
actual openings in our experiments. This implies 
that the exit surface surrounding the aperture 
must also be involved in the reradiation process, 
as we already inferred from the existence of the 
dispersion relation. Nonetheless, we do not have 
uniform emission from an area as large as im- 
plied by the above estimate. If the structure 
surrounding the central aperture emitted light 
very weakly, could this contribute to explain the 
small observed angular divergence? Within the 
resolution limit of our apparatus, we cannot 
preclude the presence of some emission from 
the surface whose intensity diminishes rapidly 
as a function of lateral distance from the aper- 
ture. Given our optically thick film, the source 
of this emission can only come from scattering 
of the light emerging from the aperture. To test 
this possibility, we implemented a simple first- 
principle model based on interference in the 
far-field of light scattered at the center of each 
groove with a laterally variable emission inten- 
sity given by a curve fit to the experimental 
results (Fig. 3, inset). In our model, the phase of 
the emission at each groove is proportional to 
the distance travelled by the surface wave from 
its origin at the aperture. These SPs travel slight- 
ly slower than light in free space due to retar- 
dation by the metal and, as a consequence, 
emission normal to the surface occurs at a wave- 
length slightly larger than the period. With this 
model, we are able to reproduce the overall 
features of the observed angular divergence of 
Figs. 1D and 2D, as well as the dependence of 
directionality on wavelength (Fig. 3). 

Perhaps the most non-intuitive aspect of this 
phenomenon is the fact that scattering at the 
grooves of only a small fraction of the light 
emerging from the aperture can create such a 
narrow beam by interference (20). Even though 
the emission remains heavily confined to the 
immediate vicinity of the sub-wavelength aper- 
ture, the secondary contribution from the surface 
plasmons launched and scattered on the exit 
surface narrows the divergence dramatically 
from that of a normal isotropic distribution. The 
coupling of the electromagnetic wave of the SP 
back to light follows the dispersion curve im- 
posed by the periodic structure surrounding the 
aperture. In effect, the combination of the peri- 
odic corrugation momentum (G) and SP mo- 
mentum (kp) on the exit side acts like a k-vector 
filter on the reradiated light (ku) defining the 
permitted emission angle 0 (i.e., kut sinO = 

kout// = kp ? G). As a result, in the linear 
symmetry of the slit configuration, off-axis 
beams can exist with wavelength-dependent an- 
gles. In the circular symmetry of the bull's eye 
structure, off-axis beams are forbidden by de- 
structive interference; only beams normal to the 
surface can exist at a specific wavelength dic- 
tated by the corrugation period. 

The micro-scaled metallic structures de- 
scribed here transmit light with a combination of 
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be tailored over a wide range in a one-step 
lithographic process by corrugating the surface 
lateral to the propagation direction of the trans- 
mitted beam. Such devices can be thought of as 
miniature phased-array antennas in the optical 
regime, which can transmit or receive light 
along a specific direction for a given wave- 
length. Potential applications of these results 
include spatial and spectral multiplexing (i.e., 
rerouting of light according to wavelength), cou- 
pling in and out of fibers, and optimizing near- 
field devices for microscopy or data storage 
purposes. Furthermore, the diffraction-reducing 
properties of our structures might be applied to 
reducing the intrinsically high beam divergence 
of common optical devices such as light-emit- 
ting diodes (21) and semiconductor lasers (22). 
In summary, our findings show a unique path 
toward achieving photonic miniaturisation with- 
out the usual scaling limitations in the subwave- 
length regime, such as low transmittance and 
severe diffraction. 
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Femtosecond Infrared Spectroscopy 
of Bacteriorhodopsin Chromophore 

