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The vacuum ultraviolet absorption spectra of styrene, benzaldehyde, acetophenone and
benzonitrile have been measured in the wavelength region of 1500 to 2200 A. The absorption
bands in the vacuum ultraviolet region appear at 200, 196, 189, 180 and 163 my for styrene;
at 195, 186, 178 and 165 my for benzaldehyde; at 196, 191, 179 and 167 my for acetophenone;
at 187.5, 180 and 167 myu for benzonitrile.

Theoretical studies of n-electron structures have been carried out with styrene, benzal-
dehyde and acetophenone by cousidering configurational interactions among the ground,
locally excited, and charge-transfer configurations. The calculated transition energies and
oscillator strengths are in good agreement with the observed values. The theorstical results
show that the contribution of the charge-transfer configuration amounts to 58 and 689, in the
excited states of the 238 myu band of styrene and of the 232 myu band of benzaldehyde respec-
tively. This means that these two bands may be regarded as the intramolecular charge-
transfer band.

The electron affinity of the C=C and C=0 groups were determined to be respectively
~0.84 and —1.20 eV from the present analysis of the ultraviolet spectra.

Die Vakuum-Ultraviolettspektren von Styrol, Benzaldehyd, Acetophenon und Benzoni-
tril im Bereich von 1500 bis 2200 A wurden gemessen: 200, 196, 189, 180 und 163 my fiir
Styrol, 195, 186, 178 und 165 my fiir Benzaldehyd, 196, 191, 179 und 167 my fiir Acetophenon
und 187,5, 180 und 167 my fiir Benzonitril im Vakuum-UV-Bereich.

Berechnungen der n-Elektronensysteme der drei erstgenannten Verbmdungen wurden
unter Kinschluf von Konfigurationen mit und ohne Charge Transfer durchgefiibrt und ergaben
Ubergangsenergien und Oszillatorstirken, die mit den MeBwerten befriedigend iibereinstim-
men. Zum oberen Zustand der 238 mu-Bande von Styrol trigt die Charge Transfer Konfigura-
tion 589, bei, und zu dem der 232 myu-Bande von Benzaldehyd sogar 689%,, woraus hervorgeht,
daB es sich bei diesen beiden Banden um intramolekulare Charge Transfer Banden handelt.

Die Elektronenaffinitit der C=C- und der C=O-Gruppe betrigt nach diesen Berech-
nungen —0,84, bzw. —1,20 eV.

Nous avons mesuré les spectres d’absorption du styréne, du benzaldéhyde, de I'acéto-
phénone et du benzonitrile entre 1500 et 2200 A. Les bandes se situent & 200, 196, 189, 180 et
163 mu pour le styréne; & 195, 186, 178 et 165 my pour le benzaldéhyde; & 196, 191, 179 et
167 my pour V'acétophénone et & 187,5, 180 et 167 mu pour le bentonitrile.

Les structures sz-électroniques des trois premiéres molécules ont été étudiées, en considé-
rant l'interaction entre les configurations forndamentales, localement excitées et excitées
avec transfert de charge. Les énergies et forces oscillatrices calculées s’accordent bien aux
valeurs observées. Le calcul montre que la configuration & transfert de charge entre avec 589,
dans la bande & 238 mu du styréne, et avec 68%, dans celle & 232 mu du benzaldéhyde. Par
conséquent ces deux bandes peuvent étre attribuées au transfert de charge intramoléculaire.
Notre analyse des spectres donne les affinités électroniques des groupes C=C et C=0 &

—0,84 et —1,20 eV, respectivement.

* Present address: Department of Chemistry, Faculty of Engineering Science, Osaka
University, Toyonaka, Osaka,
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1. Introduction

Recently, we have experimentally and theoretically studied the vacuum ultra-
violet spectra of nitrobenzene [8], aniline and its N-derivatives [2], and phenol,
anisole, phenetole, thiophenol, halogeno-benzenes, and toluene [3]. It has been
shown that the ultraviolet spectra can well be interpreted in terms of the intra-
molecular electron transfer between the substituent groups and the benzene ring.
In the present study, we have measured the vacuum ultraviolet absorption with
styrene, benzaldehyde, acetophenone, and benzonitrile. Furthermore, in order to
clarify the nature of the new absorption bands obtained by the present work and
to deepen the knowledge on the z-electronic structures of these molecules, we have
carried out theoretical studies on styrene and benzaldehyde, using the same
method as employed in our previous studies.

