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Hetercsupramdecular structures fromCdSeor CdSe/ZnS corebhell nanocrystals and a specially designed
organic fluorophare (diazaperylene) have been prepared to investigate the electronic interactions at
nanoscopic semiconductar surfaces. To determine the average number of dye mdecules per nanocrystal,
we monitared the size-dependent mdar extinction coefficient of CdS e partides. TheNC Adyeratiois depending
on the partide size and varies between 3 and 20 dye mdecules per nanocrystal. We demonstrate that the
fluorescence of the nanocrystals is completely quenched upon the formation of the supramadecular NC dye
complex even if the surface of the CdSe partides is covered with a few mondayers of the high band gap

semiconductor ZnS.

Introduction

The use of semiconductor nanocrystals (NCs) in nano-
techndogy strongly depends on the ability toattach these
partides tospecificlocations of patential devices. Cdlaidal
partides prepared by wet chemical methods provide this
flexibility because they are covered with mdecular ligands.
The ligands can serve as mdecular wires as has been
shown for nanocrystals bound between nancelectrodes via
bifunctional dithids where single-electron chargingeffects
could be dbserved. 2 Ancther interesting application of
semiconductor nanocrystals is their use in bidabeling, It
was demonstrated that the particles can be attached to
appropriate binding sites in biological systems where the
size-dependent cdor variation of the NCs was used for
multicdor fluorescence imaging ® However, the nature
of the ligands can influence the photophysics of the
partides tremendously. E spedially the nanocrystal fluo
rescence can be quenched because certain ligands may
serveas scavengers for the photogenerated charge carriers.
Therefore inorganic surface passivation, i.e., overcoating
of the partides with a material of higher band gap, has
been utilized.® In the overcoated partides the charge
carriers are mainly localized in the core which increases
the fluorescence quantum yield to more than 50%.57 In
the present work we investigate the electronicinteraction
of the overcoated partides with their mdecular surface
ligands in detail. Tomonitor the electronic properties of
the partides and the ligands by fluorescence measure-
ments, we have used a new kind of dye mdecule as a
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functional ligand. The specially designed diazaperylene
dyeis a perylene derivate with twonitrogen atoms at one
of the bay areas which serve as specific binding sites to
thenanocrystal surface. TheNC dyeratiowas determined
from the size-dependent mdar extinction coefficient of
the nanocrystals. These “hetercsupramdecular” com-
plexes® are considered to be prototype structures for
electronic interactions at nanoscopic semiconductor sur-
faces the understanding of which is of great interest for,
e.g, photovdtaic devices based on nanopartides.®!!

Results

In the last years CdS e partides have become a model
system in nanocrystal research because their band gap
can be tuned over almost the whdle visible range and the
partides can be synthesized with aremarkable size contrad
and very high crystallinity. 2 The upper part of Figure 1
shows absarption spectra of CdSe partides of different
sizes which were prepared via high-temperature orga-
nometallic chemistry.!3'4 Briefly, a sdution of dimeth-
ylcadmium and selenium powder in tributlyphophine
(TBP) wasinjectedin hat trioctyl phasphine axide (TOPO)
(7> 300°C) whereby the desired partide size was achieved
by varyingthe temperature, the concentration of reactants,
and the reaction time. The overcoating of the partides
with ZnS was perfarmed according toref 15; i.e., CdSe
partides were dissdved in mdten TOPO and the ZnS
shell was grown by addition of diethylzinc and hexa-
methyldisilathiane ((TMS)zS).

Touse these partides as chemical precursors to build
up more complex structures, like NC /dye composites, the
particdle concentration in sdution needs to be known. In
general, the concentration could be determined very easily
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Figure 1 The upper graph shows a set of CdS e nanocrystals
inasizeregime of 1—10nmin diameter. Thelower graph shows
their mdar extinction coefficients at their first absorption
maximum. Partides 3 nm in diameter (250 CdSe units) have
the same extinction coefficient as R6G. The mdar extinction
cceffident of thediazaperyleneis 1.8 x 10¢L Amd am). Deviation
from the cubic dependence of the absarption coefficient upon
partide diameter (sdid line) may be due to different size
distribution or overlapping absarption bands.

