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Syntheses, Structures, Photoluminescence and Theoretical Studies of
Xanthone in Crystalline Resorcinarene-Based Inclusion Complexes

Shao-Liang Zheng* and Philip Coppens**

Abstract: Two new crystalline resorcin-
arene-based xanthone inclusion com-
plexes, CECR-xanthone-MeOH (1),
and HECR-2xanthone-6MeOH (2)
(CECR = C-ethylcalix[4]resorcinarene,
HECR =hexaethylresorcin[6]arene)

have been prepared to study the rela-
tion between photophysical properties
and solid-state structure. Compared
with the neat crystals, the xanthone

systems
luminescence

Introduction

Unlike in solutions or rigid glasses, which traditionally have
been used for dilution of photoactive species, three-dimen-
sional periodicity is preserved in multicomponent supra-
molecular solids. Supramolecular host matrixes provide a
well-defined environment in which the encapsulated lumi-
nescent guest molecules may occur in different states of ag-
gregation and orientation relative to their environment, of-
fering the opportunity to study the structure dependence of
photophysical properties.

When supramolecular host—guest inclusion complexes are
formed in aqueous solutions an enhancement of the lumi-
nescence is often observed.!! This is partly a result of the
elimination of quenching of molecular triplet states by dis-
solved O, molecules, but is also attributed to the change
from the polar environment of aqueous solution to the
apolar walls of the cavity, as for instance in cyclodextrin in-
clusion complexes. The first reported example concerns the
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phosphorescence is severely quenched
in both solids, but the lifetime is an
order of magnitude larger in 2, in
which xanthone occurs as a dimer, than
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in 1, in which it occurs as a monomer.
The electronic transitions involved in
the photoluminescent process, and the
relation between the energy levels of
host and guest and emission quenching
of the guest in the supramolecular solid
have been investigated by means of
time-dependent  density  functional
theory (TDDFT) calculations.

tenfold increase in fluorescence yield of 1-aninilino-8-naph-
thalene sulfonate upon inclusion in - or y-cyclodextrin.?
While there are many other examples of luminescence en-
hancement, with variation of the solvent both an increase
and a decrease of the fluorescence intensity of pyrenel’ and
xanthone!” on complexation with a-, f-, and y-cyclodextrin
has been reported. A difficulty in the interpretation of such
studies is that the geometry of complexation is not known.
There is in fact evidence that an equilibrated array of dis-
crete conformations rather than a single conformation exists
in solution.”! In supramolecular solids on the other hand,
the geometry can be determined and collision-induced
quenching is eliminated.

Solid-state spectroscopic®®! and time-resolved diffraction
results®” show that the excited-state geometry and lifetime
are affected by the constraining environment of multicom-
ponent supramolecular solids. Luminescence quenching
occurs in the solid state through nonradiative energy or
electron transfer between the excited entity and its environ-
ment. Control of luminescence quenching and the corre-
sponding enhancement of the light-emission has technologi-
cal applications in the design of light-emitting diodes,”* and
is required for time-resolved diffraction studies of transient
species in supramolecular environments.'”) However, few
systematic investigations on the relation between structure
and properties have been carried out as extensive structural
information is only now becoming available!'! and computa-
tional techniques have only recently allowed reliable calcu-
lations of larger molecules.
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Aromatic ketones, such as benzil, "> benzophenone,!'>1%
and xanthone,!'”'® are of particular interest owing to their
roles in photophysics and photochemistry. They have excited
triplet states with lifetimes that can be as high as millisec-
onds at low temperature in the solid state,'>' and are
highly reactive. However, in a series of supramolecular
solids based on resorcinarene and bipyridyl-type linker mol-
ecules, the intense phosphorescence of the aromatic ketones
was found to be completely™!! or very strongly!"
quenched, even at low temperature.