2. Experimental
Materials and Measurements. — The commercial materials of styrene, benzaldehyde,
acetophenone, and benzonitrile were fractionally distilled and the vapors of their purified
samples were transferred through a vacuum glass line into the gas cell attached to the appara-
tus. Absorption measurements from 160 to 220 myu for these compounds were carried out in
the vapor phase at room temperature by a recording vacuum ultraviolet spectrophotometer,
W ; gas cells of 7, 10, and 30 mm path length
B0 k0 W W?ZZ”ﬂm 20 2w o gy @nd with lithium fluoride windows being
T 1 11171 used. The details of the apparatus and ex-
perimental procedure have recently been
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published elsewhere [13]. The vacuum ultraviolet spectra for individual compounds were
carefully measured several times for different vapor pressures. The ultraviolet absorption
spectra in the wavelength region longer than 200 mu were measured with a Cary recording
spectrophotometer model 14 M.

Experimental Resulis. — The ultraviolet absorption spectra of styrene, benzaldehyde,
acetophenone, and benzonitrile measured in the present work are shown in Fig. 1, 2,3 and 4
respectively.

Tab. 1 summarizes experimental results on the absorption bands of these compounds. The
experimental f values were obtained from the integral areas under the absorption curves by
the use of the following equation

f =432 x 107 [ e dy,

where ¢ is the molar extinction coefficient and v is the frequency in ecm™1. Since several bands
overlap with each other in the vacuum ultraviolet region, the sum of the oscillator strength
values for overlapped bands is shown in Tab. 1.

Table 1. BExperimental results on the electronic spectra of styrene, benzaldehyde, acetophenone, and
benzonitrile in the vapor phase

Styrene Benzaldehyde
7 (mp) e 7 (mp) : i
280 800 0.02 275 1000 0.02
238 10000 0.24 232 14000 0.26
(200) 65000 195 i 50000
196 68000 (186) 36000 .
(189) 54000 2.4 178 26000 '
180 30000 165 21000
163 25000
Acetophenone Benzonitrile
% (mp) e |  (mp) : f
275 950 0.02 274 650 l 0.01
231 13000 0.28 224 23000 0.46
196 48000 187.5 59000
191 46000 L7 (180) 40000 1.6
179 24000 ) 167 18000
167 21000

Values in parentheses show the positions of shoulder of the absorption spectra.

The vacuum ultraviolet spectra of styrene, benzaldehyde, and benzonitrile have been
measured by Warsg [14] and by KrLeveNs and Prarr [4] many years ago. According to
Krevexs and PrarT [4], the absorption peaks of styrene, benzaldehyde and benzonitrile in
the vacuum ultraviolet region locate at around. 205, 200 and 185 mp, respectively. Our meas-
urements are extended to shorter wavelength region.

3. Theoretieal

The m-electron structures of styrene, benzaldehyde and acetophenone have been
studied theoretically by using the method originally presented by LoNcuzt-
Hricons and MurreLL [5]. In the present calculation, the substituted benzenes
under consideration were divided into {wo components; one is the benzene ring,
and the other is the substituent with a double bond. The molecular orbital : of
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each component have been determined. Thereafter, the interaction between the
components has been considered by the configurational interaction among several
electron configurations including the ground, locally excited, and charge-transfer
configurations.

Tab. 2 shows the wave functions and transition energies for the locally excited
configurations of the benzene ring and the substituents. The energy values of the

Table 2. Wave functions and energy values of the locally excited configurations used in the present
caleulation of styrene and benzaldehyde

Wave Function ' Energy (eV)= { 1o

Benzene Ring

YBy, = 2712 [((p —1 ) ( (774)] [ EBzu = 4.89 i 0.001
wey, = 272 (o5 ) + (cp2 ?5)] ! Eg,, = 647 0.126
vy =27 Y2 (g5~ @) + (@2t p4)] ' By, = 6.98 } 1.035
Yry, =271 [(% Pa) — = o)l Iz, = 6.98 :
Substituted Group
v = (6,71 6,) Brc=c) = 7.60° (styrene)

