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Abstract

In carotenoids the lowest energetic optical transition belonging to the m-electron system is forbidden by symmetry,
therefore the energetic position of the Sy (2'A,) level can hardly be assessed by optical spectroscopy. We introduce a novel
experimental approach: For molecules with n-electron systems the transition Cls — 2p(n*) from inner-atomic to the lowest
unoccupied molecular orbital (LUMO) appears in X-ray absorption near edge spectra (NEXAFS) as an intense, sharp peak a
few eV below the carbon K-edge. Whereas the peak position reflects the energy of the first excited singlet state in relation to
the ionization potential of the molecule, intensity and width of the transition depend on hybridization and bonding partners
of the selected atom. Complementary information can be obtained from ultraviolet photoelectron spectroscopy (UPS): At
the low binding energy site of the spectrum a peak related to the highest occupied molecular orbital (HOMO) appears. We
have measured NEXAFS and UPS of B-carotene. Based on these measurements and quantum chemical calculations the
HOMO and LUMO energies can be derived. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction the three functions of (i) light harvesting (absorption

and energy transfer), (ii) regulation of internal energy

Carotenoids (and their oxygen-containing deriva-
tives, the xanthophylls) are essential components of
pigment protein complexes (most ‘antennae’ and all
reaction centers) in photosynthetic organisms. §-Car-
otenes which our measurements are concentrated on
are located in core antenna complexes CP43 and
CP47 of the photosystem II [1]. Carotenoids fulfill
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flow under external levels of sunlight varying over
orders of magnitude in intensity and pigment protec-
tion against photobleaching and (iii) stabilization of
the pigment protein network [2].

With respect to the former two tasks, the first ex-
cited singlet state S; (2'A,) is assumed to play a
central role. For the antennae of higher plants it is
hypothesized that both the energy transfer xantho-
phyll = chlorophyll (Chl) and a photoprotective
transfer Chl— xanthophyll occur via this xantho-
phyll S; level [3]. Remarkably, for the carotenoids
and xanthophylls of photosynthetic relevance the op-
tical (one-photon) transition from the electronic
ground state Sy (1'A,) of the m-electron system to
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the Sy (2'A,) state is forbidden because they belong
both to the same symmetry. There seems to be only
one attempt in literature to measure directly the ex-
tremely weak one-photon transition to S; [4]. In-
stead, much attention has been devoted recently by
other groups to elucidate the energetic position of S;
by indirect spectroscopic methods like (i) two-photon
excitation profile of excited state absorption [5],
(ii) two-photon excitation profile of Chl fluorescence
[6], (iii) excitation profiles of resonance Raman spec-
tra [7]. There are also attempts to measure the very
weak S; fluorescence [8]. Until now the results ob-
tained this way are valid only for dissolved xantho-
phylls or/and are contradictory (cf. [9] for recent re-
view). Moreover, a most recent re-evaluation of
method (ii) has shown that in the spectral region of
the expected two-photon transition to carotenoids S;
there is effective two-photon absorption of Chl itself
(M. Krikounova et al., unpublished data). Therefore
utmost caution is advised in interpretation of experi-
mental results achieved with method (ii). Therefore
we are developing an alternative access to this intri-
cate problem, based on pulsed near edge X-ray
absorption spectroscopy (NEXAFS) at the carbon
K-edge in synchronized combination with a suitable
optical pump pulse tuned to the carotenoid/xantho-
phyll Sg— S, transition [10].

In the carbon NEXAFS spectrum of a pigment
protein complex the transition from the carbon in-
ner-atomic shell 1s to the lowest excited state of the
molecular 7-electron system of the carotenoids oc-
curs as absorption band a few eV below the absorp-
tion profile of the K-edge, which may be overlapped
by ls-originated transitions in other carbons not be-
longing to the carotenoid. This latter problem can be
minimized by selective marking of the carotenoid
transition with a suitable pump pulse. Action of
this pulse results in population changes in HOMO,
LUMO+1, as well as, after fast relaxation, in
LUMO, therefore an informative NEXAFS differen-
tial spectrum can be expected.

