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The electronic structure of benzonitrile has been studied by X-ray spectroscopy. N-Kc~ 
and C-Kc~ spectra were recorded. The corresponding theoretical spectra were constructed on 
the basis of MNDO calculations. The molecular orbitals (MO) of benzonitrile have been 
compared with those of benzene and hydrogen cyanide. The p~--pn-interaction between the 
phenyl fragment and the cyano group has been studied. The contribution of the latter to the 
highest occupied orbitals of the molecule was shown to be small. 
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It has been shown previously 1 that the contr ibut ion 
of the formyl substi tuent to the highest occupied mo-  
lecular orbital (HOMO)  of benzaldehyde is insignifi- 
cant. This compound  is known to be a representative of 
- M  substituted benzenes.  Benzonitri le also belongs to 
this class of compounds.  In  the present work we have 
studied the structure of this molecule by X-ray emission 
spectroscopy. The structure of the H O M O  and the role 
of the atomic orbitals (AO) of the cyano group in its 
formation are of part icular interest. 

Experimental 

The X-ray equipment has been described previously) The 
N-Ka spectrum of benzonitrile was studied in the solid phase. 
An OHM crystal was used as the analyzer crystal (2d = 
2.35 nm). 2 The same crystal was used for recording the C-Ka 
spectrum of solid C6H5CN (C-Ka(OHM)) according to the 

known procedure. 3 To confirm te choice of the algorithm for 
correcting the experimental spectrum recorded for the gas 
phase using a NH4AP analyzer crystal (C-Ka(NH4AP)) an 
additional C-Kc~ spectrum was recorded. The procedure for 
correcting the spectrum that takes the efficiency of the crystal 
into account, 4 and the procedures for recording the spectra in 
the gas phase and for calibration 1 have been described previ- 
ously. The use of OHM for the analysis of the emission of 
benzonitrile in the gaseous phase made no sense, because it 
caused a sharp decrease in the intensity with no substantial 
improvement of the resolution. 

* For part 1, see Ref. 1. 

The spectra were calibrated (an OHM crystal) using the 
A1-Kal, 2 line; in the case of the N-Kc~ spectrum, the third- 
and the fourth-order reflections were used, and for the C-Kc~ 
spectrum the sixth-order reflection was used. In the latter case, 
the C-Ka band of graphite was also used. The wavelengths of 
the calibration lines were taken from the literature. 5 The root- 
mean-square error in the energetic location of the N-Kct and 
C-Kct bands of benzonitrile in the solid state was +_0.5 eV; 
that in the gaseous phase was +_0.2 eV. The procedure for 
smoothing the spectra was reported previously) 

Results and Discussion 

To understand the character of the electronic inter- 
actions in benzonitri le let us consider the structure of 
the MO of hydrogen cyanide, since it resembles the 
corresponding fragment of C6HsCN. H C N  (C~v sym- 
metry) has been investigated previously by photoelec- 
t ron spectroscopy (PES) 6 and X-ray photoelec t ron 
spectroscopy (XES). 7 Quan tum-chemica l  calculations 
were also carried out (for example, see Ref. 6). The 
H O M O  In energy level is twice degenerate and is re- 
sponsible for the n-bonds  between the carbon and nitro- 
gen atoms. The 5~ MO (C2p~--N2p~) is immediately 
adjacent to it. The 4~r and the 3~ MO consist predomi- 
nant ly  of the C2s and N2s AO, and the 2~ and the 1~ 
MO are mostly built  of the C l s  and the N l s  AO. The 
electronic structure of the benzene molecule (D6h sym- 
metry) has been described in detail previously. 6 

Benzonitri le (C2v symmetry) has been studied by 
PES 6,8-1~ and XES; 7 quan tum-chemica l  calculations 
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Fig. 1. The X-ray and photoelectron (He(I)) spectra of 
C6HsCN: the experimental spectrum (points (/)); the smoothed 
spectrum (the C-Kc~(NH4AP) spectrum corrected to allow for 
the efficiency of the analyzer crystal) (solid line (2)). 

have also been carried out. 6,8-11 The X-ray emisson 
spectra are presented in Fig. 1, along with the photo- 
electron spectrum. 6 All of the spectra were converted to 
a unified energy scale of ionization potentials (/) accord- 
ing to the standard procedure (see, for example, Ref. 12). 
The theoretical X-ray spectra of benzonitrile based on 
the results of MNDO calculations are shown in Fig. 2. 
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Fig. 2. Theoretical X-ray spectra of PhCN (identification of 
the lines is presented in Table 1). 