Isomerization 

Johannes Herbst, Karsten Heyne,* Rolf Dillert 

The vibrational dynamics of the retinal chromophore all-trans-to-13-cis photoi- 
somerization in bacteriorhodopsin has been studied with mid-infrared absorption 
spectroscopy at high time resolution (about 200 femtoseconds). After photoex- 
citation of light-adapted bacteriorhodopsin, the transient infrared absorption was 
probed in a broad spectral region, including vibrations with dominant C-C, C=C, 
and C=NH stretching mode amplitude. All photoproduct modes, especially those 
around 1190 reciprocal-centimeters that are indicative for a 13-cis configuration 
of the chromophore, rise with a time constant of -0.5 picosecond. The results 
presented give direct vibrational-spectroscopic evidence for the isomerization tak- 
ing place within 0.5 picosecond, as has been suggested by previous optical fem- 
tosecond time-resolved experiments but questioned recently by picosecond time- 
resolved vibrational spectroscopy experiments. 
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Bacteriorhodopsin (bR) is a light-driven pro- 
ton pump that has served as a model system 
for the study of protein-based, ultrafast, light- 
induced trans-cis isomerizations. It represents 
an entire class of retinal-containing proteins 
with similar photochemistry but very differ- 
ent biological functions, such as visual trans- 
duction in rhodopsin, chloride pump in halo- 
rhodopsin, and photoreception in sensory 
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rhodopsin (1). In all of these seven-helical 
transmembrane proteins, a retinal chro- 
mophore is covalently bound by a protonated 
Schiff base (SB) to a lysine (Lys) residue. 
Photons electronically excite the chro- 
mophore and drive a C=C double-bond 
isomerization, which in bR transforms the 
all-trans into the 13-cis configuration. 

Photoisomerization initiates a series of 
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thermally driven reaction steps that take place 
on a time scale up to milliseconds and are 
optimized in each system for the respective 
biological function. Even the respective pri- 
mary photoreactions are optimized, which 
becomes clear when the primary photoreac- 
tion of the various rhodopsins are compared 
with that of the chromophore in solution (2). 
Details of initial reaction steps have been 
revealed by femtosecond time-resolved opti- 
cal laser spectroscopy, which probes the tran- 
sient absorption of the participating electron- 
ic states (3-5). This technique can now be 
done with extremely high time resolutions of 
about 30 fs (6) and even 5 fs (7). For bR, 
these studies have led to insights into the very 
fast processes on the excited electronic state 
surface. It is believed that, after excitation of 
the non-isomerized, light-adopted ground 
state of bR (br570), fast relaxation along high- 
frequency (C-C) stretching modes depopu- 
lates the Franck Condon region before tor- 
sional movement. This model is corroborated 
by model calculations (6, 8). According to the 
commonly accepted model (3, 4), the transi- 
tion of the excited electronic state S1 to the 
first product electronic ground state (J) oc- 
curs within about 0.5 ps. Via vibrational cool- 
ing and torsional relaxation, the K state is 
formed within a few picaseconds (9), which 
then decays on a time scale of microseconds. 
The J and K states have red-shifted absorp- 
tion bands with respect to bR570. On the basis 
of comparative studies on the native system, 
bR, and a bR analog containing a sterically 
all-trans locked retinal (10, 11), the indication 
for J being a 13-cis state that formed directly 
from the excited electronic state within about 
500 fs was recently questioned. 

Despite their high temporal resolution, op- 
tical transient absorption experiments do not 
provide direct information about structural dy- 
namics, which can be obtained from time-re- 
solved resonance Raman (RR) or infrared (IR) 
spectroscopy. Important results concerning the 
chromophore structure in the early K state were 
already obtained by time-resolved RR spectros- 
copy. With pulses of 1 ps or less (12, 13), it was 
possible to obtain RR spectra of precursor states 
of K that indicated a 13-cis configuration of the 
chromophore (13). However, time-resolved co- 
herent anti-Stokes Raman scattering (CARS) 
experiments (11) suggested that all-trans-to- 
13-cis isomerization takes place later than J 
formation and possibly as late as K formation. 

So far, the structural dynamics of chro- 
mophore isomerization in bR have not been 
investigated at sufficient temporal and spec- 
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tral resolution to time-resolve those features 
in the vibrational spectrum that identify the 
formation of the isomerized 13-cis product. 
We directly address and answer questions 
concerning the timing of the chromophore 
isomerization and its relation to the decay of 
the excited electronic state and the formation 
of the electronic ground state (SO) as raised in 
Ahroni et al. (10) and Atkinson et al. (11). 
The direct marker bands for the all-trans-to- 
13-cis isomerization in the 1200 cm-1 spec- 
tral region, together with C=C and C=NH 
stretch vibrations, were monitored by tran- 
sient optical-pump-IR-probe spectroscopy at 
a time resolution better than 230 fs, sufficient 
to resolve the dynamics on the time scale 
believed to govern the S1-So transition. The 
spectral resolution varies between 3 and 5 
cm- and is also sufficient to resolve the 
chromophore vibrational bands of about 12 to 
18 cm- full-width at half-maximum 
(FWHM). 