by optical absarption measurements if their mdar extinc
tion coefficient would be known. Although CdSe nano
crystals were investigated in detail in the past few years,
very little is known about their absorption strength.
Therefore, we synthesized a set of CdSe particles and
determined the mdar extinction coefficient at their first
absorption maximum, i.e, at their “excitonic” or “band
gap’ absarption. Thetotal cadmium concentration of each
sample was determined by atomicabsorption spectroscopy
(AAS) after digesting the particles in HNOs. The partide
concentration was then calculated by assumingbulk lattice
parameters and spherical symmetry where the partide
diameter was deduced from the absorption spectra. The
carrespondence of partide diameter and absarption spectra
was taken from the literature.'># The lower graph in
Figure 1 shows the dependence of the absarption coefficient
upon partide diameter. E venthough thereis a fairly large
dispersioninthedata, whichis duetoseveral experimental
uncertainties such as variation in size and shape, it can
be seen that the trend fdlows a cubic dependence (sdid
line) up to a diameter of appraximately 4.5 nmy; i.e, it
appears to scale with the vdume of the partides. This
dbservation shows that the absorption ccefficient is
propartional to the number of CdSe units in the nano
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arystal. In contrast, measurements on cdladal CdS
partides prepared in aqueous sdution showed that the
osdillator strength is not depending on particle diameter
if the size of the nanocrystals is smaller than the bulk
exciton.!® Above a diameter of appraximately 5 nm the
absarption peaks cannot be dearly resdved in the spectra
(see upper part of Figure 1). Also even slight variations
insize can already lead toalarge divergencein mdecular
weight. Therefare, we found that a reliable estimate of
the mdar extinction coefficient on the basis of ensemble
absorption spectra can only be given up to a diameter of
5 nm for CdSe nanocrystals prepared by the described
method. By comparison of the absarption strength tothose
of common dye mdecules, we have found that CdSe
partidles of 3 nm diameter containing about 250 CdSe
units have appraximately the same mdar extinction
coefficient as Rhodamine 6G (1 x 10° L Amd am)) at the
first absorption maximum. The diazaperylene dye which
is eventually attached to the nanocrystal surface (see
below) has a mdar extinction coefficient of 1.8 x 10*L Afmd
anm), i.e, comparable to partides with a diameter of 1.5
nm. Therefore, the determination of the size-dependent
extinction coefficient allows for a profound estimation of
the NC /dye ratio in the composite structures.

The formation of the NC /dye composites occurs via a
ligand exchange reaction. As mentioned above the syn-
thesis of the particles proceeds in TOPO where the axygen
isattachedtothe surface and thelongalkyl chains provide
sdubility in nonpdar sdvents such as tduene or hexane.
Pdar sdvents such as methand or ethand cause pre-
cipitation of the partides from sdution.!®> We have
investigated alarge number of nitragen-containingligands
such as aniline, benzylamine, phenylethylamine, dode-
cylamine, pyridine, and phenazin compounds. For mac
roscopic CdSe surfaces, it was shown that TOPO and
amine ligands are not strongly bound to the surface but
that there is a dynamic exchange equilibrium between
attachedligands andligandsinsdution.!”'8F or theCdSe
nanocrystals we found that this equilibriumis depending
not only on the ligand itself but also on parameters such
as partidesize, sdvent, temperature, and concentrations.
To investigate the affinity of different amines to the
nanocrystal surface, the TOPO ligands were first ex-
changed by pyridine. This was done by subsequently
refluxing the partides in pyridine and precipitation
through addition of hexane for several times. The pyridine
on the surface of the partides was then exchanged by
addition of different amines as could bemonitared by NMR
spectroscopy. As a general trend in binding strength
among the investigated amines, it can be daimed that
aromatic amines are less strongly bound to the surface
than aliphatic amines where the binding strength in-
creases with the aliphatic chain length. The strongest
bonds, however, were formed with bidental ligands such
as bipyridyl compounds, a trend which has also been
observed at bulk CdSe surfaces.!®

In view of the strong complexing nature of bipyridyl
ligands, '° we have synthesized a pdyaromatic dye where
thebipyridyl groupisinvdvedinthe chromopharicsystem
We choose tosynthesizethemdecule 1, 12-diazaperylene,
which contains twonitrogen atoms at one of the two bay
regions of the conjugated system as displayed in S cheme
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98 7665.
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1. Sofar only the synthesis of 1,7- and 3,9-diazaperylene
derivatives has been described in the literature?®22
whereas 1, 12-diazaperylene has only been the subject of
abinitioand HMO calculations.?® The two-step synthesis
of 1,12-diazaperylene starts from isoquindine which is
dimerizedwith LDA in ether toform 1, I’-biisoquindine. ?*
The cydizationreaction, whichyields 1, 12-diazaperylene,
was inspired by the dbservation of Sdodovnikov et al.
who showed that 1, 1’-binaphthyl spontaneously cydizes
through reduction with alkali metals.?°F or this particular
anionic cydization reaction, potassium in dimethaoxy-
ethane was used.