The procedure for their construction has been reported 
previously) The half-widths of the separate lines used in 
this procedure were selected empirically. They amounted 
to ~3 eV for the N-K(x spectrum and ~1.2 eV for the 
C-Ks  spectrum. 

As was noted previously, 1 in the analysis of the 
C-Ks  spectra of monosubstituted benzenes, one should 
take into account the fact that the carbon atoms of the 
phenyl ring (C(1), C(2,6), C(3,5), and C(4)) have dif- 
ferent energies of the ls levels due to their nonequiva- 
lent location with respect to the substituent. In ben- 
zonitrile, the ls level of the carbon atom of the substitu- 
em (CN) can also be distinguished. Several values for all 
of the ls levels have been reported; we used the average 
of these values. The mutual adjustment of the photo- 
electron and the C-Ks  spectra was carried out relative 
to the C(4)ls level, which coincides in energy with the 
C(3,5)ls level. Hence, hereinafter, they will be referred 
to as C(3,4,5)1s and used to bring the theoretical spectra 
into coincidence with each other. The application of 
other Cls levels is also valid. The vertical lines in Fig. 1 
correspond to the position of maximum B in the C-Ks  
spectrum, when the adjustment is carried out with vari- 
ous Cls levels of benzonitrile. 

Let us interpret the experimental X-ray spectra using 
quantum-chemical calculations. Notice that the MO 
with symmetries a I and b 2 belong to the ~ system, and 
the a 2 and b I MO belong to the re-system. Based on 
group-theory analysis, the following characteristic fea- 
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Table 1. The identification of lines in the theoretical C-Kc~ 
spectrum of benzonitrile shown in Fig. 2 

Line Transition Line Transition 

1 3b I ~ CNlS 24 13a 1 -+ C(1)ls 
2 3b I ~ C(1)ls 25 5b 2 --4 C(1)ls 
3 3bl, la 2 --~ C(2,6)1s 26 13a 1 ~ C(2,6)1s 
4 3b I ~ C(3,4,5)1s 27 5b 2 -4 C(2,6)1s 

la 2 ~ C(3,5)1s 28 13a 1 ~ C(3,4,5)1s 
5 8b2, 2b I ~ CNlS 29 5b 2 ~ C(3,4,5)1s 
6 8b2, 2b 1 --+ C(1)ls 30 12a 1 ~ C(2,6)1s 
7 15a I --+ CNlS 31 12a 1 -4 C(3,4,5)1s 
8 7b 2 -> CNlS 32 l la  1 --~ CNlS 
9 8b2, 2b 1 -> C(2,6)1s 33 l la  1 ~ C(1)ls 
10 15a I -> C(1)ls 34 l la  1 -> C(2,6)1s 
11 8b2, 2b 1 -> C(3,4,5)1s 35 11a I -> C(3,4,5)1s 

7b 2 --~ C(1)ls 36 4b 2 ~ C(1)ls 
12 15a I --~ C(2,6)1s 37 4b 2 ~ C(2,6)1s 
13 7b 2 ~ C(2,6)1s 38 10a I ~ CNlS 

lb I ~ CNlS 39 4b 2 ~ C(3,4,5)1s 
14 14a 1 -~ CNIS 40 10a 1 ~ C(1)ls 

15a 1 -+ C(3,4,5)1s 41 10a I ~ C(2,6)1s 
15 7b 2 --~ C(3,4,5)1s 42 10a! ~ C(3,4,5)Is 
16 lb! --~ C(1)ls 43 9a I ~ CNlS 
17 14a i ~ C(1)ls 44 3b 2 ~ C(1)ls 
18 lb 1 ~ C(2,6)1s 45 9a 1 -~ C(2,6)1s 
19 14a 1 ~ C(2,6)1s 46 3b 2 -+ C(2,6)1s 
20 lb 1 ~ C(3,4,5)1s 47 %1 ~ C(3,5)1s 
21 14a 1 --~ C(3,4,5)1s 48 3b 2 -+ C(3,4,5)1s 

6b 2 ~ C(1)ls 49 8a 1 ~ CNlS 
22 6b 2 ~ C(2,6)1s 50 8a 1 -+ C(2,6)1s 
23 5b 2 --+ CNlS 51 8a I ~ C(3,4,5)1s 

