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Vibrationally resolved N 1s absorption spectra of the acrylonitrile molecule
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Besides two strong 77, and 7" resonances in the 398- to 400-eV energy range, N ls near edge x-ray absorption
fine structure spectra of acrylonitrile molecules have a less intense 401- to 403-eV doublet. The two components
correspond to the N 1s — 57, and N 1s — Dj transitions, where Dj is a diffuse state with strong Rydberg
character. The vibrational analysis shows that in the Dj excited state, two low-energy out-of-plane normal
modes are strongly excited. The 7}, excitation triggers a set of in-plane vibrations, in particular, two C=C-C=N

bendings of the molecule.
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I. INTRODUCTION

To understand how an organic molecule reacts with its
environment one needs to know its structure and the way it
moves. Vibrational dynamics drives and controls its interac-
tions with other molecules and surfaces. Different spectra of
vibrational modes can be excited depending on the quantum of
energy and the way this energy is transferred to the molecule.
Stretching vibrational modes can easily be observed in spectra
of core-excited molecules, particularly if they are linear or
centro-symmetric [1-4]. Their energy quanta of few hundreds
of meV are usually larger than the mean lifetime broadening
of a core-hole excitation of light elements (=100 meV). Thus
they can easily be resolved in the absorption spectra of the
gas phase using high-resolution synchrotron light sources.
For more complex molecules, a tendency to change angles
introduces bending [5-8], and torsional degrees of freedom
[9,10]. Characterized by small energy spacing of few tens
of meV or even less, these vibrational excitations cannot be
resolved despite the high experimental resolution. However,
low-frequency modes are particularly interesting as they can
be excited by thermal fluctuations and thus contribute to
reaction activation. Nitrile molecules, for example, frequently
bend their C-C=N linear part in order to attach to silicon
surfaces [11-14].

Acrylonitrile (see Fig. 1) is a model molecule for vibrations
accompanying core-hole excitations, because it is one of the
smallest molecules with many vibrational modes of different
character. Among its 15 vibrational modes, six of them are
stretchings, three are bendings, one is torsion, and others
are of wagging, rocking, and deformation character [15,16].
Accommodating a core electron in the lowest unoccupied 7,
state triggers a large set of in-plane normal modes, while 7
excitation produces bending vibrations combined with C=N
stretching [17]. This work reports a state-of-the-art vibrational
analysis of higher energy excited states, close to the ionization
potential, in the energy region where the valence states already
have a strong Rydberg character.
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The article is organized as follows: Details of the calcula-
tions of the vibrational progression are presented in Sec. II
(for experimental details see Ref. [17]). Experimental and
calculation results are compared and discussed in Sec. III.

II. CALCULATIONS

The calculation of the vibrational progression is performed
in the Franck-Condon approximation. The intensity and the

energy of the transition from the initial (n,n,, .. .) to the final
vibrational state (n},n5, .. .) are calculated as
I(ny — n,ny = nj, .. )—1_“ ,
1
- (1)
E(ny — nj,ny > nj,...) = Z[E(n;n) — E(n,y)],

m=1

where 7, and n),, are the quantum vibrational numbers of the
mode m in the initial and excited state, respectively.
For a molecule with N atoms, FC amplitudes,

FC(}’lm g n;n) = (w,/l"” |'(pn,,,>7 (2)

are calculated directly for M = 3N — 6 vibrational modes,
as overlaps between the ground-state (v, ) and excited-state
(y;, ) wave functions, which are themselves solutions of the
Schrfédinger equation for a mode m:

3%,
a 9.2

ITL

+ Vm(‘]m)l,bn,,, = Enm wn,,,- (3)

Here ¢, represents displacement from the ground-state
geometry (labeled by ¢ = 0) in the direction of the ground-
state normal coordinate of the mode m, and V,,(g,,) is the
corresponding potential. For a more detailed explanation of
the model see Ref. [17].