Here, as a first step towards determination of the
energetic position of S; with respect to Sy in carote-
noids in photosynthetic antennae, we report on
NEXAFS measurements of pure B-carotene depos-
ited on thin SisNy foils, i.e. there are no other car-
bons in the sample. The NEXAFS-based determina-
tion of the energetic position of the LUMO is

combined with determination of the HOMO position
of the same samples by ultraviolet photoelectron
spectroscopy (UPS). Both values are related to the
ionization potential (IP, vacuum level), i.e. their dif-
ference is the result of interest, the energy of the
transition 1'A,—2'A,.

2. Materials and methods
2.1. Preparation of P-carotene samples

In preparation of the samples it was intended to
get amorphous films of pure B-carotene. Crystalliza-
tion was unwanted to avoid intermolecular coupling
of the electronic states. The B-carotene (Sigma
C0126) was kept and always handled either under
nitrogen atmosphere in darkness or in vacuum better
than 5X10™* mbar. Further purification from re-
maining solvents and other volatile contamination
was done during the vacuum sublimation procedure
by carefully raising the temperature of the B-carotene
powder in a quartz oven at pressures lower than
5%x107% mbar.

Prior to the final preparation, for determining the
optimum evaporation conditions (avoiding the ap-
pearance of decomposition molecular fragments
formed during the heating process), studies using
the quadrupole mass spectrometer were effected. Be-
tween 120°C and 170°C escaping benzene and a
broad variety of other molecules was found in the
mass spectrum below 400 AMU for a certain time.
Beginning from 150°C a deposition could be deter-
mined on the microbalance as shown in Fig. la. Be-
tween 170°C and 190°C the emission of intact B-car-
otene could be identified in the mass spectrometer by
the dominant mass peak at 536.6 AMU accompanied
by some fragments built in the ionization procedure
as shown in Fig. 1b. When raising the temperature
above approximately 194°C [B-carotene was irreversi-
bly decomposed and the fragments were found in the
mass spectrum in many peaks beyond 200 AMU as
indicated in Fig. lc. In further preparations the dep-
osition temperature was 180°C and was carefully
controlled not to exceed 185°C in any part of the
oven. Deposition on the substrate was started after
the mass peaks between 200 AMU and 400 AMU
vanished. The sublimation rate was normally around
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1072 g/(min cm?) depending on the filling level of the
evaporator.

In order to ensure that B-carotene stays intact dur-
ing the deposition procedure, a film of 5.5X 1077
g/em? (£ 10%) was sublimed on a gold substrate and
4.0 cm? (+2%) of this film was washed off with 4 ml
(£ 5%) acetone. The UV-VIS absorption band of this
solution around 450 nm was slightly broadened by
10% in respect to the spectrum of B-carotene mea-
sured as bought. The peak extinction was 0.11 cm™!
which is 80% of the expected value based on a molar
extinction coefficient of gnay =134.300 M~ cm ™! [11].
This loss of peak extinction stands in line with the
observed broadening of the spectrum.

In order to judge the extent of crystallization in
the film, B-carotene was sublimed onto quartz and
sapphire substrates. The UV-VIS absorption spectra
of the films on these substrates did not differ from
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Fig. 1. Mass spectra of evaporated B-carotene. (a) Deposition
rate at different temperatures. (b) Mass spectrum at 174°C.
(¢c) Mass spectrum at 200°C. Note the same vertical scaling.
The mass peak of B-carotene is indicated (536.6 AMU).
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Fig. 2. UV/VIS absorption spectra of B-carotene sublimed as a
film on sapphire (solid line) and dissolved in #n-propanol
(dashed line).

each other and, as demonstrated in Fig. 2, clearly
show the absorption band around 450 nm (2.75
eV), admittedly broadened in respect to the spectrum
of B-carotene solution. In crystalline samples, be-
cause they easily result from drying a solution on a
plane support, the absorption band around 450 nm
has not been observed.