As part of our investigations of emission quenching in
supramolecular environments we have synthesized two re-
sorcinarene-based inclusion complexes in which no mole-
cules other than the guest and the resorcinarene are present,
thus simplifying the analysis. We here describe the syntheses,
structures, and photophysical properties of CECR-xanth-
one-MeOH (1), and HECR-2xanthone-6MeOH (2) (CECR =
C-ethylcalix[4]resorcinarene, HECR =hexaethylresor-
cin[6]arene, Scheme 1). The xanthone molecule occurs as
monomer in 1 and as a dimer in 2, resulting in significant
variation of the spectral properties. The experimental work
is complemented by calculations based on time-dependent
density functional theory (TDDFT).

Scheme 1. The structures of xanthone (top), CECR (middle) and HECR
(bottom).
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Results and Discussion

Syntheses: CECR-xanthone-MeOH (1), and HECR-2xan-
thone-6 MeOH (2) were prepared by hydrothermal synthe-
sis, previously used successfully to prepare novel resorcinar-
ene-based supramolecular frameworks incorporating aro-
matic ketones.'**11 We did not succeed in preparing a
CMCR-xanthone (CMCR = C-methylcalix[4]resorcinarene)
phase, even though the composition of the corresponding re-
action mixture was varied in a series of experiments. To
allow comparison of the spectroscopic properties, the crys-
tals of neat xanthone,'”’ CECR, and HECR™ were grown
from open solutions, characterized by X-ray crystallography,
and examined spectroscopically.

Crystal structures: The CECR molecules in 1 adopt the
bowl-shaped (r-cis-cis-cis) conformation with four intramo-
lecular hydrogen bonds along the upper rim (O«-O=
2.682(2)-2.732(2) A, Table S1 in the Supporting Informa-
tion). Adjacent CECRs are connected by intermolecular hy-
drogen bonds (0«0 =2.688(2)-3.294(2) A) to form layers
parallel to the (100) plane with the deep bowl-shaped cavi-
ties, in which the CECRs are oriented in an up-and-down
fashion (Figures 1 and S1 in the Supporting Information).
Adjacent hydrogen-bonded layers are juxtaposed along the
a axis such as to leave a void of 5.90 A when the van der
Waals radii of the atoms are taken into account (often refer-
red to as the “effective separation”). The bowl-shaped cavi-
ties occupy 32.9% of the crystal volume.?!! A fully ordered
xanthone molecule is entrapped within each such cavity. No
strong intermolecular interactions occur between xanthone
and the host framework. One methanol molecule is included
at the top of each cavity and is hydrogen-bonded to the hy-
droxyl oxygen atom (O—H--O=2.678(2) A) of an adjacent
CECR.

As in HECR:12DMSO, the HECR molecules in 2 adopt
the r-trans-cis-trans-cis-trans  conformation.”?’  Adjacent
HECR units are connected by intermolecular hydrogen
bonds (OO0 =2.6925(9)-2.9011(9) A), resulting in a one-di-
mensional wavy hydrogen-bonded chain parallel to the b
axis (Figures 2 and S2 in the Supporting Information). These
hydrogen-bonded chains are juxtaposed along the a axis
with a 3.01 A effective separation and along the b axis with
a 491 A effective separation. Channels along the ¢ axis ac-
count for 39.6 % of the crystal volume. In each unit cell, two
xanthone molecules are embedded in each channel as
dimers, formed by m—m interactions between two aromatic
rings with an interplanar distance of 3.41 A. Six methanol
molecules are clathrated in each channel to fill the gap left
by the xanthone and are hydrogen-bonded to the hydroxyl
oxygen atoms (O—H--0=2.609(1)-2.969(1) A) of the host
network.

The most significant distinction between the two phases is
that xanthone occurs as a monomer in 1, whereas it is a
dimer in 2. The molecular dilution of xanthone is pro-
nounced. Its concentration is 1.642 and 1.752 molL ™" for 1
and 2, respectively, compared with 7.106 molL™" in neat
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Figure 1. Three-dimensional supramolecular architecture of 1, containing
monomer xanthone viewed along the b axis (top), and viewed along the
¢ axis (bottom). The methanol molecules are omitted for clarity.

xanthone crystals (Table 1).*) Our calculations indicate that
the xanthone dimer in the geometry found in crystals of 2 is
less stable by 6.26 kcalmol ' than two isolated monomers

Table 1. Comparison of cavity size, concentration, and luminescence
properties of xanthone in neat crystals and host-guest compounds.