The calculations were done using the density functional the-
ory with Becke three-parameter hybrid exchange [18] and the
Lee-Yang-Parr gradient-corrected correlation functional [19]
(B3LYP) implemented in the GAMESS(US) program [20]. An
accurate, IGLOO-III basis set [21] completed by sp and d diffuse
Gaussians is used for the nitrogen and carbon atoms in order
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FIG. 1. (Color online) N=C—CH=CH,, acrylonitrile molecule.

to simulate valence states with a strong admixture of Rydberg
character. The 6-311G™* basis set [22] is used for hydrogen
atoms. The core-excitation energies are computed for a triplet
final state using the AKohn-Sham (AKS) approach. The rela-
tivistic correction of 0.3 eV for nitrogen [23] has been included.
The singlet-triplet correction calculated by the sum method of
Ziegler et al. [24] was included in the final calculation of
potential curves. Transition moments corresponding to N 1s
excitation energies were computed at a configuration interac-
tion post Hartree-Fock (CI) level of theory, including single
and double excitations. The Schrodinger equation in normal
coordinates is resolved numerically by the finite difference
method.

III. RESULTS AND DISCUSSION

A. Calculation of the ground and excited states

In the electronic ground state, the acrylonitrile is a planar
noncentrosymmetric molecule, belonging to symmetry point
group Cy (see Fig. 1). The calculated interatomic distances
and angles are compared to experimental values [25,26] in
Table I. They differ by less than 1.3%.

The electronic ground-state configuration of its 20 valence
electrons has been determined using photoelectron spec-
troscopy [27]. For the outermost valence molecular orbitals
perpendicular to the plane of the molecule, the 7 states are
delocalized along the C=C—-C=N chain due to conjugative
interaction between the C=C bond and the C=N bond. This
conjugation gives rise to two bonding, 1a”, 2a”, and two
antibonding, 3a”, 4a” orbitals. The 7 states which lie in the
molecular plane are mostly localized on the C=N group. They
lead to one bonding orbital, 12a” and one antibonding orbital,
13a’ (LUMO + 1), whose energy is not affected by conjugation
effects.

TABLE I. Experimental and calculated interatomic distances and
angles of the acrylonitrile molecule in its electronic ground state.

Distances (A) Expt. [25] Expt. [26] Calculation
N=C, 1.164 1.167 1.152
C -G, 1.426 1.438 1.428
C,=C;5 1.339 1.343 1.331
C-H 1.086 1.130 1.082
Angles (°)

C,C,C5 122.6 121.7 123.0
C,C5H, 121.7 120 121.6
NC,C, 178 178.6
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FIG. 2. (Color online) The entire experimental N 1s NEXAFS
spectrum (black points) of the acrylonitrile molecule compared to
calculations including vibrational analysis (red line). The spectra
show two strong low-energy structures (77, and 7y), a Dj-7},
doublet and a small D7 structure close to the ionization potential.
Experimental details are given in Ref. [17].

The N 1s NEXAFS spectrum of acrylonitrile (see Fig. 2) is
essentially dominated by two strong peaks in the low-energy
part of the spectrum [17,28,29]. The lowest band is assigned to
an out-of-plane N 1s — 7} ,(C=C—C=N) (3a") transition and
the second and most intense to an in-plane N 1s — JT‘T(CEN)
(13a’) transition. The next structure is usually attributed to a
transition to the second 77,(C=C-C=N) (4a”) unoccupied
orbital [28,29]. Our high-resolution experimental spectrum
clearly shows that the third structure has two components.
A polarization dependent NEXAFS study on acrylonitrile
adsorbed on Pt and Au surfaces [29] shows that the two
components of the doublet cannot have the same symmetry
(a”) as they do not have the same polarization behavior. The
present work shows that the second component of the doublet
corresponds to a transition to a valence-Rydberg mixed state
of @’ symmetry (Dj).

