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Arenetricarbonylchromium forms a charge-transfer complex with 1,3,5-trinitrobenzene (1,3,5-TNB), while
arenetricarbonylmolybdenum and -wolfram do not form a charge-transfer complex with 1,3,5-TNB. On the
other hand, arenetricarbonylchromium, -molybdenum and -wolfram form a charge-transfer complex with tetra-

cyanoethylene (TCNE).

Since the intramolecular charge transfer from coordinated arene to carbonyls increases

in the molybdenum and wolfram derivatives, 1,3,5-trinitrobenzene cannot form a molecular complex accepting

an electronic charge of the coordinated arene.

In the case of TCNE, however, a molecular complex is formed by

an inner-sphere charge-transfer interaction between the acceptor and the central metal atom. Thus the stability
of the TCNE molecular complexes is dependent upon the charge density of the central metal atom and also the

steric effects due to the functional groups in coordinated arenes.

The ionization potentials of the molybdenum

and wolfram derivatives observed for their TCNE molecular complexes are almost equal but higher than those
of the corresponding chromium derivatives, whereas the highest stability is obtained for the molybdenum derivatives.

Arenetricarbonylchromium  forms charge-transfer
complexes with electron acceptors such as 1,3,5-trinitro-
benzene (1,3,5-TNB) and tetracyanocthylene (TCNE)
rather than with electron donors.)) Nevertheless, the
effects of tricarbonylchromium group to the chemical
properties of z-coordinated benzene ring are more
likely those of an electron-withdrawing group. In
fact, benzoic acid tricarbonylchromium is a stronger
acid than benzoic acid and anilinetricarbonylchromium
is a weaker base than aniline.®® Furthermore arene-
tricarbonylchromium exhibits a higher susceptibility
to nucleophilic substitutions while it is less susceptible
to electrophilic substitutions.?4:%)

The ionization potential of arenetricarbonylchromium
was determined from the charge-transfer transition
energies in the molecular complexes with 1,3,5-TNB-6)
and with TCNE.}

1,3,5-TNB forms a molecular complex with arene-
tricarbonylchromium by a charge-transfer interaction
toward the s-coordinated benzene ring in ““face-to-
face” stack of the counter benzene rings as revealed
by an X-ray study on the molecular complex of an-
isoletricarbonylchromium and 1,3,5-TNB.” The ion-
ization potentials of arenetricarbonylchromium ob-
tained from the charge-transfer transition energies in
the 1,3,5-TNB molecular complexes can well reproduce
the ionization potentials measured directly by electron
impact technique.® The ionization potentials of
arenetricarbonylchromium obtained from the charge-
transfer transition energies in the TCNE molecular
complexes increase with a decrease in the ionization
potential of coordinated arene. This is opposite to
the corresponding shift of the ionization potentials
observed for the 1,3,5-TNB molecular complexes. The
stability of the TCNE complexes increases with a
decrease in the jonization potential of arenetricarbonyl-
chromium obtained for the TCNE complexes. This
indicates that TCNE forms a charge-transfer molecular
complex with arenetricarbonylchromium in a structure
different from the 1,3,5-TNB molecular complex. In
a previous paper,)) an inner-sphere charge-transfer
interaction of TCNE with the central chromium atom
of arenetricarbonylchromium was proposed. In this
paper, we present further evidences of the inner-

sphere charge-transfer interaction of TCNE with
arenetricarbonylchromium, -molybdenum and -wolf-
ram.

Experimental

Materials. Arenetricarbonylchromium,? -molybde-
num,®1% and -wolfram?" were prepared according to the
methods described in the literature by refluxing hexacar-
bonylchromium (High Pressure Chem. Co., Pennsylvania,
U.S.A.), hexacarbonylmolybdenum (High Pressure Chem.
Co., Pennsylvania, U.S.A.), or hexacarbonylwolfram (Re-
search Organic/Inorganic Chem. Corp., California, U.S.A.)
with the corresponding benzene derivatives under dry nitro-
gen atmosphere. For the preparation of arenetricarbonyl-
wolfram, diglyme was used as solvent. For the preparation
of arenetricarbonylmolybdenurn, however, the use of diglyme
usually results in poor yield and thus hexacarbonylmolybde-
num was refluxed directly in the corresponding arenes.
The refluxed mixtures were filtered, and then the filtrate
was condensed by vacuum distillation. In the case of arene-
tricarbonylmolybdenum, the condensed solution was filtered
and the complex was precipitated by adding n-pentane,
the precipitate being then washed with isopentane. Arenetri-
carbonylchromium and -wolfram were obtained as residue
by condensation of the filtrates of the refluxed mixtures.
Arenetricarbonylchromium was purified by recrystallization
of the residue from petroleum ether. Raw arenetricarbonyl-
wolfram was dissolved in a small amount of benzene and
then filtered. By adding n-pentane to the filtrate, arene-
tricarbonylwolfram was precipitated, and then the precipitate
was washed with isopentane. The complexes were identified
by elemental analysis (Table 1).