Br c—0) = 7.92¢ (benzaldehyde

and acetophenone)
Molecular Orbitals*
Qo =127 2y o+ s~ Az = 200~ A5+ o)
3 =27 (0 + X5 — X5 — Xe)
P =271 (s — 2z + 245 — %)
Qs =127 (2 + g e~ 20 As T le)
Oy = ay, + byg
By = byy — oy
where ¢ = b = 2-1/2 for styrens, and
o = 0.5472¢ and b = 0.8370¢ both for benzaldehyde and
acetophenone

a Refs. 2 and 3. b Ref. 11. o Ref. 15. d Ref. 7.
* x’s are atomic orbitals shown in Fig. 5.

locally excited configurations shown in Tab. 2 were taken from the positions of the
7 —m* transition bands of benzene [2, 3] ethylene [17] and formaldehyde [15]
respectively. The molecular orbitals of the C=O group used in the present
calculation are taken from those given already by one of the present authors [7].

The wave functions and energies of the charge-transfer configurations are given
by the following formulas:

per,= (2" 0a), Bop, = Is — Ac=0 — Qs } for benzaldehyde and

yer,= (¢ 02), ECT,, =1Ip— Ac —0— s acetophenone

vor, = g2 {( —1 92 ECTl: (IB Acc + IC:C—‘AB’Q:{’Q:L)

yor, = 27 1/”( 7' 0y) — (07" %} Bor,= - (Ip—Ac-c+ Ic-c— Ap— @y — Q)

for styrene

yer, =2 {( 3t 0)+ (07 @y, Bor,= - (I— Agc + Lo—c— AB— Q35— Q)

o] = ro| = ol = o)

vor, = 27" (g5 05) + (017 @)} Bor, = — (Ip—Ac—c + To=c— A — @y —Qs)
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The configurations of (g3 6,) and (g3 6,) are due to electron transfers from the
benzene ring to the substituent, while those of (07" ¢,) and (67" ¢;) are due to
electron transfers in the reverse direction. Here, I and Ip.c are the ionization
potentials of benzene and the C = C group respectively, and Ap, Ac—o and Adg-c
are the electron affinities of the phenyl, C = O and C = C groups respectively.
Q2 @3, Q4 and Q; are the electrostatic energies given by the following equation*:

Q= [‘7’2‘172‘6 62]*"“ G+t t+4qa+ 9+ )
‘L“* (4qi+gs+ g5+ 4 d0+ g5+ g6
Q3:[‘}03%‘0262]:‘4_(?2‘5‘93"“954'96)

az I ! ! I:
+ (Q2+§Zs+95+%)

Qs = [ps 94 |0, 04] —T(92+ 95+ 45 + 96)
b2 ! 4 ' !
+ @2+ g5+ g5 - g6)
Qs =[5 @5 | 01 1]*“ (4Q1+(12+93+494+95+%)
+ E(4qi+qé+qé+4q;+qé+qé)-
Here, ¢; and ¢; are two-center repulsion integrals expressed by (y; y: | %7 %7) and
(%s i | 2s 2s)> respectively, ¢ being 1, 2, --- 6, and @ and b are given in Tab. 2.

These values were calculated by the use of a quadratic equation of atomic distan-

Table 3. The off-diagonal matriz elements used in the calculation of styrene, benzaldehyde, and
acetophenone (The configurations, (0,71 @) and (0,71 @;), were not taken into account for
benzaldehyde and acetophenone)

H (G, 07 ;) = (2/V8) (—af + af’ — bp"")

(1//8) aﬁ + af’ + bf'")
(=1/V8) (b8 + bf' + ap")

H (G, g, 71 0,) (2/ /6) (bﬂ + b8 — ap”)
H (Bau, 0,7 @4) = (1 VB) (af + af’ + bf")
H (Bou, g7* 92 = (1//6) ( —bB + b’ + ap")

H (B, 0,7 ¢5) = ( =1/ V8) (@B + af’ + bf")
H (B, @y~ 19 2) = (1 /V6)_( -bf + bf" + ap’)
H (B, 0,7 @) = (- /V6) (@B + a’ + bp")
H (H, 5! ) = ( /V8) (-bB + bf' + ap")

(1/ 3) (—bp + bf' + ap”)

L, p, 6 ) = (=1/V3) (ab + af’ + bB")

