a heawp-hole effective mass of
028w, + 0201 — xim, where m,, is the free electron mass and x
is the Ge comcentration™* (the relevant silicon (0011 hole mass is
based on Luttinger parameters™).

W have demonstrated efficient QCSE in slicon-hased structures,
using strained Ge MOW The behaviour of the exciton pezks, the
T edge shift and the shift in absorption coefficient ane comparable
tor those observed in IV materials ar similar wavelengths, Our
materials and fabrication provesses are completdy CMOS commipa-
tible and suitable for mess production. This approach is therefore
very promising for silicon-based electro-absorption modulators
operating at high speed, low penver, low operating veltage and with
small device areas,
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Unidirectional molecular motor on a gold surface

Richard A. van Deldenl, Matthijs K. 1. ter Wiell, Michael M. Pallardl, lavier Vl'carit}', Magatoshi Koumura

& Ben L. Feringa'

Molecules capable of mimicking the fanction of a wide range of
miechanical devices have been fabricated, with motors that can
twdice mechanical moverment attracting partioular attention',
Such modecular mators convert light or chemical energy into
directional rotary or liner motion™, amd are waally
and operated in solution. But il they are o be wed as nano-
rachines that can do useful wark, it seenm essential 1o construct
systems thal can function on a sarface, like a recently reported
linear artificial musde’. Surfuce-mounted rotors have heen
realized and limited directionality in their motion predicted'*".
Here we demansirate that a light-driven molecular motos capable
of repetitive unidirectional rotatien™ can he mounted on the
surface of gold nanopartides. The motor design® wses a chiral
helical alkene with an upper half that serves as a propeller and is
conmected through a carbon—carhon doubde bond (the rotation
axis) to a lower half that serves as a stator, The stakor carries two
thiol-functiomalized “legs, which then bind the entire motor
rwdecube 1o a gold surface, MM spectroscopy reveals that pwo
photo-induced cfs-rrans isomerzations of the central double
bond, each followed by a thermal helix imversdon to prevent
reverse rotation, induce a full and unidirectional 3607 rtation
ol the propeller with respect 1o the surface-mounted bvwer half of
the system.

Irspired by the ATP-ate spstemn', we constructed an artificial
surface-miounted mator schematically shivwm in Fig. 1a, The design
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af the motor molecule 1 B Based on o second-generation'
light-driven rotary motor 2 with 2 spmmetric bover half bearing
tw praethony substituents (Fig. 1h), Replacing these groups by
tan C-spacers termainated with thiols (@ shown m dructure 1)
allowied self-assembly onto 2 gold surdace, providing 1-Au. Gold
:II.'.\.II!:IF‘:II.'[IL'G‘ are T.\uJI!lcuL;n{\- appropraate for aur purposs, as
chrmmophore functonalieed  nenopartichs are well studied™ and
photochromism of wscheranes’” and elecrochamical switching of
rotaxanes'" attached 0 such nanoparticles has been demonstrated,
Tun points of attachment are essential &0 prevent uncontrolled
thermal mtation of the systern with mespect to the surface,
The Co-spacer should diminish direct | elecironic) interaction
between the chromophores and the Au surface (which might
influence the excited state processes) and give the separate ploto-
active icties sufficient free volume to perform the anticipated
rotary mitkon. On the hasis of the dynamic processes in structuralhy
related molecular motors™, 1-An was expecied o exhibit plasion-
Tration prooesss, o o in Fig, 1o

Ton energetically aphill phetechemical isomerization steps
dateps | and 3 in Fig. 1) ech followed by an energetically desnshill
arreversible therrmal lelis mversgon step | steps 2 and 4 i Fig, |} resalt
2 Full 360" rotation of ooe hal§ of the molecue with respect o the
other. The direction of mtation 1% eontrolled by the configuraton a
il stevengenic centre. Crscial i% 2 strong energetic preference for the
miethnd substituent to adopt a preodo-axial onertation. Frradiation