2.2. UPS

The experiment was performed in an ultrahigh
vacuum system (base pressure 2X 107!° mbar) con-
sisting of interconnected load-lock, preparation and
analysis chambers and a manipulator for sample
transfer and handling. The UHV apparatus is
equipped with an OMICRON EA 125 hemispherical
electron energy analyzer, a He-lamp, UHV evapora-
tors, a quadrupole mass spectrometer and an Ar™
sputter gun.

Immediately after deposition, the samples were
transferred into the analysis chamber without break-
ing the UHV. Photoelectrons were detected by the
hemispherical electron analyzer to within % 1° accep-
tance angle, normal to the surface and the signal was
recorded by counting electronics. For the current ex-
periments the pass energy of the analyzer was set to
10 eV, which corresponds to approximately 200 meV
resolution. During measurements the sample was
kept at ground potential, except in the cases when
it was biased at —7 V for determining the low energy
cut off of the spectra.
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To perform UPS measurements the molecules were
deposited as thin films on polycrystalline Au. The Au
was cleaned by repeated cycles of Ar™ sputtering
(typical value for sample current approximately 6.7
mA) and annealing at 750°C. The B-carotene films
were obtained by evaporating the materials from
UHYV evaporators at a temperature of 180°C and
subliming on the Au at pressure below 5x1078
mbar in a distance of 4 cm between oven and sub-
strate.

In a first experiment charging of the B-carotene
film was excluded. This was done as follows: B-car-
otene was sublimed in portions of 7.5X 1078 g/cm?.
For each film thickness an UPS spectrum was taken
under He(I) (hv=21.22 eV) illumination. The rough
surface of the gold substrate allowed in this case
detection simultaneously of the electrons coming
from gold and the electrons coming from the film
up to a thickness of 1.5X 1077 g/cm?. The difference
of the 7.5X 1078 g/cm? film to the pure gold spec-
trum (scaled by the height of the Fermi edge) yields
surprisingly well the spectrum of the 5.5X 10~/ g/cm?
film and, hence, charging of the B-carotene film can
be excluded within an accuracy of 200 mV.

In a second experiment the gold substrate was
cleaned as before and a 5X 1077 g/cm? film was sub-
limed in one step under the same conditions as
above. The UPS spectrum was measured with 7 V
bias and 10 eV pass energy. The bias voltage allows
very accurately determination of the zero energy elec-
trons. As electrostatic charging of the B-carotene film
under UPS measurement can be excluded (see
above), the binding energies of the electronic states
may be determined knowing the zero energy cut off
in the spectrum and the energy of He(I) photons.

2.3. NEXAFS

For NEXAFS measurements a laboratory X-ray
absorption spectrometer based on a pulsed laser plas-
ma source was utilized [12]. The experimental ar-
rangement is shown in Fig. 3. The XUV source
was a plasma on a copper target produced by a
Nd:YAG laser (Brilliant, Quantel). The laser system
operating at 10 Hz delivered pulses with pulse dura-
tion of 4 ns and a single pulse energy of about 180
mJ. The laser radiation (1=1.064 nm) was focused
by a plano-convex lens (=50 mm) to a peak inten-

sity of about 1x10'* W/cm?. The resulting plasma
emitted XUV radiation from an area with a diameter
of about 25 um. The intensity and stability of the
XUV emission was controlled by a windowless pho-
todiode (G1126-2, Hamamatsu) which was covered
by a thin (200 nm) Al filter.

A transmission grating spectrograph similar to
that described in [13] was used: A slit (width 50
um) ahead of the grating projected an image of the
X-ray source onto the detector, which was spectrally
split up by the grating. The transmission grating,
which was unsupported, had a grating constant of
100 nm with a line to space ratio of nearly 1:1 and
was structured into a silicon foil. To enhance its
diffraction efficiency the grating was evaporated
with 30 nm gold. The distances source—grating and
grating—CCD were 900 mm and 950 mm respectively.
Thereby the relative spectral resolving power A/AA at
the carbon K-edge (E=285 eV) amounts to about
270, corresponding to an energy resolution of about
1 eV.

