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The generalized oscillator strengths of the dipole-forbidden excitations of the ! A, of H,O and D,0 were calculated
with the time dependent density functional theory, by taking into account the vibronic effect. It is found that the vibronic
effect converts the dipole-forbidden excitation of the ! A, into a dipole-allowed one, which enhances the intensities of the
corresponding generalized oscillator strength in the small squared momentum transfer region. The present investigation
shows that the vibronic effect of H>O is slightly stronger than that of D,O, which exhibits a clear isotopic effect.
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1. Introduction

Vibronic effect, induced by the molecular vibration which
distorts the molecular symmetry and couples the electronic
and nuclear motions, has great influence on the molecular dy-
namic parameters, such as the generalized oscillator strengths
(GOSs), optical oscillator strengths (OOSs), differential cross
sections (DCSs), and integral cross sections (ICSs).-1 Fur-
thermore, the vibronic effect can change the transition behav-
iors such as converting the dipole-forbidden transitions into
the dipole-allowed ones, enhancing the intensities of the GOS
in the small squared momentum transfer region, etc. There-
fore, the influence of vibronic effect on the GOSs of the
valence-shell excitations of atoms and molecules has attracted
the interests of both experimentalists and theorists, and re-
cently the vibronic effects for molecular CF, 112 NH3,[3’4J
N,0,5 CCly, 178! CH3CL P CF3CL ! etc., have been stud-
ied extensively. The present paper focuses on the vibronic ef-
fect on the GOSs of the valence-shell excitations of H,O and
D,O, and it is clearly elucidated that the isotopic substitution
has an apparent influence on the vibronic effect.

Electron collision cross sections of H,O and its isotopic
substitutions are of great importance in many fields, such
as atmosphere physics, astrophysics, radiation biology and

e.[19-16] For example, the electronic excitation by elec-

15-17]

medicin
tron collision is the main energy deposition channel!

for radiation damage of biological tissues with H,O as the
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main component, so the electronic excitation cross sections of
H,O and its isotopes are crucial for radiation damage simula-
tion in biological tissues. Although electron collisional ex-
citation cross sections for the low electronic states of H,O
have been extensively studied both theoretically!!’2% and
experimentally, [!721-26] the influence of the vibronic effect on
them has not been considered while it has great influence on
other molecules. =)

This paper focuses on the vibronic effect and isotopic ef-
fects of the dipole-forbidden transition 'A, of H,O and D50,
and according to the previous investigations,!'="! the vibronic
effect on this transition should be prominent. The 'A; states
of H,O and D,O were noticed in the electron energy loss
spectra at the impact electron energies of 100 eV-200 eV, >3
300 eV-500 eV,?" and 1500 eV.[!7-28] Tt should be pointed out
that the ' A has a large line width and is heavily overlapped
with the strong dipole-allowed dissociative state of B'Aj, so
it is masked by B'A| and can not be clearly resolved in the
measured spectra. Therefore, a complex fitting procedure was
previously used to derive its dynamic parameters such as the
DCSs and GOSs.!['7-28] Although all experimental and theo-
retical GOS profiles of H,O and D,O are in consistent,[17-28]
while the absolute scales show apparent discrepancies. In this
work, we will elucidate this difference with the time depen-
dent density functional theory (TDDFT) simulation!”2%-3 by

taking into account the vibronic effect.
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2. Theoretical method
Under the first-order Born approximation (FBA), GOS

is related to the differential cross section of an excited state

where pg and p, are the momenta of the incident and scattered
electrons, respectively. K is the momentum transfer vector,
and E, is the excitation energy. Considering molecular vi-
ag[31-331 (in atomic units: a.u.) bronic effect, the GOS for an electronic state n from the vibra-
tional state v of the ground electronic state can be expressed as

E, py . ,do,
f(K,E,) = TEK dQ’ M follows:
|
1 2Env’ v
S K) = - ¥ 5 [ 49| Qe (K. Q)0 (@) @

Here, v and v' are the vibrational quantum numbers of the ground and excited state, respectively, xo,(Q) and ¥, (Q) represent
the vibrational wavefunctions of the initial and final states of the target, respectively. @ is the internal vibrational coordinate. Due
to the energy interval of the vibrational state is much larger than the kinetic energy of the H,O molecule at room temperature,
the initial vibrational state v should be only at the ground state of v = 0. The electronic transition matrix element €,o(K, Q) can
be expressed as

&0(K,Q) = (¥ rN;Q)|Zexp(iK-rj) X |Fo(r1,72,. ..

J

TN Q)), 3

(T],’l"z,

where ¥ and ¥, are the initial and final electronic states wave-
functions with r; being the coordinate vector of the j-th elec-
tron. Then under the Born—Oppenheimer approximation and
with the closure relation of the vibrational eigenstates, the
GOS with the vibronic effect being considered can be written
asl27]

2E,

frco(K) = / dQ 1x00(Q)PMu(K.Q) ()

with
Muo(K,Q) = / 00 (K, Q)2dQx. 5)

Here, the integral over the solid angle 2 is a spherical aver-

fneO(K> = £

2En ,0

2E
nO(KO n,0

Z (EL(QL) Mo (K, Q1 41) —

age of the random orientation of the molecular axis in the K
direction.