Figure 1 | Molecular motor
anchered th 3 surtaee. 3, Deiigs of
& surface-baund retary motor. The
sysiem cansists af a ménr
mmmreted

ralatinn| in
hound 1o o gebd surface via two legs.
by feructure of motor 1 for surface
studies and 2, 3 far solwiben soudies;
1A demntes motor molscubs |
wsembled onte Au. ¥ denates
abralur: conliguratien at the
slereugenic centre; M and Pdesale
hediciey af the moloculs, &, The
fomr-siaie uni
of functinnalized nanoparticle 1-Aun
is shanen (f2, phoiochemical siep;
&, thermal stepy. The
phetslemerizations were induced
by Irradiation &1 & = 280 mm ar
A= M5 nm. Me,, indicates the
pecudo-ixial seicntation of the
iyl substitsent, Mey, indicaes
Ihe umstable porado-rquaorial
nrientatian af the methyl
subsdiiueni.
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of the stable {2 8- Ml-isomer of 1-An with a peendo-axaal methy
substituent effects a cis— et isomerimtion, which inverts the
helicity of the systern to form the (2B Pl-isomer. Consequerntly,
the mathd substituent is forced to adoptan energeticalby disfavoursd
peeudn-equatarial orientation. Lipon I'-mtina; thiz unstahle isomer
undergnes a helix irversion resulting in the formation of the iitial
- M)-isoimer, aficr a net 180 ratation of the upper half of the
clockwise fashion with respect to the lower half.
This sequence is repeated in steps 3 and 4 to complete a full rotary
cycle, The unidirectionality of the rotary process s ensured by the
irreversibility of the thermal Delix inmersion steps,

Target cownpwiard 2 (4, 5-dimet a0 23 -dilpdro-2 - metlyl -1
H-raplithal 2, 1-Bltiopyran- 1 -plidene)-9H-tioxantlens Fig 1h),
which serves a8 & procursor and a solution phase modd for 1-Au
was syntheszed by adipted methods used for second-generation
motoes'™, The {27 R)-{ M}-2 dereotsomer was nsolved by charal ligh-
performance liquid chromatography (HPLC) and the abaolute
sterenchemistry unequivocally assigned based on circular dichroism
|21} speciroscogy and K-y analysis (see Supplementary Table 1),
Starting from (2'RI-(M)-2, deprotection of the methoxy
sl:h\'!lhn'ms.1ndml:rmiu:l:mnr|thmﬂcrylthlnlmﬂlm\marhnf\ml
by standard synthetic techniques. Nanoparticles {2'Ri-{Af-1-Au
were prepared by the Brust-Schiffrin method"™ and characterized by
aynarmic light scattering, {TILS), transmission dectron microscopy
[TEM) {Supplementary Fig. 11}, and spectroscopic methods {for
ultranvinletfvisible (LW is) and O spectosoopy see Fig, 2, and for
additienal Iy UV, NME, Fourier transform infrared (FT-IR) asd
aurface enhanced Faman spectrosoopy, s Supplementary Figs 2, 3,
4, 7% and 10, respactively).

The L5 and CT spectra of {27 Ry-( M-1-Aw and {2 R)-(AM)-2

Figra 2 | OO and UV specten of T-Auand 2. O (@) and UViVis (B} spectra
of pure (2" Ri-\M-1-Au {colid black Finest, P58:- sinm |dudved black) and
P88 g g (dntted hlack) samples (ol spectra are adjusted for molar
concenteation of chromopharesh, and CI oy and UV (B) specirum of
{2 Ml (-2 salid grey) in taluene. Afer heating of the PSS camples

, the sriginal specina of (2781 M D-Aw and {2780 (M -2 were

whlained.

NATUREIWal 437|127 October 2006

are claractenste of helical overcrowded alkenes (Fig. 20 The 1
spectra of 1-Auw and 2 {Fig. 2a) are nearly identical because they solchy
reflect the helical chirality of the diard alkene mioieties and confinm
the {M)-helicity of 1-Au and 2. The UV/Vis spectrum of |-Auw
(Fig. h a superposition of the spectral bands of the mator
moicties and a b ahserption of the nanaparticle, reaching far
into the visible region (see Supplementary Fig, 21

TEM data, together with the molar quantity of olefin moetics
o gram of nanopartiches (s determined by CI spectroscopy ) and
the known density of geld (193 gem ™)™, gives the average
owgrall formula of ene nanoparticle of 1-Ae Aw (CH, 100,
CoH 50 e Tt can be caloulated that fior 1 there is orly ~4
surface avea per linked sulplisr abon; this can be companed
surface ana of alkanethiols on 2 flat Aw sarface as deternmined tvy
hectron diffraction studies (0214 nm

The combaned photochemical and thermal procese: wene imve-
tigated spectrescopically in toluene solution. The preseted data for
1-Au are in full agreement with those of the parent {model and
control | compomed 2, unless indicated.