We obtained high time resolution by using 
nonlinear optical methods. By difference fre- 
quency mixing in various steps, mid-IR puls- 
es of 170 fs duration (FWHM) or shorter 
were generated at a repetition rate of 0.7 kHz. 
Simultaneously, laser pulses of 150 fs dura- 
tion at 570 nm were generated and used to 
photoexcite the sample in the absorption 
maximum of the light-adapted electronic 
ground state bR570 to initiate the photoreac- 
tion. The transient absorption was probed by 
the mid-IR pulses at various delay times with 
respect to the excitation laser pulse at a sys- 
tem response function of -230 fs FWHM 
(cross-correlation between pump and probe 
pulse). Because the probe wave number in- 
cludes the region around 1600 cm-', where 
bulk water absorption is very strong, most of 
the water must be removed from the sample. 
We prepared a film of bR on a calcium 
fluoride (CaF2) window, hydrated just suffi- 
ciently to ensure full protein stability and 
function and to avoid unnecessary absorption 
losses by water. Still, the photoinduced IR 
difference signals are small [on the order of a 
few thousandth optical density units (mOD)] 
compared with the huge absorption back- 
ground caused by the protein vibrational 
bands (- 1 OD) and residual water. The high 
repetition rate and the ms lifetime of the bR 
photocycle require that the sample film be 
moved across the focused laser beams in 
order to avoid multiple excitation of a specif- 
ic sample volume. Thus, the sample film 
must be highly homogenous. 

Structural changes initiated by the photo- 
excitation are reflected by changes in the 
vibrational spectrum of the chromophore. Se- 
lected IR transients (absorbance difference 
between pumped and unpumped sample) be- 
tween -2.5 and 6 ps were taken in three 
important IR spectral regions, including the 
chromophore C=NH stretch vibrational 

mode around 1640 cm-' (Fig. 1A), the C=C 
(ethylenic) stretch around 1530 cm-' (Fig. 
1B), and the C-C stretch (fingerprint) around 
1200 cm-1 (Fig. 1C) (14). IR difference 
spectra are also shown for an overview, taken 
at delay times of 1 (Fig. 2A) and 12 ps (Fig. 
2B), and for comparison a Fourier-transform 
infrared (FTIR) spectroscopy step-scan 
bR570-K difference spectrum (Fig. 2C), taken 
at 15-ns time delay (15). Difference spectra 
of the marker band region around 1200 cm-' 
at various delay times are given in Fig. 3. 

At positive delay times, the signals are 
composed of contributions from the transient 
molecular species participating in the photo- 
reaction. Positive signals are caused by vibra- 
tional transitions generated at the respective 
spectral position by photoexcitation, whereas 
negative signals are caused by vibrational 
transitions removed from the respective spec- 
tral position by photoexcitation. The IR tran- 
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Fig. 1. Selected IR transients of bR (taken at 
room temperature with excitation at 570 nm) 
in (A) the region of the chromophore C=NH 
stretch vibration around 1640 cm-1, (B) the 
ethylenic C=C stretch region around 1530 
cm-', and (C) the fingerprint region with C-C 
stretch vibrations around 1200 cm-1. r, time 
constant of bleach recovery and rise of the 
positive signals, respectively, as fitted (solid 
line) by a sum of exponentials, convoluted with 
the system response function. At negative de- 
lay times, the signals are modeled according to 
(16), shown by dashed line. 
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sients shown were fitted by a sum of expo- 
nentials convoluted with the system response. 

In contrast, at negative delay times the sig- 
nals are due to a coherent phenomenon (per- 
turbed free-induction decay) caused by the IR 
probe pulse interacting with a vibrational tran- 
sition before the pump pulse. If the probe pulse 
overlaps spectrally with a vibrational transition, 
it induces a polarization that emits in the probe 
pulse direction and decays with the dephasing 
time T2 of the vibrational transition (that is, the 
inverse of its spectral width; a line width be- 
tween 10 and 20 cm-' corresponds to T2 be- 
tween about 1 and 0.5 ps). If the transition 
remains unaffected by the following pump 
pulse, there is no net effect in the detected IR 
difference signal. However, if the transition is 
affected in spectral position or absorption cross 
section, then the effect manifests as an oscilla- 
tory signal in time and frequency domain. On 
resonance, when the probe frequency coincides 
with the center frequency of the transition and 
the transition is spectrally separated from the 
probe pulse by the photoexcitation, the resulting 
negative signal (bleach) appears with the time 
constant T2 (Fig. 1, A and B). Vibrational tran- 
sitions that are generated by photoexcitation at 
the probe wavelength (positive signals) appear 
with a time constant determined by the intrinsic 
rate of formation and the system response. This 
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Fig. 2. IR difference spectra of bR with condi- 
tions as in Fig. 1 at (A) 1 ps and (B) 12 ps. (C) 
For comparison, a FTIR bRs70-K difference spec- 
trum at 15 ns after photoexcitation at room 
temperature [from (15)]. 