6b 2 ~ C(3,4,5)is 

tures of  the conjugation of  the phenyl ring with the 
substituent can be established: one of  the n-orbitals of  
the C N  group is antisymmetrical with respect to the 
reflection in the plane of  the molecule (it correlates with 
the 1=• MO of  H C N )  and can only interact with those 
n-orbitals o f  the phenyl ring whose structures are close 
to those of  the lelg and la2u MO of  benzene; the other 
n-orbital lies in the plane of  the molecule (it correlates 
with the lnl[ MO of  H C N )  and only conjugates with the 
antisymmetric o orbitals of  the phenyl group like the 
3e2gAS, 3ehLAs, and lb2u MO of  benzene; finally, the o 
orbitals of  the cyano group (they correlate with the 5o-, 
4o-,  and 3 o - M O  of  H C N )  interact with the symmetrical 
o-orbitals of  the phenyl ring, which are, in turn, com-  
parable with the 3e2gS, 3eluS, 2blu, and 3alg MO of  
benzene. Not ice  that n-conjugat ion can also be observed 
in the plane o f  the molecule,  for example, between 
the 2p-AO of  the cyano group and the MO with b 2 
symmetry.  

According to the quantum-chemica l  calculations, 
the 3b 1 and la  2 n -MO,  which are mostly composed of  
the 2pn-AO of  the carbon atoms of  the phenyl ring, are 
the highest occupied orbitals. The nature of  the 3b I MO 
is close to the lelgS MO of  benzene,  and that of  the la 2 
MO is close to the lelgAS MO of  benzene. According to 

M N D O  calculations, the contribution of  AO of  the CN 
fragment to the 3b 1 MO is small (--8 %). Such low 
participation of  AO of  the substituent in the 3b 1 MO 
may be explained by the fact that the interaction be- 
tween the orbital of  the phenyl fragment (like the lelgS 
MO of  benzene) and the orbital of  the substituent 
(comparable to the In x MO of  H C N )  is insignificant 
owing to the great difference between their energies. 
Actually, as shown by PES, 6 the first ionization poten- 
tial of  benzene is 9.25 eV (lelg) and that of  hydrogen 
cyanide is 13.6 eV (In). The la  2 MO, which is entirely 
composed of  the 2pn-AO of  the phenyl carbon atoms, 
does not interact with the n-system of  the cyano group 
due to the difference in their symmetries. The two 
above-considered MO are responsible for the A band in 
the C - K a  spectrum (see Figs. 1 and 2). The S band is 
probably associated with the intrinsic fluorescence of  the 
analyzer crystal. 

The similarity of  the C - K a  spectra of  benzene and 
benzaldehyde has already been noted. 1 In the case of  
benzene, the line with the highest energy (the E scale of  
energy of  transitions) corresponds to the lelg MO level, 
which splits in the case of  C6HsCN due to the decrease 
in the symmetry (D6h -+ C2v): lelg --,* 3b I + la 2. The A 
band in the C - K a  spectrum corresponds to the 3b I and 
la 2 MO; this is confirmed by the theoretical spectrum 
(see Figs. 1 and 2), and its high-energy part (scale E) 
most likely results from the 3b 1 -~ C(1)Is(3al)  and 
3bl -> CN ls(2a 1) transitions. However, the contribution 
of  the CN2Pn AO to the 3b I MO is small ( ~ 1 %  accord- 
ing to MNDO) ,  and, therefore, the intensity of  the latter 
transition is rather low. In the N - K ~  spectrum, the 3b l 
MO must account  for the small high-energy peak (see 
Figs. 1 and 2), which, after adjustment, coincides with 
the A band in the C - K a  spectrum and with the first 
broad band with a rather complex structure in the PES. 

Thus, the X-ray spectroscopic experiment supports 
the statement inferred from the theoretical studies that 
the participation of  the N2p-AO in the H O M O  is small. 
In fact, a substantial proportion of  the 2p-AO of the 
nitrogen atom in the 3b I MO would have resulted in the 
appearance of  an intense line, rather than a small maxi- 
mum,  in the N-Kct spectrum (see Fig. 1). 

The next levels in order of  increasing energy (the 
scale of  ionization potent ia ls / )  are: 8b2, 261, 7b2, 15at, 
lbl, and 14a 1 MO. All of  these are responsible for the 
second broad band in the PES. After the adjustment this 
band coincides with the B band in the C - K a  spectrum 
and the dominant  line in the N - K ~  spectrum (see 
Figs. 1 and 2). The considerable intensity of  the latter 
indicates that the contribution of  the 2p-AO of the 
nitrogen atom to these MO is the greatest. The similar 
peaks in the photoelectron Spectrum and in the C - K s  
spectrum of  benzene are due to the 3e2g and la2u MO. 
This group of  MO in benzonitrile may arise due to the 
removal of  degeneracy in going from C6H 6 to C6HsCN 
and to the interaction o f  the orbitals of  the phenyl 
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fragment (similar to the 3e2g and la2u MO of benzene) 
with the orbitals of the cyano group, which are allowed 
in terms of symmetry. 

