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ABSTRACT

Using synchrotron radiation, we have measured the vacuum UV photoabsorption spectrum (PAS) of
1,1-Br,C,F, for the first time between 5 eV and 15 eV photon energy. Quantum chemical calculations
have been performed for the determination of excitation and ionization energies. At low energy a weak
broad band spreads between 5.2 eV and 6.0 eV and is assigned to ng,—Rp, (3'B;) valence transition.
A broad continuum starting at 6.18 eV corresponds to the 7(3b;)—5s (4'B;) Rydberg transition. Start-
ing at Eex?d=6.595 eV a group of four narrower peaks likely corresponds to the vibrational excitation
of the characteristic 7 (3b;)—JT *(7'A;) valence transition. The features evenly spaced by 1315 cm~! are
assigned to the C=C stretching vibration. Between 7.0 eV and 11.5 eV, several weak or very strong sharp
features are observed. The 3b;—5p Rydberg transition is characterized by a short progression starting
at 7.208 eV. A longer progression, assigned to 3b;—4d Rydberg transition, is observed up from 7.932
eV. Both Rydberg states converge to the X2B; ionic ground state calculated at IE,q=9.40 eV with quan-
tum defects 6=2.51 and 6=0.96 respectively. The vibrational analysis provides vibrational wavenumbers
w1=1525+20 cm™!, w,=975+40 cm™!, (V3=620+40 cm~!, (W4=355+20 cm~! and (W5=185+30 cm™! av-
eraged over the 5p and 4d Rydberg states. An interaction has likely to be considered between the 6s and
4d Rydberg states. Above 11.5 eV, several strong sharp and broad bands are tentatively assigned to tran-
sitions to Rydberg states converging to excited ionic states of 1,1-Br,C;F,*. For one of these a vibrational

structure is observed and a tentative assignment is proposed.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

The vacuum UV photoabsorption spectrum (PAS) of the halo-
genated derivatives of ethylene has often been investigated. How-
ever, mainly the mono- and poly-substituted, i.e. chloro-, fluoro-
and mixed chloro-fluoro-compounds were considered. Many of
these compounds are recognized as potential refrigerant fluids. Re-
cently, the global warming (GWP) and ozone depletion potential
(ODP) of numerous halogenated alcanes and alcenes have been
evaluated [1].

By far much less attention has been paid to the correspond-
ing bromine derivatives. To the best of our knowledge, no vacuum
UV PAS data for 1,1-dibromo-2,2-difluoroethylene (1,1-Br,C,F,) are
available in the literature. Only infrared and Raman spectroscopic
data have been reported by Theimer and Nielsen [2].

* Corresponding author.
E-mail address: robert.locht@uliege.be (R. Locht).
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0022-4073/© 2023 Elsevier Ltd. All rights reserved.

In our earlier work, the vacuum UV PAS of C;H3Br [3] and 1,1-
Br,CyH; [4] have been measured and interpreted. Continuing our
investigation on the series of halo-ethylenes, the aim of the present
paper is to report on the vacuum UV PAS of 1,1-Br,C,F, recorded
for the first time in the 5 eV to 15 eV photon energy range by
using synchrotron radiation. To help in the interpretation of the
spectrum, quantum chemical calculations applied to this molecule
and its cation, will also be presented.

2. Experimental

The experimental setup used in the present work has been de-
scribed elsewhere [3,5]. Only the most noticeable features will be
reported briefly here.

The 3m-NIM monochromator at the 3m-NIM-2 beam line of
the BESSY II synchrotron radiation facility (Berlin, Germany) is
equipped with an Al/MgF, spherical grating of 600 lines/mm. The
entrance and exit slits were adjusted at 40 {4m and 10 (m re-
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Fig. 1. VUV photoabsorption spectrum of 1,1-Br,C;F, between 5 eV and 15 eV photon energy measured with 10 meV energy increments. Vertical bars and shaded areas
locate the Rydberg states converging to ionization continua calculated in the present work and lying below 15 eV.

spectively. In a 30 cm long windowless absorption cell the vapor
pressure is measured by a capacitor manometer. The light is de-
tected by a sodium salicylate sensitized photomultiplier. One scan
with gas and one with the evacuated absorption cell are required
for the recording of an absorption spectrum.