effect is known from optical spectroscopy con- 
cerning electronic and vibrational transitions, 
and the presented kinetic curves were modeled 
accordingly (16). 

Analysis of the IR transients at positive 
delay times yielded rise time constants of 
about 0.5 ps for all positive signals shown, 
followed by a very small decay with a much 
longer time constant. The negative signals 
rise as determined by the coherent effect and 
decay partially with a time constant between 
1 and 1.7 ps. This effect is also reflected in 
the difference spectra (Fig. 2) at 1 and 12 ps 
by the respective negative signal amplitudes. 

In the fingerprint region around 1200 
cm-1, C-C stretching vibrations serve as 
crucial marker bands for the chromophore 
configuration, that is, all-trans or 13-cis, as 
shown by RR and IR spectroscopy of isoto- 
pically labeled chromophores and normal 
mode calculations (14, 17-19). In the K state, 
the chromophore is in 13-cis configuration. 
Bleaching bands were observed (Figs. 2 and 
3) at 1170 and 1200 cm-1, as expected for 
the all-trans chromophore, and a product 
band rose at 1190 cm- , with a small shoul- 
der at 1180 cm-1. This difference pattern is 
typical of the configurational change from 
all-trans to 13-cis that also has been found in 
the step-scan FTIR bR570-K difference spec- 
trum taken at 15 ns and ambient temperature 
(15) (Fig. 2C) and in time-resolved RR spec- 
tra (20, 21). 

The strong signals around 1530 cm-1 have 
been assigned to an in-phase C=C stretching 
vibration of the chromophore. Its position re- 
flects the rr-electron delocalization in the poly- 
ene part of the chromophore; a smaller wave 
number corresponds in a linear dependency (13, 
22) to a red-shifted optical absorption maxi- 
mum (kmx) of the respective intermediate state 
of the bR photocycle. The initial bleach occurs 
at 1529 cm-', as expected for bR70,. Positive 
signals appear at lower energies around 1515 
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Fig. 3. IR difference spectra of bR with condi- 
tions as in Fig. 1 in the fingerprint region. The 
product band has a uniform rise around 1190 
cm- with a shoulder at 1180 cm-' indicating 
the 13-cis configuration of the chromophore. 
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photoinduced transformation, as indicated in 
the early difference spectra of the fingerprint 
region (Fig. 3). 
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in the single kinetic traces, but a single-value 
decomposition analysis of the whole data set 
(26) revealed a 3-ps component associated 
with a K-like difference spectrum. 

In contrast to the fast-rising product bands 
(0.5 ps), the bleach signals decay partially 
within 1.0 to 1.7 ps (Fig. 1; Fig. 2, A and B). 
This incomplete decay is predominantly due 
to the fraction of the excited state population 
that is fed back to the bR570 ground state 
according to the bR reaction quantum yield of 
0.64 (27, 28). The apparent amount of recov- 
ery is determined by the spectral overlap of 
the (negative) bR570 ground state and (posi- 
tive) product bands. The observed recovery is 
faster than K formation (3 ps) but slower than 
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(bR570) are not directly populated from the 
same state. If we assume a homogenous 
bR570 ground state distribution, this result 
can be explained either by an early branching 
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reaction in SI (model A) or by a multi-step- 
wise recovery of the bR570 ground state with- 
in SO (model B). Indications for model A 
were given from the observation of a biphasic 
decay of the excited electronic state with time 
constants of 0.24 and 0.75 ps (5). These 
authors suggested a fast, reactive path leading 
to the isomerized state (J) and a slower, 
nonreactive path leading back to the educt. 
This model cannot be ruled out by the IR 
transients reported here, which rise within 0.5 
ps or less; however, it is not supported by our 
own optical experiments (26). 