L, B) = Y2 (6, Gz @5 @5) + (0 05 | @5 94)]
H (L, Ev') = V2[(6,6 2 | P50 — (61 b5 | 92 95)]
H (L, Bu) = y21(6, 0 Wa @a) + (01 0 | @2 @)

1
H (0,77 ¢4 0771 5) = — (0,0, | 91 @5)
H((pzlﬂz,%]@): (‘Pl%‘ez 6,)

* [@g @y | 6, 05] is the abbreviation of [ g, (¢) @, (3) ( ) 6(7) B,(7) drus, for instance.
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ces which was obtained in the way suggested by PARISER and PARR [9]
(yi 71 | %o yc) = 0.222 72 — 2.67r + 10.60
(s xi | 20 %0) = 0.378 12 — 3.68 7 + 12.30 .

Assuming the molecular geometry of planar configuration*, we have: @, = 4.74
and ¢, = 4.36 eV for benzaldehyde and acetophenone, and (@, + ¢,) = 4.06 and
(Qs + Q5) = 4.46 eV for styrene.

Off-diagonal matrix elements of the total electron Hamiltonian are shown in
Tab. 3. In Tab. 3, 8 is the resonance integral between two atomic orbitals, ¥, and
%7, B is that between y, and y,, and f” is that between 4, and y, (see Fig. 5). The
values for ' and 5" were calculated on the assumption that the resonance inte-
grals are proportional to the corresponding overlap integrals S; that is to say

B =B (S'|S) and " = B (8"/S).
In Tab. 4 are shown the values of S, &', and 8" taken from the table of MULLIKEN
et al. [6]. The inclusion of §’ and 8 in the present calculation is one of the charac-
teristics of a series of our caleulations for various substituted benzenes [2, 3.

In the calculation of styrene, (I — Ac—c + Ic—c — 4B) and  were taken as
parameters to be determined from a comparaison between the experimental and
theoretical transition energies, and (Iz — Ac—o) and § were taken as parameters
in the case of benzaldehyde and ace-
tophenone. In order to select a best
set of these parameter values the
energy levels and wave functions were
evaluated by a Facom 202 electronic
computer, in considerably wide ranges
of the parameter values with intervals
of 0.2eV for (Ig— Ac—c+ To—c— Ap)
and (Ig — Ac¢—o) and for § values of
—1.30, —1.50, and —1.70 eV. The
best values of charge transfer energy
were found to be: Iy — Ac—c + Ic=¢c — AB = 20.92eV for styrene and
Ig — Ag-o = 10.45eV both for benzaldehyde and acetophenone, and the best value
of fis —1.50eV for all the molecules. Tab. 5 and 6 show the best sets of the
calculated transition energies and the corresponding wave functions.

The theoretical oscillator strengths were obtained by the use of f;; = 1.085x 101!
vy Dj;, where v;; and Dy; are respectively the frequency (in em—!) and moment
(in cm) of the ¢ — j transition. The observed f values corresponding to the *4;4 —
1E1y and 14,4, — 1By, transitions of benzene were used instead of the theoretical
values for the evalution of f;; values from the wave functions and energy levels
given in Tab. 5 and 6. :

Fig. 5. The atomic orbitals of the substituted benzene

4. Discussion
Since the spectrum of acetophenone is very similar to that of benzaldehyde
and the difference in the positions of their absorption peaks is too small to be
explained in the present theoretical calculation, the same theoretical treatment
was commonly applied to the spectra of these two compounds.

* An angle of 120° was assumed between the double and single bonds of the side chain.
7 (C — Openz. = 1.40 A, # (C, — C,) =1.4TA, r(C=0) =1.24 A, and » (C = C) = 1.35 A.
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Table 7. Comparison between the experimental and theoretical results of transition energy, given
in eV units, and oscillator strength for styrene, benzaldehyde, acetophenone and benzonitrile