It turns out that diazaperylene can readily exchange
TOPO fromthe surface of CdS e nanocrystals. This can be
seen by investigation of the reaction product of semicon-
ductor nanocrystals and chromophores, which has a very
different sdubility than the parent compounds. Whereas
both isdated compounds are well sduble in tduene, the
NCMdye complex, which is immediately formed after
addition of excess dyesdution tothe cdladal nanocrystals
at room temperature, precipitates right away. After
separation, this product can be washed with tdluene and
redissdvedinmore pdar sdvents such as dichlaroethane.
The changein pdarity of the prepared heterostructure as
compared tothe isdated compounds might be a result of
charge separation upon attachment. The synthesis of the
NC dye complex and the correspondingNMR spectrumis
shown in Figure 2. It can dearly be seen that the signals
of the aromatic protons show strong broadening upon
attachment tothe nanocrystal surface and partially shift
to lower field. There might be several reasons for the
observed broadening such as, eg, reduced rotational
freedom, a variety of different microenvironments, or
different orientations of the attached mdecules with
respect to the nanocrystal surface. However, the same
experiments with pure perylene chromophores instead of
diazaperylene did not show any of the effects mentioned
above. Therefore, the absence of narrow peaksintheNMR
spectra of the diazaperylene/NC sdution together with
the change of sdubility is a strong argument that the
formation of a NC /dye complex has taken place.

The strongest argument for the formation, however, is
the change in the photophysics of the NC/dye hetero
structure because the fluorescence of the nanocrystals is
completely quenched upon attachment of the dye mal-
ecules. Interestingly, the quenching occurs for CdSe as
well as CdS e/ZnS nanocrystals. F ar comparison, the optical
spectra of the isdated compounds are shown in the upper
graph of Figure 3. The sdid lines show absarption and
emission spectra of the diazaperylene in tduene. The
lowest absorption band is centered at 442 nm and the
emissionisStokes shifted by 10nm Thedottedlines show

(20) Naumann, C.; Langhals, H. Chem. Ber. 1990 123 1881.

(21) Tatke, D. R.; Seshadri, S. Indian J. Chem., Sect. B 1983 1197.
Chem. Abstr. 1984 101 54892g,

(22) Tatke, D. R.; Seshadri, S. Dyes Pigm. 1986, 7, 153. Chem. Abstr.
1986 104 188145u.

(23) Pdansky, O. E.; Zander, Motoc, M., 1. Z Naturforsch. 1983 3,
196.

(24) Ashby, M. T.; Govindan, G. N.; Grafton, A. K. J. Am. Chem. Soc.
19, 116 4801.

(25) Sdodovnikov, S. P.; Ioffe, Yu, S. T.; Zaks, B.; Kabachnik, M. 1.
Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 1968 442
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theabsarption and emission spectra of CdS e nanocrystals,
which are about 3 nm in diameter and covered with
nominally one totwomondayers of ZnS. These particular
nanocrystals have their first absorption band at 550 nm
and exhibit a fluorescence quantum yield of more that
50% as compared to a common dye mdecule (R6G)
emitting at a similar wavelength.

The lower graph in Figure 3 shows optical spectra of
the NC(CdSe/ZnS)—dye complex (sdid lines) and the
absarption of the pure nanocrystals for comparison (dotted
line). From the extinction coefficients it can be estimated
that the NC Adye ratio for this particular sample is 1/3.
This value changes for bigger-sized nanocrystals where
ratios of up to 20 dye mdecules per nanocrystal were
abserved. We found that the absarption spectrum (abs.)
of the NC dye complex is nct a pure superposition of the
spectra for isdated dyes and nanocrystals. Instead, it
shows an additional band at 474 nm, the origin of which
is nat absdutely clear yet. This band appears for any NC/
dye complex investigated and depends neither on the
nanocrystal size nor on the ZnS shell thickness.