A L% 107 M solution chmmophore concentration) of

(2RI M)-1-Au in toloene at mom temperature was i
(wavelength A = 28nm) until 2 photostationary state {PSS) was
reachal, The approdmate inversion of the CI spectrum upan
irradiation [Fig Iz} indicates the change in helicity gring from
[Z'RI-M-1-An o (2 R)-(P-1-An (step L in Fig 1ob Inthe UV is
spoctrum a decrease in the intensity of the high waedength band is
indicative of the formation of {2'RI-[F-1-An {Fig. bl Clear
isoshestic point(s) in both O and UVIVie spectra for the phote-
chermical and thermal steps suppont clean Bomerization process
(Fig- 2y From the UVVis spectra of (2'2-(0)-2 and {2°R)-(7-2,
the deal wavelength for the formation af the unstable isomer was
determaned to be 365 nem Subsequent iradiation of {27 R)-( M- 1-Au
at this wavelength indeed resulted 2 more sdective ssmenzation
with an associated merease in intensaty of the C17 hands {Fg. 2a) and
an anticipated PSS of approximately Sd:6. UVIVis and C0 data are
consistent with this obseruation | Fig. 2).

‘}5.3; sy

Figure & | Fallowing ten ull turns by €0 spectroncapy. Schemaric
represemtation of the unidirectianal ratarian af 1 i as viewed along the
rotation axis) and v full four-siage 3607 retary cycles followed by £
apectrnicapy. The change in CD intenaity (mdeg) o) 290 nas (aolid line ) and
300 nma |dushed) at cach photschemical (b - mpm 5 br o gy e b and

thermal (A4 gyl issmerization shep is shoum,
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Subsequent heating of the PS5 sample of {2'R-(F1-1-An
T = 507 resulted in full cormeersion of unstable {27 R0 P5-1-An
o stahle {2 BlU A=A, as a resubt af the tharmal helix imersion
{step 2 in Fig. lc). It was werified that rotary motion occurs while
mator l-An remains bound o the surface; this vas indicated by
thie presence of excusively broad signals in the "H NMR spectrum
(n trace of free motor in solution could be detected) after eitler
leating the sample at 70°C for 2hoor icadiation for 3hat 365 nm,
Subsequent KON mediated etching of the pold core of this sample of
I-Au after 3h ireaciation at 365 nm revesked unbound uistable and
stable meter i & 2.5:1 i

The kinetics of this i inversion swere determined by monitoring

a
£
BOM 9T __ o 4
il
[ —
Au
Stabie-c/s-&-Au
= 365 nm
*h Fhaigivediaton
- en goid
=
X X
B, 5
Uingsta-fromy-4¢
Unssable- trans-4-fa Gable-nz-4
Etable-cis-d-Au FRatio 1.2

Razc 1.2

'y

—] |
]
P Bt ble-drans- 4
Stabe-frans-d-Au Snable-cis-d s
Stable-cir-4-Au Ratia 1.2¢1 5e8 658 ppm.
Reio 131

Figure 4 | £ af it rotatice onthe
NMR spectroncapy. #, Phoiechemical and thermal issmerization of 'Y‘
isnenpe labelled mioter 4 an gald (4-Awb and siructures of major isomers of
4 An. Cleaved mator probahly exises as a mixiars of fres chiol (R = H)
and disulphide (8 = S Motne). b, Key stgnabs (ArH) in the "H NME af

in :.uhmuu o pamely, aiter irrsdiation of sable-ci—4-Au and
of st
0 TH A CH 1
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the change i C1F intersity with time al varous lemperatores
rreviding the rate constane (k] which
was used o caleulate the Gibhe free energy of activation
(AN =06 = 2T mol~ '] for the [ BhCP)- T to (2 RE-(M)-1-
An interconversion LIA.i“! the Fyring equatiom. The slighthy higher
harvier than found for 2 in sclution (A'G" =% + 2kImaol™ ') can
b attributed to the reduction in the degrees of freedom of the
meoderule when grafted onto the A surface. At room temperatures
{293 K), the balf-life for thermal belix imversion bas almost doubled
going fromn 2 (r, = 563 10° 8] t 1-A {2, = 12 10" s} After the
light-induwoed erwrgetically aphill process (2 R)-(00)-1-Au 1o {2 R)-
(P-1-An (step | in Fig. 1) followed by 2 thennal energetically

