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The angular distributions for the He I photoelectron spectra of some aliphatic alcohols, amines, and halides
were measured in order to reexamine the assignments of the so-called p-type photoelectron spectral bands in the

He I region of these molecules.

The second band of methanol and the third band of ethanol were assigned to

the in-plane n orbitals localized mainly on the oxygen atom. Furthermore, it was found that the angular
distributions of photoelectrons were useful for the conformational analysis of molecules and that the sum of f§ values

was conserved for these compounds.

The photoelectron differential cross-section (de¢/d2)
for an unpolarized light and an ensemble of randomly
oriented molecules or atoms is given by

do/dRoc 1 + 0.58(1.5 sin*0—1) (1)

where f is an asymmetry parameter, and 6 is the angle
between the direction of an ejected photoelectron and
that of an incoming photon.:2 The 8 value depends
on the kinetic energy of the photoelectron and the
character of the molecular orbital from which the
photoelectron is ejected. Therefore, the B value is
expected to be useful for the interpretation of photo-
electron spectra. Actually, using the B values, we
solved the problems of the photoelectron spectral band
assignments of benzene® and pyridine? about which
there had been disputes.

He I/I1 photoelectron spectra have been studied
by a number of workers with methanol and ethanol5-11)
and also with methylamine and ethylamine.5:9:11)
However, studies of the assignments of all the bands
in the He I region are few. Katsumata and cowork-
ersl)) proposed the assignments of all the p-type bands
in the He I region of these alcohols and amines on
the basis of the sum rule.l?) As for methanol, Robin
and Kuebler!?) assigned all the photoelectron spectral
bands with the aid of an ab initic MO calculation.

Many photoelectron spectral studies have been made
with alkyl halides.®:12-19 Kimura and coworkers!?)
studied systematically the photoelectron spectra of alkyl
halides covering the higher alkyl chlorides, bromides,
and iodides, and assigned all the p-type bands in the
He I region with the aid of the sum rule.

In the present study, the photoelectron angular
distributions have been measured for aliphatic amines,
alcohols, and halides, and the band assignments have
been reexamined from the standpoint of the photo-
electron angular distributions. The correlation be-
tween the £ value and the character of the orbital
from which the photoelectron is ejected, and the
existence of the sum rule for the g values are discussed.

Experimental

The details of a photoelectron spectrometer used for the
angular distribution measurements in the present study were
described in a previous paper.) The B values were ob-
tained according to formula (1) using the intensities measured
at two angles, §=45° and 90°. The measurements were
carried out at room temperature, and the vapor pressure

of the samples was kept at 4x10-* Torr.

Results and Discussion

Aliphatic Alcohols and Amines. The photoelectron
spectra of methanol and ethanol are shown in Fig. 1,
and those of methylamine and ethylamine in Fig. 2.
The vertical ionization potentials ({,) and the f values
of methanol and ethanol are summarized in Table 1
together with the band assignments. It is known
that ethanol and ethylamine take the trans and gauche
forms in the gaseous state, the trans form being pre-
dominant for both compounds.20,21)

The first band of methanol or ethanol is assigned
to the out-of-plane n orbital (a"n’(O)) which is local-
ized mainly on the oxygen atom.6-%1%11) As is seen
in Table 1, the § values of these orbitals are nearly
equal to each other. The second band of methanol
was ascribed to the a’zm(CH,;) orbital by Katsumata
and coworkers!) from the sum rule. However, from
the comparative consideration of the second bands of
methanol, water, and dimethyl ether, it is derived
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Fig. 1. Photoelectron spectra of methanol and ethanol.
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Fig. 2. Photoelectron spectra of methylamine and
ethylamine.

that the band is assigned to the in-plane n orbital
(a'n(O)) localized mainly on the oxygen atom. The
second bands of water'® and dimethyl ether?® are
assigned to the in-plane n(O) orbitals experimentally.
The ab initio MO calculations of water??) and dimethyl
ether?”) also support the assignment. The g values
and the ionization potentials of the second bands of
water, methanol, and dimethyl ether are shown in
Table 2. We can see from this table that the g value
and ionization potential of the second band of methanol
are intermediate between the corresponding values of
water?” and dimethyl ether. This shows that the
second band of methanol is also assigned to the in-
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plane n(O) orbital. The MO calculation?® is con-
sistent with this assignment. The third, fourth, and
fifth bands of methanol are assigned to the a’ed(CO),
a"n’'(CH,), and a'n(CH,) orbitals, respectively, with
the aid of the MO calculation.2®) As described later,
these assignments are reasonable from the consideration
of the f values and are consistent with Robin and
Kuebler’s result.1®

As is seen in Table 1, the 8 values of the second and
third bands of ethanol are 0.30 and 0.56, respectively.
On the other hand, the g value of the a’e (CC) orbital
of ethylamine is <0.37 (see the later discussion), and
that of the in-plane n(O) orbital is 0.45 for methanol
and 0.64 for dimethyl ether (Table 2). Therefore,
the second band of ethanol should be assigned to the
a’6 (CC) orbital, and the third band to the in-plane
n(O) orbital.