Diglyme, petroleum ether, n-pentane, isopentane and
benzene derivatives used for the preparations were dried
and distilled by the usual methods.!?

N,N,N’,N’-Tetramethyl-p-phenylenediamine (TMPD) di-
hydrochloride (Tokyo Kasei Co.) was neutralized with
NaOH and the free amine thus obtained was purified by
vacuum distillation. 1,3,5-TNB (Tokyo Kasei Co.) was
recrystallized from dil HNO; and then from ethanol. TCNE
(Tokyo Kasei Co.) was recrystallized from chlorobenzene.

Measurements of Absorption Spectra and Determinations of the
Complex Formation Constants. Absorption spectra were
recorded on a Shimadzu automatic recording spectrophotom-
eter Model MPS-50. The cell compartment was ther-
mostatted at a constant temperature (25 °C).
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TaABLE 1.

Molecular Complexes of Arene Metal Tricarbonyls
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ANALYSES OF THE ARENETRICARBONYLCHROMIUM, -MOLYBDENUM, AND -WOLFRAM

Found (%)

Caled (%)

Arene metal tricarbonyls

C H Cr C H Cr
CeH,CH,Cr(CO), 52.2 3.3 22.5 52.6 3.5 22.8
0-C¢H,(CH,),Cr(CO), 55.3 4.6 21.2 54.5 4.2 21.5
m-CgH,(CH,),Cr(CO), 55.5 4.3 21.5 54.5 4.2 21.5
$-CeH,(CH,),Cr(CO), 54.8 4.2 21.5 54.5 4.2 21.5
1,3,5-C¢H; (CH,),Cr(CO), 55.9 4.7 20.4 56.2 4.7 20.3
CeH;CH,Mo0(CO), 44.5 3.1 44.1 3.0
0-CH,(CH;),Mo(CO), 46.4 3.4 46.2 3.5
m-CgH,(CH,;),Mo(CO), 45.7 3.7 46.2 3.5
$-C¢H,(CH,;) ;Mo (CO), 46.3 3.4 46.2 3.5
1,3,5-C¢H; (CH,) Mo (CO), 48.5 4.0 48.0 4.0
CH,CH,W(CO), 33.4 2.3 33.4 2.2
p-CeH,(CH,;),W(CO), 35.3 2.6 35.3 2.7
1,3,5-C¢H, (CH,);W(CO), 36.8 3.2 37.1 3.1

The solvent 1,2-dichloroethane (Wako Pure Chem. Co.)
was dried and purified by the usual procedure.!?

The equilibrium constant K of a 1 : 1 molecular-complex
formation between electron donor D and electron acceptor
A is given by

[D-A]
([D}y—[D-Al)([A],—[D-A]) ’

where [ ], denotes the initial concentrations, and [D-A] is
the concentration of molecular complex D-A. Measurements
were carried out at a wave number in the charge-transfer
band of D-A where the molar absorption coefficients of
D and A (ep and &,) are negligibly small. Assuming Beer’s
law, [D-A] is rewritten in terms of the observed absorbance
E=¢g-[D-A]-l, where ¢¢ is the molar absorption coefficient
of DA and [ is the optical path length. Thus it follows
that

[D1[Ale l/E = {[Dlo+ [Alo— Efec- I} - 1/ec+ 1/Ke, .

Measurements were carried out at 25 °C for various sets
of the initial concentrations of D and A. K and &¢ were
then evaluated according to the method described by Rose
and Drago,'® and Lang.!¥ Plots of [D],[A]//E against
{[DJo+ [Aly—E/ec-i} give a straight line for a self-consistent
value of &; obtained by iterative calculations.