The emission spectra were detected with a cali-
brated thinned, back illuminated slow scan CCD
camera (Photometrics CH350; 512X512 pixel). A
thin Al filter (thickness 200 nm) was placed in front
of the slit before the grating to suppress scattered
visible light. Both the slit grating spectrograph and
the CCD camera were situated in a vacuum chamber
at a pressure below 5% 10~* mbar.

To perform NEXAFS, B-carotene was deposited
onto thin SizN4 foils (100 nm thickness, Silson,

Freestanding
Transmission
Grating (TGS)

Nd:YAG-Laser E

1047nm /

. 0.9m e 0.9m
-« Lt

Y

Fig. 3. Setup of the NEXAFS spectrograph (explanation see
text).
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Ltd., UK) under the same conditions as for the UPS
measurements. The samples were kept in darkness
and under nitrogen atmosphere during the transfer
to the separated vacuum chamber housing. The sam-
ple was mounted on a motorized stage in a housing
which was placed in front of the grating (cf. Fig. 3).
The absorption spectra were determined by measur-
ing the spectrum of the plasma emission with and
without being absorbed by the sample. After that,
the latter was divided by the former resulting in the
NEXAFS spectrum (according the Lambert-Beer
law). The wavelength axis of the spectrometer was
calibrated by assigned copper emission lines [14]
with an accuracy better than 100 meV.

3. Results
3.1. UPS spectra and simulation

In Fig. 4 the UPS photoelectron spectrum is
shown as measured. The binding energy Ep relative
to the vacuum level in this measurement could be
scaled by use of the cut off value and the He(I) pho-
ton energy. As can be seen from Fig. 4 the UPS
spectrum is well structured in the region of low bind-
ing energies. Furthermore the good signal to noise
ratio in this region allows a deconvolution of the
spectra. In order to reduce the number and range
of parameters for this analysis molecular orbital
(MO) calculations were carried out. The calculations

UPS-signal

Om v vV Vv Vv v v
T T r

11 10 9 8 7 6
E, [eV]
Fig. 4. Calculated energy levels (triangles) of B-carotene and the
derived spectrum by convolution with a Gaussian profile of 0.5
eV FWHM (dashed line) in comparison with the measured
UPS spectrum (solid line).

Res.

UPS-signal

Fig. 5. UPS spectrum of B-carotene (gray dots) fitted by sub-
bands (thin dashed lines). The resulting residuum is plotted
above the spectrum comparing measurement and fit (thick dot-
ted line).

were performed by GAUSSIAN 98 [15] using the
Austin method 1 (AM1) [16], a semi-empirical meth-
od mainly used for ground state calculations of or-
ganic molecules. From optimizing the molecular
structure the energies of the electronic states were
evaluated. Rather than in the absolute values of the
calculated energies, we were interested in the density
of states near the band gap contributing to the pho-
toelectron spectrum. Convolution of the highest oc-
cupied electronic states by Gaussian profiles (0.5 eV
width) yields good agreement to the measured UPS
spectra as shown in Fig. 4 neglecting a constant en-
ergy shift. Therefore we decided to deconvolute the
measured spectra in the binding energy region be-
tween 5 and 9 eV by seven Gaussian profiles of equal
width (starting value: 0.5 eV width) separated by
equal distance representing the underlying six elec-
tronic states in this region, whereas the seventh curve
stands for the rising continuum-like range. The re-
sults of this procedure together with the AM1 calcu-
lated binding energies are summarized in Fig. 5 and
Table 1. As can be seen from the residues in Fig. 5
our model fits the experimental data very well. In
comparison with AM1 calculations there is an energy
shift between the calculated and the measured data.
This constant energy shift can be attributed to envi-
ronment polarization [17] that was not taken into
account in our AM1 calculations. The calculated en-
ergy of the HOMO agrees very well with the gas
phase ionization potential of 7.65 eV reported for
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Table 1

Measured and calculated ionization energies of thin films of B-carotene on Au substrate