The fourth, fifth, and sixth bands of ethanol were
assigned by Katsumata ef al' to the a’o(CO),
a"n~(C,H;), and a’zt(C,H;) orbitals. These assign-
ments are supported by the observed f values. Since
the MO calculation of methanol2® suggests that the
energy of the a'm(CH,) orbital is higher than that
of the a’e(OH) orbital, the seventh band of ethanol
is preferably assigned to the a’m(CH;) orbital.

The band positions, f values, and assignments of
the photoelectron spectra of methylamine and ethyl-
amine are given in Table 3. The observed bands
are assigned by considering the § values, the sum rule,
and the MO’s calculated with methylamine.?)

According to the assignments given in Table 3,
the B values of the pseudo = orbitals of the methyl
group of methanol correspond to those of methylamine.
This is also the case for the pseudo z orbitals of the
ethyl groups of ethanol and ethylamine. The 8 value
of the third band of ethylamine (a’e(CC)) is 0.46
at the band maximum. This value, however, may
conceivably be higher than the real value because
this band is largely overlapped by the second band
with the larger § value. The observed f value shows
the energy dependence; 0.46 at 13.08 eV, 0.39 at

TaBLE 1. VERTICAL IONIZATION POTENTIALS (I, IN €V), f VALUES, AND BAND ASSIGNMENTS OF ALKANOLS
Band® 1 2 3 4 5 6 7
I, 10.95 12.65 15.17 15.53 17.57
ik 0.50+0.05 0.45+0.04 0.70+0.03 0.62+0.03 0.46-+0.03
MeOH é?.lsrirgxnx.‘ule)c) a”’n’(0) a’n{CH,;) a’¢(CO) a”’n’(CH,;) a’¢(OH)
ﬁ;ﬂ‘f‘;ork) a’n’(0O) a’n(O) a’¢(CO) a’n’(CH,)  a'n(CH,)
I, 10.64 12.16 13.28 13.85 14.55 15.96 17.45
i 0.44+0.03 0.30+0.03 0.56+0.03 0.64+0.04 0.57+0.03 0.69+0.05 0.68-+0.05
Assign. (sum rule)®
EtOH trans a’’n’(0) a’g (CQC) a’n(CH,) a’g (CO) a”"n—(CyH;)® a"n+t(C,H;)® a’o(OH)
gauche?) n’(0) n—(C,H;) a(CC) n(CH,) n+(CyH;) a(CO) ¢ (OH)
Assign. a'n’(0)  2¢(CC)  a'n(O) 20(CO)  a’n-(CH;) a’n*(CH;) an(CH,)

(this work)

a) These numbers correspond to those shown in Fig. 1.

error. c¢) Ref. 11.
ethanol has no symmetry in the gauche form.

b) The error of the B value denotes the mean square
d) The underlined orbitals of the gauche form are a” like out-of-plane orbitals because
e) The nt and 7~ denote the bonding and antibonding types of

combinations of the methyl pseudo 7 and methylene pseudo 7 orbitals, respectively.
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13.18 ¢V, and 0.37 at 13.28 eV. The band overlap
decreases with increasing /P. This means that the
real § value of the third band of ethylamine is smaller
than 0.37 and corresponds well to the B value of the
a’ec(CC) band of ethanol (0.3). Thus, the present

TaBLE 2. IoNI1ZATION POTENTIALS (I IN eV) AND
B VALUES OF THE SECOND BANDS OF WATER,
METHANOL, AND DIMETHYL ETHER

H,0» MeOH Me,O
I 13.7 12.65 11.94
i 0.3+0.1 0.45+0.04 0.64+0.03
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band assignments of alcohols and amines given in
Tables 1 and 3 are supported by the consistency of
the f§ values determined for the corresponding bands.