Infrared Absorption Specira. Infrared absorption spectra
of arenetricarbonylchromium, -molybdenum, and -wolfram
in 1,2-dichloroethane were taken on a Hitachi spectrophotom-
eter Model EPI-G3.

NMR  specira. NMR spectra of arene metal tri-
carbonyls in 1,2-dichloroethane were recorded on a 100 MHz
Japan Electron Optics Laboratory spectrometer Model
JNM 4H-100. Tetramethylsilane was used as an internal
standard.

He Photoelectron  Spectra. He (584 A) photoelectron
spectra were measured on a JASCO PE-1 photoelectron
spectrometer.

Results and Discussion

Arenetricarbonylchromium, -molybdenum and -wolf-
ram do not form a molecular complex with electron
donors such as TMPD. On the other hand arene-
tricarbonylchromium forms molecular complexes with
electron acceptors such as TCNE and 1,3,5-TNB. In
fact the molecular complexes of 1,3,5-TNB have been

isolated.1,1%16)  Although we have not succeeded so
far in the isolation of the molecular complexes of
TCNE, the charge-transfer absorption band indicates
the molecular-complex formation between TCNE and
arenetricarbonylchromium.

Arenetricarbonylmolybdenum and -wolfram do not
form a molecular complex with 1,3,5-TNB. Neither
a complex could be isolated nor a significant spec-
troscopic evidence of molecular-complex formation
was detected. However, arenetricarbonylmolybdenum
and -wolfram evidently form a charge-transfer molec-
ular complex with TCNE. Figures 1, 2 and 3 present
the charge-transfer absorption bands of toluenetri-
carbonylchromium (toluene Cr(CO),)-TCNE, toluene
Mo(CO);-TCNE and toluene W(CO)3-TCNE systems
in 1,2-dichloroethane.

The absorption measurements were carried out at
25 °C in the charge-transfer band for various sets of
the initial concentrations of TCNE and arenetri-
carbonylchromium, -molybdenum or -wolfram. From
the values thus obtained, K and e, were evaluated.
Table 2 shows K and ¢, obtained in the present work
for wvarious 1 :1 molecular complexes of arenetri-
carbonylchromium, -molybdenum, and -wolfram with
TCNE.

The ionization potentials of arenetricarbonylchro-
mium, -molybdenum and -wolfram were evaluated
from the charge-transfer transition energies in the
molecular complexes with TCNE using an empirical
relationship!?)

bor = (I,—6.10) + 0.54/(I,—6.10),
where hvg, is the charge-transfer transition energy in
eV and J, is the ionization potential in eV of arene-
tricarbonylchromium, -molybdenum or -wolfram. The
results are summarized in Table 3.

The ionization potentials determined by using the
empirical relationship are in good agreement with
the values directly observed for some chromium de-
rivatives by photoelectron spectroscopy as shown in
Fig. 5. The spectra are discussed later. The ioniza-
tion potential of toluene is 8.90 eV'®) while the ioniza-
tion potentials of toluene Cr(CO),, toluene Mo(CO),
and toluene W(CO); are 7.40 eV, 8.13 ¢V and 8.14 eV,
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Fig. 1. The charge-transfer band (CT) of toluene Cr-

(CO)s-TCNE system in 1,2-dichloroethane at 25 °C
[toluene Cr(CO),]o=4.51% 103 molI-!; [TCNE],=
1.06 x 103 mol 11,

—: toluene Cr(CO),-TCNE
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Fig. 2. The charge-transfer band (CT) of toluene
Mo(CO),~TCNE system in 1,2-dichloroethane at 25

°C.
[toluene Mo(CO)4],=4.92 X10-¢ mol I-}; [TCNE],=

9.22% 10-% mol I,
——: toluene Mo(CO),;-TCNE

—.—: TCNE

respectively. The ionization potential of arenes varies
with their substituents, while the ionization potential
of arene metal tricarbonyls is rather independent of
the substituents. The ionization potentials of the
molybdenum and wolfram derivatives are almost
equal but higher than those of the corresponding

chromium derivatives.

[Vol. 48, No. 4

N7
. TN
/ \/\ /N
NS
/-
. o
E / ’,-’
/ i
.
, / !
/ / i
20 30 40

10
Wave number (103 cm=-1)

Fig. 3. The charge-transfer band (CT) of toluene
W(CO),~-TCNE system in 1,2-dichloroethane at 25
°C.