Volume per Concentration A, Lifetime
xanthone®™ [A%] [molL™",90K] [nm, 17K] [ps, 17K]

neat xanthone 233.67 7.106 480 887
monomer in 1 281.25 1.642 420 0.22
dimer in 2 268.15 1.752 460 5.56

[a] Solvent molecules excluded in calculation of volume.

with the same geometry. On optimization, the interplanar
distance increased by about 0.3 A and a large lateral shift of
about one ring occurred (Figure S3 in the Supporting Infor-
mation), suggesting that such a dimer will not be found in
solution. Nevertheless, it can be stabilized in the supra-
molecular environment as is evident from the crystal struc-
ture of 2.

Chem. Eur. J. 2005, 11, 3583 -3590 www.chemeurj.org
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Figure 2. Three-dimensional supramolecular architecture of 2, containing
dimer xanthone viewed along the ¢ axis (top), viewed along the a axis
(middle), and side view (bottom left) and top view (bottom right) of the
dimeric xanthone molecules connected by m—m interactions. The metha-
nol molecules are omitted for clarity.

Whereas spectroscopic observations on solutions and
computational results have been used extensively to obtain
insight into the nature of excimers,®? their dilute occur-
rence in supramolecular crystals opens the possibility of
solid state studies of excimers, with spectroscopic and re-
cently developed time-resolved diffraction methods.?™ The
existence of a discrete monomer in 1 and discrete dimer of
xanthone in 2 provide an opportunity to analyze the de-
pendence of spectroscopic properties on molecular packing.

Spectroscopic properties

Absorption spectra: Similar to neat xanthone, the longest
wavelength absorption bands of crystalline samples of both
1 and 2 occur at 335 nm (Figure 3). The longest wavelength
absorption maxima in the UV-visible spectra may corre-
spond to S,-S, transitions with n>1, as the S-S, transition
may have a low oscillator strength.?**! Qur TDDFT calcu-
lations (Table 2), indeed indicate that the lowest energy ab-
sorption maximum of 1 should be attributed to the S,-S,
transition (calcd wavelength 310.9 nm, oscillator strength
0.061), while the lowest energy absorption maxima of the
dimer in 2 is assigned to the S-Ss transition (calcd wave-
length 310.5 nm, oscillator strength 0.094), as the transitions
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Figure 3. Solid-state UV-visible reflectance spectra of 1 (top), 2 (middle),
and neat xanthone (bottom).

Table 2. Calculated excited state energy separations and oscillator strengths of various linker molecules.

involving lower excited states have much lower oscillator
strengths. The excited-state—ground-state (ES-GS) separa-
tions from the TDDFT calculations agree with the observed
positions of the absorption bands.

Emission spectra: While the absorption spectra may vary
little with degree of aggregation, as evident by comparison
of the UV spectra of 1 and 2, the emission spectra can be
very sensitive.”®*) Although the crystals of neat xanthone,
which contain one-dimensional stacks with m—st interactions
(Figure S4 in the Supporting Information),!”! emit at ap-
proximately 480 nm upon 366 nm excitation at 17 K, the lu-
minescence maximum of monomer xanthone in 1 is found at
about 420 nm, while the emission maximum of dimer xan-
thone in 2 occurs at 460 nm (Figure 4). This result is in
agreement with the red-shifts commonly found in lumines-
cence spectra of the excimer in solution,> and supported
by our calculation of the energy-level spacings.

The emission spectrum of xanthone in hexane has been
found to be strongly temperature dependent.l'”! Only at very
low temperature, below about 10 K, does emission from the
T;(m,t*) triplet state, which is close in energy to T,(n,t*),
become important. Based on TDDFT energy-level and mo-
lecular-orbital analyses, we similarly assign the triplet states
of the monomer in 1 and the dimer in 2 to be of m,;t* nature
for the T, state and of n,7t* nature for the T, state, as shown
in Figure 5, the T|-T, spacing being only 0.033 and 0.017 eV,
respectively. Taking into account the temperature at which
the current experiments were conducted (17 K) and the re-
ported nonplanarity of the T,(m,n*) state, which would be
restrained in the crystal matrix, the luminescence in the
supramolecular crystals is assigned to the T,(n,7*) state.