In order to identify the two components of the doublet we
performed calculation of direct AKS excited state energies
(i.e., the energy difference between the ground state and
the excited state without changing the molecular geometry).
Table II shows energies of the first excited states dependent on
the Gaussian basis used for N and C atoms. Using the IGLOO-III
for N and the 6-311G** for C (B;) gives two low-energy
features, corresponding to the excitation to 7, at 398.44 eV
and to n‘T at 399.30 eV, and the third excited state at 402.62 eV,
of the a” symmetry (7w],). The next higher excitation
energies exceeded 403 eV. Defining the IGLOO-III basis for
the C atom (B,) includes another a” (D7) state below the
ionization potential (IP = 405.4 eV). Its energy of 404.60 eV
is, however, too high compared to the experimental values.
Extending the IGLOO-III basis set by sp-diffuse Gaussians on
the N atom (Bj3) decreases the excitation energy of an a’
state [DlT; Fig. 3(a)] state below the 7}, resonance. Finally,
including additional sp and d diffuse Gaussians on N and
C atoms (B4) gives a set of first excitation energies which
perfectly match experimental data in the 400- to 403-eV
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TABLE II. AKS excited-state energies of acrylonitrile calculated
using different Gaussian basis set for N and C atoms: B; (IGLOO-III
on N and 6-311** on C), B, (IGLOO-III on N and C), B3 (IGLOO-III +
diffuse sp on N and IGLOO-III on C), B4 (IGLOO-III + diffuse sp-d on
Nand C). Diffuse orbitals D} and Dj appear in the region of interest
only when a more complete basis than IGLOO-III is used. At the same
time, the localized states merge in energy. The last two columns are
dedicated to excitation energies calculated at the CI level of theory
(CI-en.) and corresponding relative transition moments (CI-mom., in
arb. units). First CI energy is shifted in order to match the first AKS
energy. IP is for ionization potential.

AKS AKS AKS AKS Cl-en CIl-mom.
eV) (eV) V) (eV) eV) (rel.)

Basis B, B, B; B4 B4 B4
Orb. Sym.

a’ () 398.44 398.40 398.40 398.40 398.40 65
a () 399.30 399.26 399.25 399.25 399.25 100
a (D) - - 402.07 401.90 402.14 3
a’ (wr,) 402.62 402.37 402.37 402.26 402.50 35
a’ (DY) - 404.60 403.66 403.06 404.40 3
P 405.40

window, namely, E(DlT) =401.90 eV, E(r},) = 402.26 eV,
and E(D7}) = 403.06 eV. Similar states, with strong valence-
Rydberg admixture, are observed in N 1s excited pyridine [30].

The form of the two molecular orbitals of the doublet, DlT
and m},, is shown in Fig. 3. Left side panels [(a) and (c)]

(© (d)

FIG. 3. (Color online) Ground [(a) and (c)] and excited [(b) and
(d)] state forms of Dj and 7}, orbitals. The Dj orbital changes
strongly in the excited state: The small bag close to the C; atom in
the ground state (a) surrounds the C; atom like a crescent moon in
the excited state (b). On the other hand, the 7}, orbital changes much
less when accommodating the supplementary electron [(c) and (d)]:
There is a slight transfer of one part of the N states to the H-C=C-H,
part of the molecule.

PHYSICAL REVIEW A 85, 062521 (2012)

present ground-state forms of Djf and 7}, molecular orbitals

while right hand panels [(b) and (d)] show corresponding
excited-state changes. In the ground state, both orbitals are
spread on the N=C—C part of the molecule. The orbital weight
on the N and C; atoms is similar. The in-plane Dj orbital has
poorer density on the H-C=C-H, part of the molecule. In the
respective excited states the density is much more spread over
the whole molecule. In the case of the 7}, accommodating a
supplementary electron, the proximity of the N atom is slightly
depleted. On the other hand, when the electron is excited in
the Dy state, a large electronic density is localized around the
C, atom.

The calculation of the N 1s excitation energies and
transition moments was performed at the ab initio CI level
of theory. They were extended high enough to include a
description of the full spectrum until the IP. Two separated CI
calculations using different active subspaces including a” and
a” states were considered. For both CI spaces, the considered
orbitals were obtained from a unique general valence bond
(GVB) computation of the lowest core-excited state of a”
symmetry. This state was variationally determined by fixing
the occupation of the core spin orbital to zero and placing the
excited electron in the lowest unoccupied orbitals 7* with
selected symmetry (a”). Each active subspace was limited
to the singly occupied N 1s inner shell, the 10 highest
doubly occupied valence orbitals and the 70 lowest unoccupied
valence-Rydberg virtual orbitals. The transition moments were
computed in the dipole-length form. Energies of the transitions
N ls — '}, (a” subspace) and N 1s — T (a’ subspace) are
shifted in order to match the corresponding AKS values.