[toluene W(CO);],=1.70 x10-* mol I-}; [TCNE],=

4.68 X 10~% mol I-%.
——-: toluene W(CO),-TCNE

--—-: toluene W(CO),
—.—: TCNE

TABLE 2. MOLAR ABSORPTION COEFFICIENTS AND COMPLEX
FORMATION GONSTANTS OF THE | : ] MOLECULAR COMPLEXES
OF ARENETRICARBONYLCHROMIUM, -MOLYBDENUM,

AND -woOLFRAM wiTH TCNE?’

Donors Ifl -a ;1<)21§1)C (1-30(1%)21:1—1)
C4H,CH,Cr(CO), 661 520
0-CgH,(CH,),Cr(CO), 952 667
m-CgH, (CH,),Cr(CO), 504 482
$-C4H, (CH,),Cr(CO), 240 616
1,3,5-C4H,(CH,),Cr(CO), 686 703
CeH;CH,Mo(CO), 20400 5220
0-CgH, (CH,),Mo(CO), 20100 5070
m-CgH, (CH,),Mo(CO), 6810 5250
$-CoH, (CH,);Mo(CO), 11200 5120
1,3,5-CH,(CH,);Mo(CO), 1110 4740
CeH,CH,W (CO), 657 3960
468 3510

£-CeH,(CH,):W(CO),
a) Quantitative values were not obtained for 1,3,5-

GeH, (CH,),W(CO); -

The stretching frequencies of coordinated carbonyl
(Pgo) of arenetricarbonylchromium, -molybdenum and
-wolfram in 1,2-C,H,Cl, are also presented in Table 3.
An increase in the number of methyl groups in the
coordinated arene gives rise to a decrease in the CO-
stretching frequency, which indicates an enhancement
of the back-donation of metal d=n electron toward
coordinated carbonyl groups. For the same arene,
the CO-stretching frequency shows a shift toward
lower frequency in the order W>Mo>Cr. The NMR
signals of methyl-proton presented in Table 4 also
support an enhanced charge-transfer from coordinated
arene to carbonyl groups in the order W>Mo>Cr.
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TaBLE 3. THE CHARGE-TRANSFER EXCITATION ENERGIES
(hver) v THE TCNE MOLECULAR COMPLEXES, AND THE
IONIZATION POTENTIALS (Ip;) AND CO-STRETCHING
FREQUENCIES ($go) OF THE ARENETRICARBONYL-
CHROMIUM, -MOLYBDENUM AND -WOLFRAM

Molecular Complexes of Arene Metal Tricarbonyls

Arene metal hy I Pco In

tricarbonyls K) () 1’2'((3;5&1()312
C,H,CH,Cr(CO), 13.9 7.40 1965
0-CH, (CH,),Cr(CO), 13.9 7.42 1962
m-CgH, (CH,),Cr(CO), 14.0 7.43 1962
$-CyH,(CH,),Cr(CO), 14.2 7.46 1960
1,3,5-C,H, (CH,),Cr(CO), 14.0 7.43 1958
C4H,CH,Mo(CO), 18.5 8.13 1964
0-C4H, (CH,);Mo(CO), 18.6 8.14 1960
m-CgH, (CH,),Mo(CO), 18.6 8.14 1961
$-C4H, (CH,),Mo(CO), 18.7 8.15 1959
1,3,5-C;H,(CH,),Mo(CO),  18.7 8.15 1957
C,H,CH,W(CO), 18.6 8.14 1962
$-CeH,(CH,),W(CO), 18.5 8.13 1959
1,3,5-C,H, (CH,),W(CO), 18.6 8.14 1955
Arenes ({;{l/))
CeH;CH, 8.90
0-C,H,(CH,), 8.70
m-CyH, (CH,), 8.69
$-C4H, (CH,), 8.52
1,3,5-C,H, (CH,), 8.52

a) Ref. 18.