From the above-mentioned consistency of  values,
we can discuss the conformation of ethylamine as an
example. On the assumption of the gauche form as
the predominant conformation, the second band of
ethylamine is assigned to the ¢(CC) orbital (see Table
3) and its § value may be expected to be ~0.3, being
inconsistent with the observed value, 0.54. This seems
to support the trans form as the predominant con-
formation.

From the comparison of the band assignments made
by the present authors with those made by Katsumata

~a) Ref. 25. b) See footnote b) for Table 1. et al. with the aid of the sum rule, we can see that
TABLE 3. VERTICAL IONIZATION POTENTIALS (I, IN e€V), B VALUES, AND BAND ASSIGNMENTS OF ALKYLAMINES
Band® 1 2 3 4 5 6 7
I 9.58 13.18 14.32 15.46 16.83
i 0.84+0.05 0.43+0.04 0.55+0.03 0.58+0.02 0.71-+0.03
AS i - 4 // 4 ’ ’ 7
MeNH, (s§:§nru1e)c> a’n(N) 7’'(CH;) a'¢(CN) a'n(CH,)  a’n(NH,)
A i . 7 // ’ ’ ’ ’7
(t;silsg‘iv ork) a’n(N) 7’(CH,) a’e(CN) an(CH,)  a’n(NH,)
I 9.50 12.27 12.98 13.8 14.80 15.81 16.75
A 0.93+0.04 0.54+0.03 0.46+0.03 0.55+0.02 0.53+0.03 0.62+0.03 0.62-+0.03
Assign. (sum rule)®
EtNH, trans a’n(N) a”’n—(C,H;) a’e(CQC) a’n(CH,) a’g (CN) a”nt(CH;) a”’n(NH,)
gauche® n(N) a(CQC) n(CHj;) 7~ (C,Hj) a(CN) n+(C,H;) n(NH,)
Lﬁilsllsgrwllvork a’n(N) a”’n~(C,H;) a’¢(CC) a’n(CHy)  a’¢(CN) a’m+t(C,H;) a”’m(NH,)

a) These numbers correspond to those shown in Fig. 2.

b) See footnote b) for Table 1. c¢) Ref. 11. d) The

underlined orbitals of the gauche form are a” like out-of-plane orbitals because ethylamine has no symmetry in

the gauche form.

TABLE 4. VERTICAL IONIZATION POTENTIALS (I; IN e€V), f VALUES AND BAND ASSIGNMENTS OF ALKYL HALIDES

Band® 1 2 3 4 5 6 7
I, 11.29 14.46 15.48 16.10

MeCl1 { g9 1.13+0.02 0.46+0.03 0.75+0.03 0.75+0.03
Assign.® n(Cl) g (CQCl) n(CHj,) n(CHjy)
I, 11.01 12.99 13.45 14.46 15.64 16.32

EtCl1 { p» 1.04+0.05 0.61+0.04 0.54+0.04 0.44+0.07 0.66+0.03 0.76=+0.03
Assign.® n(Cl) a(CCQl) a(CC) 7~ (C,Hj) n(CH,) n+(C,H;)
I, 10.53 10.85 13.47 15.13 15.79

MeBr { g» 1.32+0.04 1.39+0.03 0.46+0.03 0.79+0.05 0.80+0.05
Assign.®  n(Br) n(Br) a (CBr) n(CH,;) n(CHj)
I, 10.29 10.60 12.47 13.11 14.17 15.33 16.26

EtBr B» 1.33+0.03 1.24+0.04 0.56+0.06 0.53+0.04 0.50+0.05 0.69+0.04 0.77+0.04
Assign.¥  n(Br) n(Br) g (CBr) g (CC) 7~ (C,H;) n(CH,) n+(C,H;)
I 9.53 10.16 12.49 14.66 15.43

Mel 4 p» 1.60+0.03 1.56+0.03 0.66+0.02 0.82+4-0.04 0.87+0.03
Assign.®  n(I) n(I) a(CI) 7n(CHj) n(CH,;)
I 9.33 9.92 11.60 12.98 13.89 15.00 15.97

EtI  { gD 1.5040.03 1.49+0.04 0.69+0.02 0.58+0.04 0.51+0.04 0.76=+0.02 0.87=0.02
Assign.d  n(I) n(I) a(CI) a(CC) 7~ (C,H;) n(CHj,) nt(C,H;)

a) These numbers correspond to those shown in Figs. 3 and 4. b) See footnote b) for Table 1.