Under the harmonic approximation, the vibrational wave
function can be expressed as the product of the harmonic os-
cillator functions

x00(Q) =[]&.(Qu), (6)

L

where Q; represents the displacement from the equilibrium
geometry along the L-th normal coordinate.
Neglecting the interactions between different vibration

modes, equation (4) can be further reduced to

He (100(@)IMoo K0+ Y AMo (K, Q1) 200(Q)
L

Mo (K,0)1E.(0y)) - (7

It is reasonable to omit cross-terms between different normal coordinates, based on the assumption that M,,o( K , Q) changes

slowly with @ in the vicinity of the equilibrium geometry. Expanding M,,o using the power series and fitting the curve of M, by

using the polynomial, equation (7) can be finally expressed as

2E,

FK B = 25|

Thirteen molecular configurations with different disequi-
librium internuclear distances were selected for calculating
M,o(K,Q) in this work, so we considered the contributions
of m < 2.

cal calculation procedure can successfully elucidate the mo-

It has been demonstrated that such a theoreti-

mentum transfer dependence behaviors of GOSs for many

aZmMn
| (g0 E (L) |. .
207 0
\
molecules. [246-9]

In this work, the GOSs of the 1A, +— XA, transitions
of H,O and D,0 were calculated by using Gaussian16 soft-
ware, to elucidate the influence of the vibronic effect on this
transition character. The vibrational normal coordinates and

vibrational frequencies of H,O and D, O were calculated using

053401-2
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34.35] at the treatment level of the

the basis set of aug-cc-pVTZ!
second-order M¢ller—Plesset perturbation theory (MP2). The
obtained frequencies of different vibration modes are shown
in Table 1, which are in good agreement with the experimental

measurements when a scale factor is taken into account. 3%

Table 1. Vibrational frequencies of H,O and D,O (in units : cm™!)

Mode Descriptions Calculated Expt.
vi(H,0) symmetric bending 1627.76 1649%
v2(H20) symmetric stretching 3824.70 38322
v3(H,0) asymmetric stretching 3950.61 3943
vi(D;0) symmetric bending 1191.33 1178°
v2(D,0) symmetric stretching 2757.16 2672°
v3(D,0) asymmetric stretching 2894.20 2788

aTaken from Ref. [37]. P Taken from Ref. [38].

The wave functions of the ground and excited states were
calculated by the TDDFT using the M06-2X functional *°! and
the basis set of aug-cc-pVTZ.343] The calculated energy in-
tervals between the transition ' A, of H,O and D,0O and the
state A'B; are identical 1.476 eV, which is in good agree-
ment with the experimental measurements (H,O 1.673 eV,!”!
D,01.765eV [28]). With the obtained TDDFT wave functions,
(2Ep,/ K 2)M()n(K ,@Q) were calculated at several nuclear ge-
ometries from the equilibrium one along each normal coordi-
nate, and the GOSs of the transition ! A, of both H,O and D,O
molecules with molecular vibronic effects taken into account

were calculated using Eq. (8).

3. Results and discussion

The presently calculated GOSs of the 'A; of H,O and
D,0 are shown in Fig. 1, where the calculations at the equi-
librium geometry and with vibronic effects taken into account
are compared. It is clear from Fig. 1 that although the 'A,
state is a dipole-forbidden transition at the equilibrium ge-
ometry for both H,O and DO, i.e., it has a zero intensity at
K? =0, it becomes dipole-allowed when the vibronic effect
is taken into account, i.e., it has an apparent enhanced inten-
sity at K = 0. The theoretically calculated ' A, intensity of
H,0 at K2 =0 is 4% of the B'A, transition when the vi-
bronic effect is taken into account. Therefore, the ' A, should
have considerable contribution in the photo-absorption spec-
tra, which is neglected in the previous works.!!7-2327.28] Dye
to the same reason, in Refs. [17,25,27,28] the obtained peak
profile of B'A| of H,O from photoabsorption spectrum may
be problematic when the contribution of ' A is neglected. Fur-
thermore, the determined GOSs for the 'A, of H,O may be
influenced by the inaccurate profile of B'A| used in the fitting
procedure. [1727]

In order to compare the present theoretical GOSs with
the more accurate experimental data, we reanalyzed our pre-

vious electron energy loss spectra of H,O to obtain accu-
rate GOS of the 'A;. The new peak profiles of the 'A,
and B'A; were determined from the high-resolution photo-
absorption spectral®! of H,O with the ! A, contribution being
taken into account. Here the transition energies of B'A; and
A, were fixed to the data determined by the high-resolution
photo-absorption spectral®! and electron energy loss spec-
troscopy experiment at large angles,!!”l and the correspond-
ing line widths were obtained by fitting the photo-absorption

[391 New GOSs were obtained by refitting the electron

spectra.
energy loss spectral!”l with the peak profiles being fixed to the

present ones.