TaBLE 4. THE 'H-CHEMICAL SHIFTS OF ARENETRICAR-
BONYLCHROMIUM, -MOLYBDENUM, AND -WOLFRAM
IN 1,2-DICHLOROETHANE

Phenyl-H Methyl-H

(ppm)  (ppm)  ReF
C,H,CH, 7.18 2.33 b)
CeH,CH,Cr(CO), 5.219  2.18 b)
CeH,CH,Mo(CO), 5.489  2.24 )
C,H,CH,W(CO), 5319 2.42 c)
$-CoH,(CH,), 7.07 2.98 b)
$-CoH,(CH,),Cr(CO), 5.23 2.12 b)
$-CeH,(CH,),Mo(CO), 5.58 2.17 c)
£-CeH, (CH,),W (CO), 5.42 2.32 c)
1,3,5-CgH, (CH,), 6.77 2.25 b)
1,3,5-CeH, (CH,),Cr(CO),  4.90 2.20 b)
1,3,5-CoH, (CH,),Mo(CO), 5.23 2.95 c)
1,3,5-CeH,(CH,),W(CO),  5.10 2.45 )

a) Center of gravity of the multiplet. b) Ref. 19. In
Ref. 19, the NMR peaks in deuterochloroforra were
given. c¢) Ref. 20. In Ref. 20, no details of the obser-
vation were presented. However the plots given in a
graph of the chemical shifts of protons in the complexes
are in good agreement with those observed in the
present work.

An upfield shift of phenyl-proton observed in the
coordinated arenes arises from a quenching of the
ring current upon the formation of molecular orbitals
between the central metal atom and its coordinated
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Fig. 4. The energy levels of the arene metal tricar-

bonyls (schematic).

I: The outer orbitals of the central metal.

II: The ¢, and s orbitals are hybridized.

III: The molecular orbitals formed (Each molecular
orbital is characterized by its predominant com-
ponent).

IV: The n-orbitals of arene.

arene. This effect is enhanced in the order Cr>
W>Mo. Such an upfield shift has been observed
also in the 13C NMR of ring carbons of the correspond-
ing mesitylene metal tricarbonyls.2)

Since an increase in the charge density on carbonyl
groups in arenetricarbonylmolybdenum and -wolfram
causes no enhancement of the molecular-complex
formation with electron acceptor, the molecular-
complex formation cannot be attributed to a charge-
transfer interaction between the carbonyl groups and
the acceptor. Arenetricarbonylchromium forms a
molecular complex with 1,3,5-TNB in ‘“‘face-to-face”
stack of the counter benzene rings, and thus an increase
in the intramolecular charge migration from arene to
carbonyl groups in arenetricarbonylmolybdenum and
-wolfram inhibits the formation of the 1,3,5-TNB
molecular complexes.

An increase in the number of methyl groups in
coordinated arene promotes the intramolecular charge
migration. However, the ionization potential of arene
metal tricarbonyls in the TCNE molecular complexes
is almost independent of the methyl substitutions.
This indicates that the molecular orbital involved in
an intermolecular charge transfer arising from the
formation of TCNE molecular complexes is different
from the molecular orbital participating in the in-
tramolecular charge migration from coordinated arene
to carbonyl groups.

The antibonding molecular orbitals predominantly
localized on metal d orbitals are given by

Br == e (VTldo> +1du>)
It e
P- =1/?{1/2| +2> —[|d-1>}

¢o =|do>
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oy = “ﬁ{ld—z> — V' 2]d+ >}

1 .
6’ ='1“/_‘?{|d+2> +v'2 |d-1>} ’

where |dy>, |d+1> and |di2> are the basis set for
C; symmetry axis. By the ligand field of carbonyl
groups, ¢, $_ and @, are stabilized by 2¢. for = back-
donation while ¢,’ and ¢_" are destabilized by ¢.,3/2
for ¢ donation. Thus a splitting between (¢,, ¢_, &)
and (¢,’, ¢_") is (3/2¢,+42¢-), which is approximately
a half of the ligand field splitting in the corresponding
metal hexacarbonyl. The molecular orbitals formed
in the arene metal tricarbonyl are shown in a schematic
fashion as in Fig. 4.

The top filled degenerate molecularo rbital pair of
benzene is |*1> and the lowest vacant degenerate
molecular orbital pair is |%=2>. Thus |d+1> can
accept an electronic charge from |*1>, and [d+2>
can donate an electronic charge into |£2>. Since
the overlap <dii1|#1> is greater than <d&2|=£2>,
a charge transfer from |%1> toward |dx1> is pre-
dominant. 1,3,5-TNB can accept a d=-electronic
charge in the [#2> orbital of the coordinated arene

pl el
(
=

Pnuiil

4NN

=

NI

12 11 10 9 8 7 6
eV

Fig. 5. The He(584 A) photoelectron spectra of toluene
Cr(CO);, mesitylene Cr(CO); and dimethylaniline
Cr(CO),.