Phosphorescence lifetimes: A major factor affecting solid-
state photophysical behavior is energy transfer to the molec-
ular environment, which shortens emission lifetimes or leads
to full quenching of the emission through nonradiative
decay of the excited species. Two mechanisms for energy
transfer are distinguished.[m] The first, the Forster mecha-
nism,”3! plays a major role in energy transfer in proteins
and in solutions,* and is Coulombic in origin. It is the dom-
inant factor in deactivation of excited singlet states at long
distances (10 to 150 A), and manifests itself in fluorescence
quenching. For deactivation of triplet states Coulombic in-
teractions that require triplet—triplet energy transitions (i.e.,
D*+'A—='D+°A*) on donor (D) and acceptor (A) are

forbidden, and thus do not play

a role. While short-range

(<10 A) energy transfer is usu-

Energy' Monorj}er inl DimerjnZ CECRﬁ 1 HECR:] ally attributed to a Dexter ex-
separation E[eV'](H E eVl (H E[eV'](H E[eV'](H change mechanism,ml signifi-
ST, 3.148 (0.000) 2.887 (0.000) 3.532 (0.000 3.575 (0.000)  ant orbital-overlap-dependent
S-S, 3.710 (0.000) 3.622 (0.000) 4.083 (0.000) 4.262 (0.000) .
Sy-S, 3.988 (0.061) 3.623 (0.000) 4.254 (0.040) 4270 (0.035) €Xchange can also be mediated
Sy=S, 4730 (0.054) 3.900 (0.000) 4297 (0.037) 4397 (0.000) through charge-transfer (CT)
Si=S, 5.059 (0.021) 3.948 (0.002) 4.429 (0.002) 4399 (0.030) configurations.”>*  The ex-
S,-Ss 5.249 (0.308) 3.993 (0.094) 4.620 (0.002) 4582 (0001)  change and CT couplings are
short range as they depend on
3586 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2005, 11, 35833590


www.chemeurj.org

Inclusion Complexes

1.0+
480 nm

0.8 -
g
5 0.6
=
2
=
= 04l

0.2+

0'0 1 1 1 1

400 450 500 550 600 650
Wavelength/nm
£
w
g
£
=
1 1

400 450 500 550

Wavelength/nm

Intensity

Intensity

FULL PAPER

1.0+
420 nm

0.8 -

04 -

02

0.0 1 1 1 1 1
400 450 500 550 600

Wavelength/nm

0.7 +

460 nm

05

04

0.2

00 ' L
400 450 500 550

1
600
Wavelength/nm

Figure 4. The emission spectra of xanthone in solid state at 17 K (top left), in hexane solution at room temperature (bottom left), in 1 (top right) and in

2 (bottom right) at 17 K.

overlap of donor and acceptor orbitals (in the supramolec-
ular case the orbitals of the host molecules lining the guest
cavity with the orbitals of the guest itself). Both the long-
and short-range energy transfer depend on the energy-level
spacings of the donor, which is deactivated, and the acceptor
(Scheme 2).[%:3%323] The increased density of solids relative
to solutions and the existence of well-defined host-guest ge-
ometries and interactions enhances the importance of the
short-range mechanisms of luminescence quenching.

In a series of supramolecular solids based on resorcinar-
ene and bipyridyl-type linker molecules, the intense phos-
phorescence of aromatic ketones was found to be complete-
ly31° or very strongly quenched,!'! even at low tempera-
ture. Although we measured the lifetime of the neat xan-
thone crystal at 17 K as 887 s, for 1 and 2 the corresponding
numbers at the same temperature are only 0.22 and 5.56 ps,
respectively, indicating that significant quenching occurs.