The more likely model is model B, which 
could be realized by vibrational relaxation 
(for example, vibrational cooling) processes 
in SO that accompany the full recovery to the 
vibrational ground state of bR570 within 1.0 
to 1.7 ps and the transformation from J to K 
in 3 ps. The J-K transition might take longer 
than the bR570 recovery because substantial 
conformational changes, including parts of 
the protein, are involved in the former. Vi- 
brational cooling would be indicated by the 
decay of small shoulders on the low-energy 
side of the vibrational bands as the vibration- 
al ground state recovers, an effect which is 
easily obscured by the 13-cis product bands. 
However, this view is also supported by time- 
resolved IR experiments on the isomerization 
reaction of protonated SB retinal in solution 
(29) and the observation of anti-Stokes RR 
bands of the chromophore in bR (20, 30). 

A small negative shoulder at about 1660 
cm-' (Fig. 2, A to C) appears within 1 ps or 
less (the apparent rise time is again limited by 
the dephasing time). Because no chro- 
mophore vibrational band is expected in this 
spectral region, it is possibly a contribution of 
the protein amide I band or a result of the 
bending vibration of a protein-bound water 
molecule. The molecular structure of bR as 
determined from x-ray diffraction (31) indi- 
cates a water molecule close to the SB as part 
of the hydrogen bond network in the chro- 
mophore binding pocket. Photoexcitation, 
that is, an electric field jump, or isomeriza- 
tion of the chromophore, might affect the 
absorption cross section, orientation, or even 
location of this water molecule or of a protein 
constituent and may lead to the observed 
bleach signal. In this case, the observed sig- 
nal would indicate a fast response not of the 
chromophore but of the environment, that is, 
the cofactor binding pocket. 
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Crystallographic Evidence for a 

Free Silylium Ion 

Kee-Chan Kim,1 Christopher A. Reed,'* Douglas W. Elliott,1 
Leonard J. Mueller,' Fook Tham,1 Lijun Lin,2 Joseph B. Lambert2* 

Evidence for a three-coordinate silyl cation is provided by the crystal structure 
of [(Mes)3Si][H-CB,,Me5Br6]JC6H6 (where Mes is 2,4,6-trimethylphenyl). Free 
(Mes)3Si+ cations are well separated from the carborane anions and benzene 
solvate molecules. Ortho-methyl groups of the mesityl substituents shield the 
silicon atom from the close approach of nucleophiles, while remaining innocent 
as significant ligands themselves. The silicon center is three-coordinate and 
planar. The downfield 29Si nuclear magnetic resonance chemical shift in the 
solid state (226.7 parts per million) is almost identical to that in benzene 
solution and in "gas phase" calculations, indicating that three-coordination can 
be preserved in all phases. 
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The silylium ion problem has exercised the 
minds of many (1-5). The essential debate 
concerns the existence of three-coordinate 
silicon cations, R3Si+ (where R is an alkyl or 
aryl group), unfettered by interactions with 
solvent, counterion, or neighboring groups. 
The fundamental question concerns how far 
the analogy to carbocations, R3C+, known 
now for more than 100 years (6), extends 
down group 14 of the periodic table. 

Despite ready mass spectrometric detec- 
tion in the gas phase, there has been no 
convincing evidence for the existence of free 
R3Si+ ions in condensed phases when R is an 
alkyl group. The closest approach is found in 
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"ion-like" species, R3Si8+Y8-, where R is 
iso-propyl and Y is a very weakly coordinat- 
ing anion, such as the perfluorinated tetraphe- 
nylborate ion or a carborane (7). These spe- 
cies behave like silylium ions toward arenes 
(8) and in the production of superacidity (9), 
but they are not free silylium ions. 

However, when R is a bulky aryl group, 
there is growing spectroscopic evidence and 
theoretical support for truly free, three-coor- 
dinate silyl cations. Species formulated as 
[Ar3Si][Y] have been reported for Ar = 

mesityl or duryl and Y = B(C6F)4- (10, 11). 
Silyl cation character is indicated by down- 
field shifted resonances in the 29Si nuclear 
magnetic resonance (NMR) spectrum near 
220 parts per million (ppm). The NMR shifts 
have been reproduced computationally in the 
calculated structures of these triarylsilylium 
ions (12, 13). An arylated silatropilium ion 
(14) and a cyclo-tetrasilenylium ion with 
bulky substituents (15) provide convincing 
evidence for three-coordination in other sili- 
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