15, 19. d) Ref. 12,

c) Refs. 12—
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Fig. 3. Photoelectron spectra of methyl chloride, bro-

mide, and iodide.

the agreement is satisfactory for amines but some
discrepancies due to the unreasonable assignments based
on the sum rule are found for alcohols. This may
be caused by the inadequate choice of parameters
of the sum rule for the localized orbitals concerning
the oxygen atom.

Alkyl  Halides. The photoelectron spectra of
methyl chloride, bromide, and iodide are shown in
Fig. 3, and those of ethyl chloride, bromide, and
iodide are in Fig. 4. The I’s and the [ values of
these compounds are summarized in Table 4 together
with the assignments made so far by other au-
thors.12-1519)  The f values of methyl halides were
reported by Carlson and coworkers?), and their values
are consistent with ours. As is seen in Table 4, the
consistency of f values among the related molecules
is satisfied for the n(Cl), n(Br), n(I), ¢(CCl), ¢(CBr),
and o(CI) orbitals. This is also the case for the
¢(CC) orbitals and the pseudo = orbitals of methyl
and ethyl groups. These reasonable correspondences
of the f values support the former assignments. The
first and second bands of the bromides and iodides
are caused by the spin-orbit splitting, and the fourth
and fifth bands of the methyl halides are by the Jahn-
Teller effect. The p values change scarcely by the
splittings for the compounds.

Sum of B Values. The sums of the g values (338)
of all the p-type bands are shown in Table 5 for the
alcohols, amines, and halides. The difference between
the sum for methyl and ethyl derivatives (AX)f, see
Table 5) is regarded to be the sum of the g valucs
of the ¢(CC) and z(CH,) orbitals, We can sec from
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Fig. 4. Photoelectron spectra of ethyl chloride, bro-

mide, and iodide.

TABLE 5. SUMS OF f/ VALUES AND THEIR DIFFERENCES
FOR ALIPHATIC ALCOHOLS, AMINES, AND HALIDES

Compounds Spw A
B(OH 368200, 10 1.150.13
Iﬁf‘ﬁ% 2:5},;-:8;8; 1.14+0.11
Bl 5:09.00°12 0.87£0.14
11}:/{%? ?—fiégig:?g 0.86--0.15
BT 5205008 0.89-0.11

a), b) The errors for 3} and AX)S denote mean

square errors.

Table 5 that the values for the alcohols and the amines
correspond well to each other. The values for the
halides correspond well to one another and are equal
to those for the alcohols and amines within the limits
of experimental error as shown in Table 5. These
results indicate that the sum of the § values is conserved
for these molecules.

Finally, the § values of various orbitals of the mole-
cules under consideration are summarized in Table 6.
We can see from this table that a fluctuation of the
f value from one molecule to another is small for the
respective orbitals under consideration except for the
w(CHg) orbital. Particularly the consistency of the
B values is satisfied for the respective n orbitals.

From the above discussion, it is concluded that the
photoelectron spectral bands can be assigned effectively
with the aid of photoelectron angular distributions.
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TABLE 6. f VALUES OF VARIOUS ORBITALS OF ALIPHATIC ALCOHOLS, AMINES, AND HALIDES
n n n n’ n n o g o g o I n n- nt T
(@) @Br) (I) (O) (O) (N) (€GCI) (CBr) (CI) (CC) (CO) (CN) (Me) (Et) (Et) (NH,)
MeOH 0.50 0.45 0.70 0.62
0.46
EtOH 0.44 0.56 0.30 0.64 0.68 0.57 0.69
MeNH, 0.84 0.55 0.43 0.71
0.58
EtNH, 0.93 0.46 0.53 0.55 0.54 0.62 0.62
MeCl 1.13 0.46 0.75
0.75
EtCl 1.04 0.61 0.54 0.66 0.44 0.76
MeBr 1.32 0.46 0.79
1.39 0.80
EtBr 1.33 0.56 0.53 0.69 0.50 0.77
1.24
Mel 1.60 0.66 0.82
1.56 0.87
EtI 1.50 0.69 0.58 0.76 0.51 0.87
1.49
Range 1.04 1.24 1.49 0.44 0.45 0.84 0.46 0.46 0.66 0.30 0.64 0.53 0.43 0.44 0.62 0.62
of l | l | | l | | l I | | l | |
ik 1.13 1.39 1.€0 0.50 0.56 0.53 0.61 0.56 0.69 0.58 0.70 0.55 0.87 0.57 0.87 0.71

a) The minimum and maximum values are shown.
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