0.003
— Calculation with vibronic effect (H,0)
— - = Calculation with vibronic effect (D,0)

— = Calculation at equilibrium-geometry
(H,0 and D,0)

0.002 !

GOS

0.001 |

K (a.u.)
Fig. 1. Theoretical GOSs for the ! A, transitions of H,O and D,O. See text
for details.

Figure 2 compares the presently calculated GOSs with
the updated experimental results by this work and the ones in
Ref. [17]. The contributions of three different normal modes
are also plotted in Fig. 2 to elucidate the mechanism of the
vibronic effect. It is clear that in Fig. 2 there is a large discrep-
ancy in the small squared momentum transfer region between
the present and previous!!”! experimental data. This is due to
the fact that previously the ' A, was neglected in determining
the peak profile of B'A; through fitting the photo-absorption
spectra,!”] which results in the larger line width of B' A than
its true value, and further bring about the intensity of B'A|
overestimated. Due to the heavy overlap of ' A, with the B'A,
the intensity of ' A, was underestimated in Ref. [17].

Figure 2 clearly shows that the calculated GOSs with and
without the vibronic effect have apparent discrepancy, espe-
cially in the small K? region. As mentioned above, the vi-
bronic effect makes the A, become dipole-allowed, and the
asymmetric stretching mode V3 is the main reason, as shown in
Fig. 2. It is well-known that the H,O molecule belongs to the
C,, point group and its asymmetric stretching vibration has
the B, symmetry. The asymmetric stretching vibration cou-
ples with the dipole-forbidden transition 'A, and the direct
product of A, and B, makes the total symmetry become B,
which is dipole-allowed in the C;, point group. This is the rea-
son that the asymmetric stretching vibration has a considerable

053401-3
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contribution to ' A, intensity in the small squared momentum
transfer region.

Calculation at equilibrium-geometry
v,: symmetric bending

4271 . .
—— V,! symmetric stretching

v,: asymmetric stretching

—— Calculation with vibronic effect
L ® Present work
& Experement (Ref. [17])

2.8

GOS (10-%)

K? (a.u.)
Fig. 2. Comparisons of the theoretical GOS profile of the present ! A, tran-
sition of HoO with the experimental results updated by this work and the
ones reported by Xu et al.!'”l The contributions of the normal modes are
also plotted.

It should be noted that even the agreement between the
theoretical calculation and experimental measurement result
is significantly improved by taking into account the vibronic
effect, the discrepancies still exist in K 2<03au.and K2 >
2 a.u. There are several possible reasons for this discrepancy:
non-harmonic effects of molecular vibrations, non-adiabatic
effects, and interactions between different normal modes. The
possible experimental errors from the fitting procedure can not
be excluded.

Figure 3 shows the calculated GOS of the 1A, of D,O
with and without vibration effects being considered. Since
D,0 and H,O have the same molecular configuration, simi-
lar conclusion can be obtained: the vibronic effect makes ' A,
dipole-allowed, and the asymmetric stretching mode V3 is the
main reason as shown in Fig. 3. Furthermore, the slight dif-
ference of the theoretical and experimental GOS of D;0 in
K? < 0.3 a.u. may be due to the same reasons as those of
H,O0, as discussed above.

Calculation at equilibrium-geometry
40 L v,: symmetric bending
: v,: symmetric stretching
v,: asymmetric stretching
Calculation with vibronic effects
~ 28} ® Experement (Ref. [28])
o
Z
»n
=}
© 14
ok =
1
0 1 2

K? (a.u.)

Fig. 3. Comparisons of the theoretical GOS profile of the ' A, transition of
D0 with the experimental results reported by Ma er al.[?8 The contribution
of each normal mode is also plotted in the figure. See text for details.

In the framework of the Born—Oppenheimer approxima-
tion, H,O and D, O have the same potential energy surface, so
the GOSs for the same electronic excitation should be identi-
cal. However since D is heavier than H, the displacements of
the nuclei from the equilibrium geometry in D, O are less than
those in H;O, so it can be easily imaged that the vibrational ef-
fect has larger influence on H,O than on D,O. Figure 1 clearly
elucidates the above analysis, i.e., the GOS of the 'A; of H,0
is larger than that of D,0, especially in the small K? region.

4. Conclusions

In this work, we studied the influence of the vibronic ef-
fect on the GOSs of the A, in H,O and D,O. Based on the
TDDFT theory, we have calculated the GOSs of 'A, of H,O
and DO with and without considering vibronic effect. It is
found that the vibronic effect converts the dipole-forbidden
character of the 'A, into a dipole-allowed one, which has a
significant influence on the GOS, especially in the small K2
region. The present calculation demonstrates that the v3 nor-
mal mode of 'A, contributes most to the vibronic effect, and
the lighter mass of H makes the vibronic effect of H,O be
stronger than that of D0 i.e., a clear isotropic effect is re-
vealed.
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