Energy (eV) HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5
Ecalculated 7.63 8.18 9.19 9.54 10.12
Emecasured 5.84 6.56 7.56 7.94 8.48
AE (calc.) 0.55 0.53 0.47 0.35 0.58

AE (meas.) 0.72 0.56 0.44 0.38 0.54

Additionally energy differences AE=E(HOMO-n—1)—E(HOMO-n) are given. The calculated values were determined using GAUS-
SIAN/AMI1. The experimental data were obtained from a deconvolution analysis of the UPS spectrum assuming seven Gaussian
curves (cf. Fig. 5) where the seventh curve stands for the uprising continuum-like range. Error: £0.2 eV.

B-carotene in [18]. The curve fitting yields a HOMO
energy of the solid state B-carotene of 5.84+0.2 eV
giving a polarization energy of approximately 1.8 eV.

3.2. NEXAFS

The absorption spectrum of B-carotene near the
carbon K-edge is shown in Fig. 6: The typical K-
edge absorption structure of a single carbon atom is
overlaid by a small preband at the low energy side
and a more complex structure at higher energies. The
latter structure belongs to the EXAFS range with
high absorption cross-sections. At lower energies (be-
low the ionization potential) the absorption cross-
section drops and a narrow band with a shoulder
appears. This second range was fitted by three Gaus-
sian profiles as the spectral resolution is not enough
to reveal the natural line shapes. The narrow band is
positioned at 284.8 eV with an FWHM of 1.2 eV and
the shoulder at 286.4 eV (FWHM 0.81 eV). The as-
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Fig. 6. NEXAFS spectrum of B-carotene (solid line). The
dashed lines represent the fitted subbands below the ionization
potential.

cent of a broad band represents the carbon K-edge
together with n* and o* excitations (cf. [19]). We
interpret the position of the third Gaussian profile
at 288.8 eV as the ionization potential IP (in agree-
ment with [19]). The narrow band is assigned to a
transition 1s—mn*, where n* denotes an unoccupied
molecular orbital. The observed peak represents a
superposition of all (possibly chemically shifted)
transitions from the carbon atoms in the polyene
chain to this excited * state. As no band is observed
at lower energies we assign this band to the lowest
unoccupied molecular orbital (LUMO). The should-
er seems to consist of only one line because its width
gives A/AA=350, which is the value of the spectral
resolution limit. But this is presently not certain be-
cause the width of the shoulder depends on the slope
of the band representing the carbon K-edge. The
natural linewidth of core-bound transitions can be
estimated from the core hole life time via the Heisen-
berg uncertainty principle, which gives values below
0.1 eV for the carbon K-shell [20]. In agreement with
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Fig. 7. Term scheme of amorphous B-carotene as resulting from
NEXAFS (LUMO’s) and UPS (HOMO?’s) (solid lines) as well
as from the UV absorption spectrum (dashed lines). The UV
absorption data are calculated by subtracting the energy of the
absorption peaks (cf. Fig. 2) from the HOMO/S, level.
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this high resolution measurements of electron energy
spectra yielded for hydrocarbons linewidths of K-
shell carbon electrons down to 0.1 eV [21]. The larg-
est contribution to this shoulder could be assigned to
the 6* (C-H) excitation which can be usually found
around 287 eV for saturated hydrocarbons [22,23].
But we prefer the interpretation that this shoulder
is caused by the n* (LUMO+1) level which should
be found in this range or even lower (see Fig. 7). Into
this level the electron from the HOMO gets excited
by optical excitation as in UV/VIS spectroscopy (see
Fig. 2). The alternative possibility of assignment does
not affect much the considerations about the esti-
mated value of the valence excitation energies be-
cause the K-shell ionization potential of a saturated
hydrocarbon is typically around 290 eV [24]. This is
almost the same value as the average value for the C
atoms of the saturated chain.