Styrene
Present Work Loxgurr-Higeixs and MurrerLL [5]
Experimental Theoretical Theoretical
w-B) BB (E - Ey)
4.42 ‘ 0.02 4.89 < 0.01 4.72
521 | 024 526 ; 0.29 5.77
(6.20) ] | } 6.25 0.20 6.15
6.32 ! 6.36 0.27 6.61
(6.57) 6.69 0.01 6.77
6.88 \ 682 | 038 7.67
7.57 0.48 8.33
7.60 7.63 0.91 8.49
) 8.40 0.98 9.18
Acetophenone Benzonitrile
r t Work T
resent Wor Present Work { PEACO(‘IK and
Experimental I Theoretical Experimental WILKINSON [10]
il Theoretical (SCF)
-8y f |(B-E)| |
] ! 4.53 5.00
452 | 002 4.96 0.01 554 5.55
537 | 0.28 5.72 0.30 6.61 6.68
6.33 6.26 0.23 (6.88) | 6.83
6.50 17 ‘ 6.53 0.04 744 ‘
6.92 7.06 112
7.43 || 7.37 1.01
| 8.56 0.51
Benzaldehyde
Broor and
Present Work Tanaxa [12] PERADEIORDI [1]
Experimental Theoretical Theoretical Theoretical (SCF)
@-£)| f |l@-m)| | |E-B)| | (& ~ Ey)
4.52 0.02 ’ 4.96 ‘ 0.01 4.65 0.005 4.69
535 | 026 5.72 0.30 5.39 0.25 5.39
6.35 . 6.26 0.23 6.06 0.41 6.48
(6. 68 r 6.53 0.04 6.63 | - 6.88
6 97 7.06 1.12 7.49 \ -
7.37 | 101 7.57 -
) 8.56 4[ 0.51 )

Values in parentheses show the positions

of shoulder.

All the bands of styrene, benzaldehyde and acetophenone observed in the
present experiment could successfully be assigned by the present theoretical
consideration. Tab. 7 shows a comparison between the experimental and theore-
tical results of transition energy and oscillator strength for styrene, benzaldehyde
and acetophenone. As is seen from the comparison shown in Tab. 7, a considerably
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good agreement was obtained between the experimental and theoretical results
for both the transition energies and the oscillator strengths, except for the longest
wavelength bands. A comparatively large discrepancy between the observed and
theoretical values was commonly seen for the longest wavelength bands of many
monosubstituted benzenes studied by the present authors.

It is no doubt that the excited levels of longest wavelength (274 ~ 280 mu)
bands are predominantly of the By, character of benzene. The present calculation
indicates that the charge-transfer configuration, Yor,s contributes to the 238 mu
band of styrene by 589, and yc, contributes both to the 232 my band of benzal-
dehyde and to the 231 my band of acetophenone by 68%,. This means that these
bands may be regarded as the intramolecular charge-transfer band.

As seen from Tab. 5 and 6, the charge-transfer configurations contribute to the
ground states of the molecules by several per cent and the resulting stabilization
energies are 5.60 Kcal/mol for styrene, and 5.05 Kcal/mol for benzaldehyde and
acetophenone. These values of stabilization energy are intermediate between
those of phenol (4.6 Kcal/mol) [3] and aniline (7.4 Keal/mol) [2].

Next let us try to evaluate of the electron affinities of the C= C and C =0
groups from our best values of Iy — Acc+ fo=c — 4 (=20.92eV) and
Ip — Ac—o (= 10.45 eV). For styrene, assuming that Ip is equal to the ionization
potential of benzene (9.25eV) [16], Ap to the electron affinity of benzene
(— 1.10 eV) [3] and I¢—c to the ionization potential of propylene* (9.73 eV) [16],
we have a value of —0.84 eV for Ao-c which is the electron affinity of the C=C
group. In the case of benzaldehyde and acetophenone, again assuming that Ig
and Ag are equal to the above corresponding value, we have a value of —1.20 eV
for A -0 which is the electron affinity of the C = O group. It is interesting to note
that this value completely coincides with that successfully used in the interpreta-
tion of electronic spectra of formamide and acrolein by one of the present au-
thors [7].

In Tab. 7 are given the results obtained by other authors [1, 5, 10, 12] in com-
parison with ours. Our calculated transition energies of styrene are considerably
different from those by LoNaUET-Hiceins and MURRELL [§]. This is mainly due
to the difference between the energy values of the charge-transfer configurations
taken by them and those used by us.

The calculated result of transition energy of benzonitrile by Pracock and
WiLkiNsoN [4] is in good agreement with the present experimental result except
for the longest wavelength band. As is clearly seen from Tab. 7, the absorption
bands of benzonitrile (Fig. 4) locate in shorter wavelengths than the corresponding
bands of benzaldehyde (Fig. 3). This indicates that the energies of the charge-
transfer configurations of the former may be much higher than those of the latter.
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