Both AKS (see Table II) and post-HF CI calculations give
the same energy order and symmetries of the first excited states
of acrylonitrile. In particular, the 401- to 403-eV doublet is
composed of an a’ state at lower energy and an a” state at
higher energy. Moreover, the a’ state has a lower transition
moment compared to the a” state, which perfectly matches
experimental data.

B. Calculation of vibrational progressions
1. Ground-state normal modes

Acrylonitrile has 15 normal vibrational degrees of freedom
[15,16]. Eleven vibrations are in the plane of the molecule (A"),
and four are out-of-plane, belonging to the A” irreducible rep-
resentation. The corresponding calculated ground-state wave
numbers (o in cm~') and energies (iw in V) are compared to
experimental values [16] in Table III. The experimental values
for modes m = 13,14,15 are given only for the liquid phase.
Wave numbers of a particular mode m are calculated from the
first vibrational quanta hv = E| — E,, where Ej and E| are
the first two eigenvalues of the corresponding potential. The
calculated values correspond well to experimental data. For
the modes with the wave number (o) greater than 1000 cm ™',
the calculated value is only 1%—-3% higher, while for those
with smaller o, it is less than 4%—8% higher. The probability
of thermal excitation to the n = 1 vibrational state at room
temperature is less than 30% (case of the C—-C=N in-plane
bending). In the following we will thus consider that n = 0 for
all normal modes in the ground state.
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TABLEIII. Vibrational modes in the ground state, and 7} and D* excited states. First two columns are as follows: number (), symmetry,
and nature of the vibrational mode. s, d, r, b, w, t, are for stretching, deformation, rocking, bending, wagging, and torsion. Ground state

as follows: experimental (o, Ref. [16], 'Liq. phase), calculated (') wave number in cm™

! and hw = E,;-E, in meV. 7} and D‘*‘ excited

states as follows: E;-E( in meV and the first FC factors for each mode. Out-of -plane modes’ potentials have either symmetric simple well
or symmetric double well (indicated by sdw) form. Their vibrational quanta are expressed in E,-Ej as the FC factors of odd wave functions
is equal to zero. Only even FC factors are indicated in the case of D out-of -plane modes for the sake of brevity.

Ground state

D‘*‘ excited state

. .
7}, excited state

m Character 0wy o  ho  Ei-E FC(0) FC(1) FC(2) FEC(3) E,-E, FC(0) FC(1) FC(2)
A In-plane
1 C-Hs 3125 3241 400 399 1.00 0.00 0.00 0.00 409 1.00 0.00 0.00
2 C-Hs 3078 3159 390 382 1.00 0.00 0.00 0.00 400 099 0.01 0.00
3 C-Hs 3042 3145 389 391 1.00 0.00 0.00 0.00 394 1.00 0.00 0.00
4 C=Ns 2239 2323 287 282 092 0.08 0.00 0.00 286 1.00 0.00 0.00
5 C=Cs 1615 1671 206 199 1.00 0.00 0.00 0.00 212 0.89 0.09 0.02
6 CH,d 1416 1439 178 173 097 0.03 0.00 0.00 182 1.00 0.00 0.00
7 CHr 1282 1320 163 158 1.00 0.00 0.00 0.00 165 0.65 028 0.06
8 CH,r 1096 1119 138 135 095 0.05 0.00 0.00 137 0.67 027 0.05
11 C-Cs 869 879 109 107 099 0.00 0.01 0.00 114 039 037 0.18
13 Cc=C-Ch 570" 574 171 106 094 003 0.02 0.00 68 029 041 023
15 C-C=Nb 242" 236 29 59 063 021 0.11 0.04 35 020 0.50 0.30
E,»-E) FC(0) FC(2) FC(4) FC(6) FC(8) E,-E FC(0) FC(1) FC(2)
A”  Out-of-plane
9 CH,=CHw 972 1005 124 224 100 0.00 0.00 0.00 0.00 122 sdw 099 0.00 0.00
10 CH,=C w 954 987 122 271 1.00 0.00 0.00 0.00 0.00 185 098 0.00 0.02
12 C=Ct 683 706 87 76 sdw 0.120 0.51 033 0.04 0.00 198 1.00 0.00 0.00
14 C-C=N»b 3620 343 42 99 sdw 0.01 0.07 020 038 0.30 166 097 0.00 0.03

The vibrational progression of the first two resonances in the
NEXAFS spectrum (77}, at 398.7 eV and n‘T at 399.8 eV) has
been already extensively discussed [17]. In the following, we
present the results of the calculations of the 401.5- to 402.5-eV
doublet. The small structure at ~403 eV is not discussed in
the present paper.