Unfortunately the sample was relatively thick that
the signal to noise ratio got worse in the higher en-
ergy range. This results in some artifacts. The two
valleys at 292.5 eV and 290.9 eV can be assigned to
lines of the copper emission being diffracted in the
fourth order. These lines do not get absorbed by the
aluminum filter. Therefore the fourth order of dif-
fraction appears against the strongly absorbed first
order of diffraction. As these lines above 1 keV are
isolated there is no further disturbance of the spec-
trum, especially in the range around 285 eV. Inter-
ference by lower orders can be excluded as the alu-
minum filter absorbs in this range strongly.

4. Discussion

The MO energies of B-carotene evaluated by UPS
and NEXAFS measurements together are summa-
rized in an energy level scheme given in Fig. 7. For
comparison the data from UV/VIS absorption mea-
surements are also given. Using both the IP of 288.8
eV and the core energy of the lowest n* orbital of
284.8 eV as revealed from NEXAFS measurements
the binding energy of the LUMO can be calculated
to 4.0 0.1 eV. The energy of the first excited singlet
state S; of PB-carotene can be estimated from the
difference between this value and the HOMO energy
(5.84£0.20 eV) evaluated by UPS measurements. It
amounts to 1.84 £0.20 eV which means the optically

dark transition Sp—S; in amorphous B-carotene is
located at about 650 nm. For comparison, values
for the B-carotene Sy—S; transition in solution, ob-
tained with the above-mentioned indirect methods,
range between 540 nm and 735 nm [8,25-29]. No
differences in the results between solid and dissolved
B-carotene are expected as in the absorption spectra
in the visible range no differences in the position of
the bands were observed, only broadening (cf. Fig.
2). B-Carotene was examined in the same, solid phase
in both UPS and NEXAFS measurements. So it can
be expected that the differences in the electronic sys-
tem are small, affected only by the different sub-
strates.

To prove the reliability of the procedure described
above we have compared the energy of higher excited
singlet state(s) estimated from NEXAFS measure-
ments with the related data from UV/VIS absorption
spectra. From the position of the shoulder in the
NEXAFS spectrum at 286.4 eV an energy of the
higher excited singlet state Sy of 3.5%£0.2 eV was
derived. As can be seen from Fig. 2 this value fits
the position of the UV absorption band located at
3.7 eV very well.

Until now photoelectron spectra of carotenoids are
known only for molecules in the gas phase [18] or
from samples prepared under poorly defined condi-
tions by evaporation of the solvent in vacuum [17].
An earlier X-ray photoelectron spectrum (XPS) of -
carotene excited utilizing Mg K, radiation
(hv=1253.6 e¢V) can be found in [30]. Our HOMO
energies are in good agreement with data published
previously for the gas phase molecule [18] if we con-
sider an energy shift of 1.8 eV caused by polarization
effects (see above).

To our knowledge, the NEXAFS spectrum is the
first one published of B-carotene. Near edge X-ray
absorption fine structure (NEXAFS) spectroscopy is
a well-established technique to study the electronic
structure of unoccupied states of organic molecules
with extended m-electron systems [31]. In this respect,
a laboratory X-ray source offers some specific advan-
tages in comparison with conventional X-ray sources
such as easy access, compactness and short pulse
length. We used our laser produced plasma XUV
source together with our spectrograph to investigate
NEXAFS spectra of B-carotene at the carbon K-
edge.



M. Beck et al. | Biochimica et Biophysica Acta 1506 (2001) 260-267 267

A further improvement, of special interest for in-
vestigation of carotenoids in carbon-containing envi-
ronment like light-harvesting complexes of higher
plants or bacteria, should be possible with the
pump-probe method, extending the setup described
here. As can be seen from Fig. 6 the NEXAFS spec-
trum shows a spectral resolution high enough to dis-
criminate energy levels separated by more than 1 eV.
This will enable a pump-probe spectroscopy using a
visible light pulse to excite the sample and to exam-
ine both occupied and unoccupied molecular states.
Having the light sources for both the visible and the
XUV range driven by the same laser, this setup will
provide a jitter-free synchronization and thereby the
feasibility of time-resolved NEXAFS investigations
as described in [10,32]. Such investigations are cur-
rently in progress.
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