I: toluene Cr(CO),

II: mesitylene Cr(CO),
III: dimethylaniline Cr(CO),

——: the ionization potentials of the metal complex
determined by the charge-transfer excitation
energies in the molcular complexes with
1,3,5-TNB (a) and TCNE (b).

---: the ionization potentials of the corresponding
free arenes.
(The values for toluene and dimethylaniline were di-
rectly observed by Turner and his coworkers*’ and
the value for mesitylene was determined by Wata-
nabe.2%?)
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in the chromium derivatives. The methyl-proton
signal exhibits an upfield shift in the chromium and
molybdenum derivatives while it shows a downfield
shift in the wolfram derivatives. This indicates that a
charge transfer from |Z%1> to |d+1> is exclusive
in the wolfram derivatives while the charge transfer
from |d+2> to |%2> cannot be eliminated in the
chromium and molybdenum derivatives. The re-
sultant intramolecular charge migration from co-
ordinated arene to carbonyl groups is enhanced in
the order W>Mo> Cr as revealed by the CO-stretch-
ing frequency. Since an electronic charge in |+=1> of
the coordinated arene is transferred into |d+1> of
the central metal, the coordinated arene displays
chemical properties which the corresponding free
arene can exhibit only when substituted by more
electron-withdrawing groups. The orbital ¢, is not
directly participating in the intramolecular charge
migration, and thus less depends upon methyl substitu-
tions in the coordinated arene. The energy of ¢,
however, is stabilized as a result of the countercur-
rent intramolecular charge transfers in the case of
the chromium and molybdenum derivatives while
destabilized for a one-way intramolecular charge
transfer from arene to metal in the case of the wolfram
derivatives. In fact, the observed ionization potentials
of arene metal tricarbonyls in their TCNE molecular
complexes were 7.4 ¢V, 8.1 eV and 8.1eV for chro-
mium, molybdenum and wolfram, respectively (Table
3), while the dn-ionization potentials of Crl and Mol
are estimated as 3.97 eV and 4.92 ¢V and are lower
than 8.46 eV of WI.22

The oxidation state of the central metal atom in
the arene metal tricarbonyls is zero, and thus the
energy of 4s orbital should be comparable to that of
3d orbital.2®) Although the ¢ bond formation between
metal and carbonyl groups raises the energy of 4s
orbital, a participation of 4s orbital in the outer-
shell electronic structure of arene metal tricarbonyl
could be sizable.2y) A mixing between ¢, and 4s
gives rise to an extra stabilization of the occupied
counterpart orbital, which extends in a space between
coordinated arene and carbonyl groups. TCNE ac-
cepts an electronic charge of this occupied hybrid
orbital upon molecular-complex formation.

Figure 5 shows the He (584 A) photoelectron spectra
of toluene Cr(CO),;, mesitylene Cr(CO);, and dime-
thylaniline Cr(CO);. The lowest ionization is at-
tributed to an electron detachment from the filled
molecular orbital predominantly localized on the
metal d orbitals. A splitting of d orbitals ¢+ and
¢, was observed, although a more resolved splitting
of d orbitals in some other transition-metal sandwich
complexes was recently reported.2”>2) The spectrum
also indicates that the top filled orbitals of the co-
ordinated arene are more stabilized than those of the
corresponding free arene.

Methyl substitutions in the coordinated arenes do
not change the ionization potentials of arene metal
tricarbonyls, whereas the substitutions reduce the
stability of the molecular complexes with TCNE.
This might be due to a steric hindrance of the methyl
groups introduced to the coordinated arene. The
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molecular complexes with TCNE are the most stabi-
lized in the molybdenum derivatives, although the
intramolecular charge migration increases in the order
W>Mo>Cr and the ionization potentials of the
molybdenum and wolfram derivatives are almost
equal. This should arise from a high charge density
on the molybdenum occupied hybrid orbital.

The authors would like to thank Mr. Yoshio Niwa,
National Chemical Laboratory for Industry, for the
measurements of He (584 A) photoelectron spectra,
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