A necessary condition for energy transfer is matching of
the spacings of the donor and acceptor energy levels affect-
ed by the transfer. While the absorption bands of powdered
CECR or HECR crystals occur in the 210-400 nm region
(Figure S4 in the Supporting Information), xanthone in its
neat crystals emits at approximately 480 nm (Figure 4), sug-
gesting that no significant overlap between the emission

Chem. Eur. J. 2005, 11, 3583 -3590 www.chemeurj.org
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spectrum of guest and the absorption spectrum of host
framework exists. However, the room temperature emission
spectrum of xanthone dissolved in hexane is blue-shifted to
approximately 400 nm (Figure 4). In addition, the longest
wavelength absorption maxima in the UV spectra of CECR,
and HECR correspond to S-S, transitions with n>1,
(Table 3) and are thus not characteristic for energy levels
that can be involved in the short-range interactions. The
TDDFT calculations on the isolated molecules indicate that
the S-S, and Sy-T; separations of CECR or HECR are only
slightly larger than those of the xanthone guest. When we
take into account that the interactions in the solid state,
such as hydrogen-bonding and s— stacking, can further de-
crease the ES-GS separations of the host below the calcu-
lated values,® the energy gap of the host framework is
likely to be similar to that of the xanthone guest, thus allow-
ing significant energy transfer and corresponding quenching
of the luminescence. As described above, for the dimer
structure 2 the emission is significantly red-shifted and in
agreement with calculated ES-GS separations. The observed
reduction of luminescence quenching in 2 relative to 1 may
thus be attributed to the reduced ES(triplet)-GS(singlet)
energy gap of the xanthone donor, which becomes smaller
than the corresponding gap of the host acceptor molecules.
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Figure 5. The contour plots of the relevant molecular orbitals of the
monomer in 1 (top) and the dimer in 2 (bottom) in the T,(swt,n*) and T»-
(n,7t*) triplet state based on TDDFT energy level and molecular orbitals
analyses. Isosurface drawn at 0.05 au.
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Scheme 2. Schematic of guest-host energy transfer mechanisms in crystal-
line supramolecular inclusion complexes. Straight arrows: radiative pro-
cesses. Wavy arrows: nonradiative processes.

In a parallel study we have observed a similar increase in lu-
minescence lifetime and an increased red-shift of the emis-
sion in a supramolecular solid containing a pyrene exci-
mer.’ On the other hand for excimers in solution, a de-
crease in the quantum yield of the luminescence is generally
observed, resulting from an enhancement of self-quenching
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Table 3. Crystal data and structure refinement of 1 and 2.

1 2
formula CsoHs5,On CssHi002
M, 828.92 1485.66
crystal system orthorhombic triclinic

space group Pbcn (No. 60) P1 (No. 2)
a[A] 30.0636(14) 10.7903(5)
b [A] 13.8059(7) 14.1835(7)
c[A] 19.4867(9) 14.2469(7)
a[°] 90 117.322(1)
AN 90 90.147(1)
v [°] 90 100.502(1)
VA% 8088.1(7) 1895.4(2)
z 8 1

u (Moy,) [mm~'] 0.095 0.093
reflns collected 118671 32294
independent reflns 9773 10483

Ry 0.0601 0.0208
data/parameters 9773/550 10483/688
goodness-of-fit on F> 1.055 1.044

R, [I>20(1)] 0.0616 0.0378
WR, (all data) 0.1853 0.1119
AP DPwmin [6 A7) 0.634/—0.576 0.505/—0.246

or concentration quenching when the concentration of a fluo-
rescent species increases.””! However, for excimers in the
solid state, the lower ES—GS separation can suppress the
competing energy transfer by increasing the difference in
energy-level spacings between the guest and the host frame-
work.