The 2b 1 and lb 1 MO reflect the conjugation of the 
n-orbital of the phenyl ring (it matches the la2u MO of 
benzene) with the orbital of the cyano group (similar to 
the lrtz-MO of hydrogen cyanide). Figure 3 illustrates 
the results of the analysis of the rt-orbitals of benzoni- 
trile. The 8b 2 and 7b 2 MO belong to the n-system lying 
in the plane of the molecule. They are antibonding and 
bonding combinations of the MO of the phenyl frag- 
ment (similar to the 3e2gAS MO of benzene) and the 
MO of the cyano group (similar to I~II-MO of 
HCN). The 8b 2 MO is mostly concentrated at the CN 
fragment, while the 7b 2 MO is localized at the benzene 
ring, as follows from ab initio calculations (see, for 
example, Ref. 6). However, according to the MNDO 
method, these two MO are approximately uniformly 
delocalized) l The 15a I and 14a I cr-MO result from 
mixing of orbitals of the phenyl ring with orbitals of the 
cyano group, which match with the 3e2gS MO of ben- 
zene and the 5~-MO of hydrogen cyanide, respectively. 
The 2s-AO of the nitrogen atom significantly contri- 
butes to the 14a 1 MO. This points to an admixture of a 
deeper orbital of the substituent (similar to the 3~-MO 
of HCN). 

The 6b 2, 13a I, 5b 2, and 12a I MO of benzonitrile 
correspond to the third broad PES band, which coin- 
cides with the C line in the C-Ka spectrum and with the 
low-energy (the E scale) part of the N-Ka  spectrum (see 
Figs. 1 and 2). Similar peaks in the photoelectron and 
the C-Ka spectra of benzene are attributed to the 3eh, 
lb2u, and 2blu MO. Thus, the following correlations 
have been established: the 6b 2 MO correlates with the 
3eluAS orbital of benzene, the 13a I MO correlates with 
the 3eluS-orbital of benzene, the 5b 2 MO correlates with 
the lb2u-orbital of benzene, and the 12a I MO correlates 
with the 2blu MO of benzene. 

According to nonempirical calculations, 6 MO of this 
group are predominantly localized at the phenyl frag- 
ment. Consequently, the low-energy constituent of the 
N-Ka  spectrum corresponding to the transition from the 
above-listed MO to the Nls-orbital has low intensity 
(see Figs. 1 and 2). The deeper MO of benzonitrile, viz., 
l lal ,  4b2, 10al, 3b 2, 9al, 8al, and 7a I MO, comprise 
mainly the C2s and N2s AO and manifest themselves in 
the extended low-energy structure (the E scale) of the 
spectra, which is due to the presence of slight admix- 
tures of N2p and C2p AO in these MO. 

Thus, the 7t-system of benzonitrile (antisymmetric 
with respect to the reflection in the plane of the mole- 
cule) involves four MO: 3bl, la2, 2b b and lb 1. The two 
higher MO correlate predominanly with the lelg MO of 
benzene. The contribution of the AO of the substituent 
to the la 2 and 3b I MO is small. The 2b 1 and lb 1 MO 
may be regarded as antibonding and bonding combina- 
tions of the n-orbitals of the phenyl fragment and the 
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Fig. 3. The n-MO energy levels (for ionization potentials, see 
Ref. 6; the structure of the MO was determined by MNDO 
calculations). 

cyano group (see above). The 3b I and la 2 MO of 
benzonitrile are stabilized to a greater extent than the 
lelg MO of benzene, which may be explained, as previ- 
ously, 1 by the inductive effect. The electron density in 
this system is transferred from the phenyl ring to the 
more electronegative substituent. As a consequence, the 
C atoms of the phenyl fragment of benzonitrile are more 
positively charged than in benzene. Therefore, the ener- 
gies of the Cls levels of the C atoms in the phenyl ring 
are greater than in benzene, and the N ls levels in the 
CN substituent are also less stabilized than in HCN (see 
Ref. 7). 

In conclusion, the authors would like to thank Prof. 
D. S. Werch (Queen Mary College, London) who put 
the OHM crystals at their disposal. 
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