B St | | Unatitva

WA [
..-.,x‘dum_....__

h

{

C= | | Trans

o f\

MAER of stable-cis-4 in solutien (top panzl), afer irradiation of sabde-ois-4-
Au and eore erching, and subssqueni heating (middle panzly, and afier
irradiation of stable-cii-4-Am, heating. then siching (battom paneli. The
conversion of stahle somer 4-Au tn unstahle semer 4 Au {evaluated by 'H
MMR) marched the final comversion of stable-cle-d-Au Lo stable-eras-a-Au
evaluated by V0 NME. Tn btk cases, NME analysis was perfarmed after
detachment
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devanlull ledis inversion {2 8-(P-1-Aw b 2B M)-1-An (step 2
in Fig, Ic} - roenr half of the malecule has performed a half
rotation in an anticlockwise direction with respect to the lewer half,
Perfrirming the sume fun-step provess repeatadly resubts in continual
umidirectional rotary motion. The state of the mator can be follovweed
by CI3 spectroscopy, as is shown (Fig. 31 for twe consecutive S600°
pcles,

T combirm that the intreduction of the two legs in the bower part
o the medanule does not affect the four-stage unidivectional votary
proces, wie studied [ 2°R) - 00-3, which has a ron-gymmetrical kever
part with ae OCH, and oie OCT, (see Fig. 1) These groups lave
regligible influerce an the photodhemical and thermal beluvior,
i allenwed thve detectivn by MR of all four steps in the rotary opcde
{se Sapplementary Information, Section 30,

Unequivecal proal for the unidirectionality af the motor attached
1o grild manapartiches was achieved with isotope labelled motor 4-4u
[ Fig. 4} The only difference between 1-Aa and 4-Aa i that ane leg in
the latter compound contains a ''C isotope at the oo pasifions
I‘hnkingtlw'nnmrnrd the surface bound thinl. The e disting legs
created in this way allow accurate detection by 'H and 'O NMR of
the isomers after phatochemical and thermal steps on the surface, as
illustrated in Fig. 4a.

The stable as-isomer of 4 bound o the gold (cs—4-An) was
irmadizted at 365 nm wavelength, and the sample split into o
portions, The first portion was treated (RENMHRHOY so as to
abetach the motor from the surface to previde & misture of the -
unsiable-4 ard cis-szable-4 [ratin 121, "H NMR analysis, Fig. 4b).
Subsequent thermal somerization in toloene solution resalted in
stahle rus—4 and stable-cis-4 isomers { 1.2:1 ratio, "'C NME aabysic
Fig. 4c)

The seeond portion was heated (707, 2h) d0 induce thermal
tomertamtion af the motor while sull on the gold surface {unstable
frars—4-Ant 16 stable-frens-d-An ). Subsequent denvage | KONTHE
H.(3) af the motar from the gold provided an identical masture af
stable-trans-4 and sable-cis4, These data show thae the plieto
cemical eomversion of the stable form of 4-An tn the unstable form
of defun { H NMR .|r|n|\rvs1mrrdum[m'ﬁﬁlvmrllr = formation of
stable travs-d.An from stable cfs-de A | C NME anabysis),

The eombined results {from CI studies of optically active (2'R)
(80)-1-Aa, and NMR studies of ' C sotopically labdled 4-Au, with
distinet legs) provide compelling evidence for the unidirectionality of
the rotary pricess on the surface, Wee expect that the successful
formation of fully functionad surface-mourted otoes will enable
investigation of the concertad action of & large ergemble of wni-
directional molecular metors, and that this system might be 2 first
atep tards the comstruction of more daborate and functional
ranosized rechanical devices.
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Low-latitude seasonality of Cretaceous
temperatures in warm and cold episodes