Concluding Remarks

Only few investigations of the electronic transitions involved
in the photoluminescence and emission quenching in crystal-
line supramolecular systems have been carried out.'! We
find the intense phosphorescence of xanthone to be signifi-
cantly quenched in the supramolecular solids examined, and
the emission properies to be a function of the aggregation of
the guest molecules. Examination of experimental host-ab-
sorption and guest-emission spectra and the TDDFT energy
levels provides a basis for interpretation of the experimental
results. The observed quenching contrasts with DCA-benzil
(DCA =deoxycholic acid), in which the energy-level separa-
tion of the DCA host is significantly larger than that of the
benzil guest molecules, and the phosphorescence lifetime of
benzil at 17 K exceeds that of benzil in its neat crystal.””
Our results also confirm the crucial role of the energy-
level separations in the energy transfer process. Energy-
level separations can not be readily obtained from the ab-
sorption spectra, as the longest wavelength band observed
often does not correspond to the S-S, transition, which may
have low oscillator strength. With careful consideration of
the factors involved, luminescent supramolecular systems
can be designed by means of rational synthetic strategies.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 35833590
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Experimental Section

Synthesis of CECR-xanthone-MeOH (1): CECR (0.05 mmol, 30.0 mg),
xanthone (0.05 mmol, 9.8 mg), and methanol:benzene (1:1, 4 mL) were
sealed in a 6 mL Pyrex glass tube. The tube was allowed to stay at 120°C
for 30 h, followed by cooling to room temperature over 3 days. Yellow
needle-shaped crystals appeared during the cooling period.

Synthesis of HECR-2xanthone-:6MeOH (2): HECR (0.05 mmol,
45.0 mg), xanthone (0.10 mmol, 19.6 mg), and methanol:benzene (1:1,
4 mL) were sealed in a 6 mL Pyrex glass tube. The tube was allowed to
stay at 120°C for 30 h, followed by cooling to room temperature over
3 days. Yellow needle-shaped crystals appeared during the cooling
period.

X-ray crystallography: Diffraction intensities for 1 and 2 were collected
at 90K on a Bruker Smart 1000 CCD area-detector diffractometer
(Mog,, 1=0.71073 A). The data were integrated, scaled, sorted, and aver-
aged using the SMART software package.™ The structures were solved
with direct methods and refined with full-matrix least-squares methods
by using the SHELXTL program package.* Anisotropic thermal param-
eters were applied to all non-hydrogen atoms. Hydrogen atoms were gen-
erated at idealized positions. Crystal data as well as details of data collec-
tion and refinement for the complexes are summarized in Table 3, while
hydrogen bond parameters are listed in Table S1 in the Supporting Infor-
mation. Drawings were produced with Weblab Viewer Pro. 4.0.140)

CCDC-266789 and CCDC-266790 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via http:/
www.ccdc.cam.ac.uk/data_request/cif.

Theoretical calculations: The binding energies of the dimer xanthone in 2
were performed at the BLYP level with a TZP basis set, by employing
the ADF 2004 suite of programs.*!}

TDDFT calculations were performed at the B3LYP level with a 6-31G**
basis set, by employing the Gaussian03 suite of programs.”*? Starting with
the X-ray geometries, the structures were optimized by energy minimiza-
tion. The contour plots of molecular orbitals were described with the
Molden 3.9 graphic program.*’!

UV-visible reflectance and photoluminescence spectroscopy: UV-visible
absorption experiments were performed on a Perkin—Elmer Lambda 35
UV-visible spectrometer equipped with an integrating sphere for diffuse
reflectance spectroscopy. The spectra were collected in the 210-800 nm
range at room temperature. Powdered crystals homogeneously diluted
with a nonabsorbing matrix (MgO) and gently tapped into a sample
holder were used as samples.

Photoluminescence measurements were carried out on a home-assembled
emission detection system. Samples (several small single crystals) were
mounted on a copper pin attached to a DISPLEX cryorefrigerator. A
metallic vacuum chamber with quartz windows is attached to the cryo-
stat, the chamber was evacuated to approximately 10~" bar with a turbo-
molecular pump, which allows cooling down to about 17 K. The crystals
were irradiated with 366 nm light from a pulsed N,-dye laser. The emit-
ted light was collected by an Oriel 77348 PMT device, positioned at 90°
to the incident laser beam, and processed by a LeCroy Digital Oscillo-
scope with 1-4 GHz sampling rate.
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