A very interesting paint tonctice is that we could never
detect nanocrystal fluorescence for any sample investi-
gated after the dyes were attached to the surface. The
inset in the lower graph of Figure 3 shows a fluarescence
spectrum of the NC /dye complex upon excitation at 390
nm. This spectrum is quite similar to the fluorescence
spectrum of the pure dye and shows no evidence of NC
fluorescence. In addition the fluorescence excitation
spectrum which was recorded at a detection wavelength
of 590 nm, ie, at a wavelength where maostly NC
fluorescence is expected, only shows the features of the
dye absorption induding the extra band at 475 nm. The

................... . Y
P
’ N & S J toluene
:“‘ O-P’m + N f 3\
' 0P
g O‘AM
______________________ ?‘
dye on NC
dye

A L

i ' U 4 T T ' T T T T T

90 88 86 84 82 80 7.8 7.6
ppm

Figure 2 Scheme for the synthesis of nanocrystal—dye
camplexes and carrespondingN MR spectra. Whilebothisdated
compounds arereadily sdublein tduene, the N C—dye complex
predipitates and canberedissdvedin, e g chlardform TheNMR
signals (in CD2Cly) of the dye show massive broadening upon
attachment of the dye to the NC surface
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Figure 3 Fluorescence and absarption spectra of isdated
compounds (top) and of NC dye complex (bottom). The fluo
rescence and absarption spectra of the dye are almost mirror
images while the nanocrystals showincreasingabsarption above
the “band gap” and a symmetric fluorescence band (quantum
yield appraximately 50% for ZnS covered CdSe partides). The
absarption spectrum of the NC /dye complex (abs.) is nat a pure
superposition of both spectra but shows an additional band at
470 nm. The inset in the lower graph shows the fluorescence
spectrum of the NC Adye complex (fl.), which is very similar to
that of the pure dye. As the fluarescence excitation spectrum
(exc) recorded at 590 nm reveals almost only dye absaorption,
the nanocrystal fluorescence is completely quenched. The
fluorescence quenchingis alsodbservedin a wavelength region
(500—600nm) when only the nanocrystals are excited (for details
see text).

absence of the absorption features of the nanocrystal
suggests that the NC excited state is actively quenched
by the dye even when the NC /dye compound is excited
below the absarption threshdd of the dye, i.e., between
500 and 600 nm where only nanocrystal absarption takes
place.

Discussion

The origin of the additional band at 474 nm is not
absdutely dear yet. There might be several reasons for
this band, such as, eg, the formation of interfacial
electronicstates upon attachment of the dye mdecules to
the nanocrystal surface or a change of the mdecular
environment upon attachment. To get a qualitative
measure of possible environmental effects, we recorded
absorption spectra of pure diazaperylene which was
blended intoa pdymer or spin cast on a glass cover slip.
For both samples we could dbserve a red shift of the
absarption spectrumby about 30nm Therefare the change
of the dye spectrum upon attachment might not reflect
electronic interactions with the NCs such as a charge-
transfer band. It might rather be due to different mi-
croenvironments which in turn lead to different dasses
of adsorbed dye mdecules with variations in their
absorption spectra. Ancther possibility for the change of
the dye absarption spectra would be the formation of dye
aggregates.?6 Additional theoretical calculations on the
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Figure 4 Electroniclevel scheme of the NC /dye complex. The
shaded areas on the left-hand side show the conduction and
valence bands of CdSe and ZnS, inside of which the quantized
electron and hde levels and their wave functions are drawn.
The right side shows the absdute positions of the HOMO and
LUMO of diazaperylene as determined by CV measurements.
The fact that the nanocrystal fluorescence is also quenched if
only the NC and not the dye is excited suggests a hde transfer
fromthenanocrystal valence band tothe HOMO of the attached
dye mdecule (for details see text).