Thomas Steuber', Markus Rauch', Jean-Pierre Masse”, Joris Graaf® & Matthias Malko'

The Cretacenus period is generally considered o have been a time
of warm climate'. Evidence for cooler episodes exisis, articu-
larly in the early Cretacenus period”™, but the fiming ifi-
cance of these ool epi are not well constrained. The
seasonality of temperatures is important for constraining
equator-to-pole temperature gradients and may indicate the pres-
ence of polar ice sheets; however, reconstroctions of Crefaceous
sea surface temperatures are predominantly based on the oxpgen
sotopic composition of planktonic foraminifera’* that do not
provide information aboot sudh intra-annual vartations, Here we
present inira-shell varitions in "0 values of rudist bivalves
(Hippuritoudes | from palacolatitudes hetween B and 317N, which
recond the svohution of the seasnality of Cretaceous s surfce
temperatires in detail. W Grd high maxinuem temperatures | 335
1o 37°C) and relatively low seasnnal variahility (<12°C) between
20" i HF N dhiring the warmer Cretaceois episodes. In contrast,
during the cooler episodes our data show seasonal sea surface
ImT:nmne variahility of up to IR°C near 25°N, comparashle
ta the range found today. Such o large seasonal wariahility is
compatible with the existence of polar ice sheets.

The Cretaconus was a period of vwarm climate, with mid -Cretaceous
A& raillion years, Myr, agod polar sea surface temperature (35T
as high as 20°C [ref. @), Although there is evidence for polar ice in the
early Cretacenus™, greenhwouse conditions of Barth's climate system
during the middle ard late Cretacenus are suppaorted by o pletlwms of
L palacontological and geochemical data®, Geochemical
ludineg 40 values of foraminifera, fil teeth and the
compositicn of menibrane lipids'", are from biological materials
tlat dior vt prowicde data an sub-annual tmescales. Reconstrscted
Cretaceous 55T are thus belioved o represent anmual averages,
althiugh the sesonal timmg of formation of the studied bological
rraterials i not koo Estimates of terrestrial sesonality based on
frssil floras are an exception, but are only available for a fow
lewcalities™,

W hive anahsed intra-shell variations in isotopic (G005 Ol and
chemical (Mg, 5, Fe, Wi} compositions nrsln-ilk af rudist hivalves
from Inclities (Fig 1) in the Canbbean, the peri-Meditermanean
region and the Middle Fast (831" palseclatitude, 85 W-31"E
palaeolongitude). Numerical ages for most studied localities wene
obtained by strontiom isobope stratiprapln', the others have a
precise hirstratigraphical control, Details of bocalities, stratigraply
and taxrmoniy af the studied shals are available as Supplementany
Information. Most of our data are from 15-30°N palasolatitude
(Fig. 1}, and thus from vegions that must have experienced the
highest seasemal termperature emremes. Rudist bivalvs inluabited
rmarine subtidal emvironments wdl above the thermodine'® In
eomitrast o foraminifera, which have been the main source of
proy data on Cretacenus 55T, the outer shell layer of certain groups
of rudist i compact {see Supplementary Information), and has 2
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large potential to preserve the onginal chemical and isotopic com-
position'™'". Modern bivalve molluscs reliahly record temperature
dependent fractionation of oxygen isotopes i the &0 values of
their shell carbonates™ ", Metabolic vtﬁ-‘m can thus be largely
rubed out for mudist bivalves, although pronounced disequilibeium
fractiomation has been reported for o single genus'™.
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I e shallow terigernous baskn

Slnpa s disag nwh.m-
I:I basr ghaowe SO -

Figure 1| Palveo-positions of locabties studied. White siars indicaie
localities: thase in the Caribbean (Jamaicat are mot shown. Modern
weastlines—tht ks, of Great Beitwin in the wpper lefi and the Arablan Gulf in
the biwer right. af the maps—are given for snentation. a, Localitie from
12051 Biyr ago phatced an carly Aptian (119 Myr ago) palasogeography,
msadified fram el 25. B, Localilics feam 90-86 Myr s platied an
Muasorichtian (67 Myr agal palacsseagraphy. modificd lroes rel. 26 S2e
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