2. Transition to the DIT excited state

When an N 1s electron is excited to the D} unoccupied

state, in-plane normal modes with iw > 100 meV (o > 1000
cm™") do not change drastically. In the excited state their
potentials have the form of a simple well, as in the ground
state, and their vibrational quanta are close to the ground
state value (see Table III). The only mode which is relatively
excited is the C—C=N in-plane bending mode (m = 15). Its
vibrational quantum increases from ~30 meV in the ground
state to ~60 meV in the excited state. The Franck-Condon
factor for n’ = 1, FC(1) = 21%, is important, but is still much
lower than the probability of the n = 0 to n’ = 0 transition,
namely 63%.

Out-of -plane normal modes of high energy quanta,
CH,=CH and CH,=C waggings (m = 9,10) do not change
the vibrational state with electronic excitation. On the other
hand, low energy out-of -plane modes, C=C torsion (m = 12)
and the C—C=N bending (m = 14), with symmetric double
well potentials in the excited state, are highly excited. In the
ground state, these modes have potentials of a symmetric
simple well form. Thus the overlap of the ground state
n = 0 with all the odd functions of the excited state m = 12
and m = 14 potentials are zero. This is the reason why the

value of the energy difference E,-E replaces the quantum of
these excitations in Table III. The coupling with the first even
levels of these potentials is weak because the amplitude of the
excited-state wave functions is negligible in the range where
the ground-state wave function is important. Franck-Condon
factors increase when the eigenvalue of the excited state
potential approaches the maximum of the barrier (i.e., when
the two wells communicate due to the tunneling effect). Thus
for the m = 14 mode the transition to the ni4 = 6 is the
highest (see Fig. 4). On the other hand, the extremely low
value of the Franck-Condon factor of n;4 = 0 decreases the
probability of the all-mode vibrational fundamental. Its energy
is chosen to be the lowest E/ -E,o difference, where E; ,
(E o) corresponds to the vibrational fundamental of the mode
m in the excited (ground) state. In the case of the excitation to
the Dl’lk state the minimal value of the E, ,-E,, difference is
for m = 14 and equals 401.4 eV. Important excitation of the
m = 14 and 12 modes pushes the maximum of the vibrational
progression to 420 meV higher energy. The most probable
vibrational excitation, the highest vertical bar in Fig. 6 is the
m = 14,12-bimodal excitation with n;4 = 6 and n;, = 2.

3. Transition to the i}, excited state

In the 7}, excited state, only one out-of-plane normal
mode, CH,=CH wagging (m = 9), potential form changes
in the excited state to a symmetric double well (see Table III).
This decreases its frequency by a factor of 2 (remark that
the E»-Ey is given for the excited state of out-of-plane
normal modes, like in the case of the D excited state).
The vibrational quanta of the other three out-of -plane modes
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FIG. 4. (Color online) Ground state (black solid line), Dy} excited
state (orange) potential surface of its most excited, C-C=N out-
of-plane bending vibrational mode (m = 14). Corresponding wave
functions (solid lines) and eigenvalues (dashed lines) are drawn for
each potential. The arrow indicates a vertical transition (at g = 0)
between 1, and ). The probability of the excitation of the three
most important quantum states is indicated at the right side of the
excited potential.

is either decreased (m = 10), or increased (m = 12,14).
Despite these modifications, out-of -plane modes are poorly
vibrationally excited.