electronic level structure of the diazaperylene dye and
dye aggregates as well as their electronicinteraction with
semiconductor surfaces are needed to explain the absorp-
tion spectra of the NC /dye compound in all detail.
Theeffect of fluorescence quenching of the nanocrystals
upon attachment of the dye mdecules can be discussed
by means of an electroniclevel structure that is shown in
Figure 4. The shaded areas on the left side of the picture
show the conduction and valence bands of macroscopic
CdSe and ZnS in which the quantized electron and hde
wave functions are drawn, respectively. The energetic
positions of the CdS ebands are taken fromref 27, and the
ZnS band offsets were taken from ref 28 In the sdid-
state language, photoexcitation of a semiconductor pro-
motes an electron (e7) from the valence band (VB) tothe
conduction band (CB) leaving a positive hde (h*) behind.
F or small semiconductar nanocrystals, the absdute energy
levels of the electrons and hdes can be calculated tothe
first appraximation using the “partide in a bax” model
where the bax has the dimensions of the nanocrystal and
the charge carriers have so-called “effective masses”.?
The energy levels and wave functions shown in Figure 4
were calculated with an extended effective mass approach
taking into account the Coulomb interaction of electrons
and hdes and finite barrier heights at the partide
boundaries.®® The right side of the picture shows the

(26) Mahrt, J.; Willig F.; Strock, W.; Weiss, D.; Kietzmann, R.;
Schwarzburg, K.; Tufts, B.; Trésken, B. J. Phys. Chem. 1994 95 1888,

(27) Gratzel, M. In Photocatalysis-Fundamentals and Applications;
Wiley: New York, 1989.

(28) Wie, S. H.; Zunger, A. Appl. Phys. Lett. 1998 72 2011.

(29 Brus, L. E. J. Phys. Chem. 1986 Q) 2555.
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absdute energetic positions of the HOMO and LUMO for
the diazaperylene dye which were determined by cydlic
vdtammetry (CV). By comparison of the mdecular levels
of the dye mdlecule with the quantized electronic levels
of the semiconductor partide, it can be seen that the
electroniclevels arestaggered; i.e, the HOMO and LUMO
of the dye are energetically above the quantized hde and
electron state of the NC, respectively. There is some
uncertainty about the absdute position of the energy
levels®! and band offsets which were taken from different
measurements and calculations. However, the absdute
energeticposition of the HOMO of perylene chromophaores
attached toTiO; surfaces has been determined tobe even
at 5 eV below the vacuum level.* This dbservation
additionally supports the assumption that the energy
levels of the CdSediazaperylene system are actually
staggered, i.e, that one might expect electron transfer
from the dye tothe nanocrystal or hde transfer from the
nanocrystal tothedye. ! Interfadial electron transfer from
the ligand to the partide is the basis of dye-sensitized
sdar cells** and might alsohappen in this model compound
if the attached dye mdecules are photoexcited. This
assumptionis supported by thefact that partial quenching
of the dye luminescence could be dbserved far all samples
investigated. On the other hand, the fluorescence of the
nanocrystals is also quenched if the NC Adye structure is
photoexcited at a wavelength where only the nanocrystal
and not the dye absarbs, e.g,, between 500 and 600 nm for
the sample shown in Figure 3. This observation can be
explained by the occurrence of an effective hde transfer
from the valence band state of the nanocrystal to the
occupied dye level (HOMO). In addition, as this effect is
not reduced by overcoating the dot with ZnS, the hde
might easily tunnel through the ZnS barrier. An alterna-
tive explanation might be the creation of interfacial
electronicstates upon theattachment of thedyemdecules
which lead to fast nonradiative decay pathways. Time-
resdved fluorescence and absorption measurements are
needed to further reveal the photophysics of the NC /dye
hetercstructures where the tunability of the CdSe band
gap allows far a defined adjustment of the band offsets
andtheZnS shell thickness changes the tunneling barrier
for the charge carriers. Usually the adjustment of inter-
facial energy levels is accomplished by the preparation of
different compounds which alsoalters the chemical nature
of the interface. As the chemical composition of the
investigated NC /dye system remains the same, semicon-
ductor nanocrystals with attached dye mdecules are very
promising candidates for both fundamental research of
charge transfer at surfaces as well as practical applica-
tions.

Summary

In summary, it is shown for the first time that
supramadlecular heterostructures can be synthesized from

(30) Schooss, D.; Mews, A.; Eychmiiller, A.; Weller, H. Phys. Rev. B
1994, 49 17072

(31) Truong, T. B. Chem. Phys. 1983 77 377.

(32) Burfeindt, B.; Hannappel, T.; Strock, W.; Willig F. J. Phys. Chem.
1996 100 16463

(33) Miller, R. J.; MdLendon, G. L.; Nazik, A. J.; Schmickler, W.;
Willig F. In SurfaceElectron-Transfer Processes, VCH: Weinheim, 1995.

(34) Peng X.; Wickham, J.; Alivisatcs, A. P. J. Am. Chem. Soc. 1998
149 5343,

Langmuir, Vol. 17, No. 9 2001 2865

CdSesemiconductar nanocrystals and arganicfluarophars.
The supramdecular system consisting of ZnS-covered
CdSenanaocarystals with a defined number of diazaperylene
chromophores attached tothe partide surface shows very
interesting optical properties and serves as a model
structure for interfacial electron and hde transfer. It is
shown that the optical properties of the nanocrystals can
be strongly influenced by the surrounding ligands, even
though the particles are passivated with a material of
higher band gap. Therefore, the chemical and electronic
structure of theligands has tobe taken intoaccount when
the partides are chemically modified for specific applica-
tions.

Experimental Section

NMR spectra wererecorded onaBruker DRX 500 spectrometer
operating at 500 MHz for 'H and 125 MHz for '3C. Chemical
shifts are givenin ppmrelative toTMS. IR spectra were recorded
on a Nicdet FT-IR 320 spectrometer. Field desorption mass
spectrawererecardedona VG ZAB 2-SE-FPD mass spectrameter,
acceleration vdtage 8 kV. UV —vis spectra were recorded using
a Bruins Instruments Omega 10 spectrometer. Fluorescence
spectra were taken with a Hitachi F-4000 spectrometer. CV
measurements of diazaperylene were performed in tetra-n-
butylammonium hexafluorophosphate (TBAHFP) CH2ClovsF ¢/
Fch Eppred, —1.76 €V; E1™, 0.95 eV (nat reversible). Cdumn
chromatography was performed over Merck aluminum axide 90
active basic (0.063—0.200 mm). 1,2-Dimethoxyethane was dis-
tilled from deep blue sodium/benzophenone sdution. Dimeth-
ylcadmiumwas vacuumdistilled; diethylzincwas filtered before
using All other starting materials and reagents were obtained
from commercial sources and used without further purification.

CdSe nanocrystals (1) in a size regime between 2 and 5 nm
indiameter were synthesized according toliterature!® as modified
by Katari and cowaorkers.!? Partides larger than 5 nm were
prepared according to the multiple injection method developed
my Peng and coworkers.3 The synthesis of small CdS e dusters
absorbing below 450 nm will be described in detail elsewhere.
The ZnS passivation has been performed according to ref 15.

1, I'-Biisoquinoline (2) was synthesized according to the
literature.®

1,12Diazaperylene (3. In a Schlenk reaction flask under
astreamof purifiedargon, 0.5g(1,95mmd) of 1, 1-biisoquindine
(2 was dissdved in 8 mL of dry 1,2-dimethaxyethane. Subse-
quently 1.29 g (33.1 mmdl) of potassium, which was separated
from its axide layer and shredded intosmall pieces, was added.
The reaction mixture was stirred under argon for 12 h at room
temperature. At the end of the reaction, the mixture showed a
deepblue cdar caused by the dianion. Theremaining potassium,
which conglomerated to one piece, was removed under argon
and the sdution was allowed tostir under a stream of dried air
for additional 4 h. After disappearance of the blue cdar, the
sdvent was evaporated and the residue was chromatographed
on aluminum axide with THF. After recrystallization from
dichlarmethane 0.37 g (74%) of 3were dbtained as yellow needles.

"H NMR (500MHz, C2D2Cly): ¢ 8.72(d, 5.5Hz 2H), 828 (d,
7.3Hz 2H), 7.74 (d 7.9Hz 2H), 7.69 (dd, 7.9Hz, 7.3Hz 2H),
7.61 (d, 5.5 Hz, 2 H). '3C NMR (125 MHz, C2D2Cly): ¢ 151.0,
145.1,137.3,130.9, 127.7, 125.2, 122.5, 122.0. IR spectrum (KBr—
Pressling) v (cm™!): 3035; 1604; 1572; 1554; 1375; 1346; 1288;
213; 1139; 833, 812 795; 779; 757; 645; 546, 529, 465. FD-MS:
m/z= 254.3 (100%) [M*].
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