The in-plane normal mode potentials in the 77}, excited
state conserve the simple well form, as in the D‘T excited
state. Table III shows that the vibrational quanta are less
than 5% apart from these in the ground state, except for
C—C=N bending, where this difference is #20%. The potential
minima are however more or less shifted compared to the
ground-state potential. The potential shift and the slight
frequency modification for modes with 7w < 180 meV, like
CH and CH; rocking (m = 7,8), C—C stretching (m = 11),
and C=C-C (see Fig. 5) and C—C=N bendings (m = 13, 15)
induce a high probability of the excitation to their n’ = 1

& 0.8F C=C-C bending (m = 13)
L T, * excited state 14024 ;’
> (<)
%ﬂ 0.6 =
ke m=2 \ -/ 02344022 5
8 oulmEl N X 0.41 g
% ) m= 0.29 ;
_g -1402.0 =
5 0.2 0
S 2
—1401.8 &
° 3
00 . T

-1.5 -1.0 -0.5 0.0 0.5 1.0
Normal Coordinate [A (g/moiﬁz]

FIG. 5. (Color online) Ground state (black), 7 excited state
(orange) potential surface projected to its second most excited,
out-of-plane C=C-C bending vibrational mode (m = 13). Wave
functions and eigenvalues are indicated. The probability of the
excitation to the three states with most important Franck-Condon
factors is indicated at the right side of the excited potential.
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FIG. 6. (Color online) Calculation of the 401.5- to 402.5-eV
doublet compared to the experiment. It is composed of vibrational
progressions of the Dj excited state (orange line, maximum at
401.9 eV) and the m}, excited state (green line, centered at
402.35 eV). Addition of these two structures (black line) matches
experimental spectra well.

level. The vibrational population of the lowest frequency
C=C-C and C-C=N bending modes is even reversed [i.e.,
the probability of the n” = 1 vibrational state is larger than
the probability of the vibrational fundamental (41% and 50%,
for m = 13, 15, respectively]. The most probable vibrational
excitation corresponds to the m = 13,15-bimodal transition
to nj; = 1 and n|5 = 1. The low Franck-Condon factors for
n’ = 0 of almost half of the in-plane normal modes decrease
the probability of the all-mode vibrational fundamental. The
minimal value of the E, ,-E,o difference for the 77, excited
state is 402 eV (for m = 13). Excitation of the modes
m=7,8,11, 13, and 15 shifts the maximum of the vibrational
progression to 320 meV higher energy.

IV. CONCLUSION

Vibrationally resolved NEXAFS N 1s spectra of the
acrylonitrile molecule have been calculated in the energy
range from 401 to 404 eV, where two close resonances
form a not clearly resolved doublet. This study completes
previous calculation of the onset of the NEXAFS N 1s spectra
(i.e., absorption to the w7}, and ”IT states) at 398.7 and
399.8 eV, respectively [17]. The first component of the higher
energy doublet corresponds to the accommodation of the
N 1s electron in the D} unoccupied diffuse state. It appears
below the ionization potential only if an extended IGLOO-III
Gaussian basis set, including diffuse sp and d states is used
on N and C atoms. The need for the diffuse Gaussians
augmented basis set points to the fact that this valence state
has an important admixture of Rydberg character. The second
component, at only 420 meV higher energy corresponds to
the N Is — n}, (C=C-C=N) transition. Transition to the
Dy diffuse state produces molecular motion which concerns
mostly C=C torsion and C—-C=N our-of -plane bending, while
the transition to the w7}, triggers mostly in-plane C=C-C
and C—C=N bendings. The perfect agreement of the entire
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experimental N 1s NEXAFS spectra and the calculation
including vibrational analysis is shown in Fig. 6.

It is interesting to remark that when the N 1s electron is
accommodated in the DW orbital, which is symmetric relative to
the molecular plane, low-energy out-of -plane normal modes
are strongly excited, while the in-plane modes tend to conserve
the same vibrational state. On the other hand, when the N
ls electron is accommodated in the 7], molecular orbital,
which is asymmetric relative to the molecular plane, five in-
plane normal modes are strongly excited. The out-of -plane
modes here tend to stay in the same vibrational state. Similar
enhancement of the in-plane normal modes has already been

PHYSICAL REVIEW A 85, 062521 (2012)

observed for the excitation to the molecular-plane-asymmetric
m}, orbital [17]. On the contrary, in the case of N 1s —
7| transition the most excited vibrational modes are in-plane
vibrations.
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