To characterize more easily weak sharp peaks and diffuse struc-
tures, often superimposed on a strong continuum, a subtraction
procedure could be applied. This method has already been used
successfully in previous spectral analyses [5,6]. A severe smoothing
of the experimental curve by fast Fourier transform (FFT) simulates
the underlying continuum. The result is subtracted from the origi-
nal photoabsorption spectrum. The resulting diagram will be called
A-plot in the forthcoming sections. This data handling has been
thoroughly investigated and validated by Marmet and Carbonneau
[7].

The multiple lines PAS of N, between 12 eV and 15 eV [8] has
been used to calibrate the monochromator. The accuracy of this
calibration is better than 2 meV. The measurements between 5 eV
and 11.5 eV have been repeated several times and the PAS has been
recorded with energy increments of 0.5 meV and 0.3 meV. The ac-
curacy on the energy position of a feature is estimated to be 2
meV including the calibration error. Above 11.5 eV and up to 15 eV
only energy increments of 1 meV have been used and a total error
of the same order will be adopted. This evaluation is confirmed
by the reproducibility of energy positions measured in different
spectra. In the following tables the dispersion will be indicated in
parentheses when it exceeds 3 meV.

The commercially available 1,1-Br,C;F,, purchased from ABCR
and of 97% purity, was used without further purification.

3. Experimental results

The vacuum UV-PAS of 1,1-Br,C,F, as measured between 5 eV
and 15 eV photon energy is represented in Fig. 1 by the extinc-
tion coefficient ¢ as a function of the photon energy measured
with 10 meV increments. The prominent features are indicated by
small vertical bars and shaded areas locate the adiabatic or verti-
cal ionization energies obtained by quantum chemical calculations
performed in the present work (see Section 4).

The PAS is clearly divided into three regions: (i) the 5.0-7.0 eV
region consisting of a number of weak broad bands and sharper
structure superimposed on a continuum, (ii) the 7.0-11.5 eV region
containing a large number of weak to very strong sharp features

and bands superimposed on a continuum with increasing intensity
up from 9 eV to about 10.5 eV and (iii) the region above 10.5 eV
and up to 15 eV, consisting of at least four broad and fairly strong
bands superimposed on a strong continuum.

The position in energy of the Rydberg transitions converging to
the ionic ground state and the successive ionic excited states are
listed in Table 1.

4. AB initio calculations

The molecular orbital configuration of 1,1-Br,C,F, in the Cy,
symmetry point group is described by:

1s%(Br1) 1s(Br2) 2s?(Br1) 2s*(Br2) 2pxy.®(Brl) 2pxy.®(Br2)
1s2(F3) 1s2(F4) 1s%(C1) 1s2(C2) 3s2(Br1) 3s2(Br2)
3pxy.z8(Brl) 3pxy,8(Br2) 3d1°(Br1) 3d'°(Br2) 2s*(F3) 2s?(F4)
1&]2 1b22 2312 3312 2b22 ]b]Z 4&]2 1322 3b22 53]2 4b22
2b]2 6312 2322 5b22 3b]2: X]A1

4.1. Computation

The Gaussian 09 program [10] has been used to perform the
calculations presented in this work. The aug-cc-pVDZ basis set,
containing polarization and diffuse functions, has been used for all
the calculations [11].

The geometry optimization was performed at two calculation
levels, i.e. M06-2X(DFT) [12] and TDDFT/M06-2X [13] in the Cy,
symmetry point group. The vibrational wavenumbers were calcu-
lated at DFT/M06-2X and TDDFT/MO06-2X levels.

4.2. Results of the Calculations

4.2.1. The neutral states

Only the optimized geometric parameters calculated in the Cy,
symmetry point group for the neutral X'A; state and a few al-
lowed excited states are listed in Table S1 (see Supplementary ma-
terial).

Only the geometry optimization of the 8!B; leads to a mini-
mum in the C,, symmetry point group. For the remaining neutral
states the geometry could not be optimized owing to multiple sur-
face crossings during the optimization process. In the Cg symmetry
point group (i) the 12'A; state shows a minimum and (ii) the 31B,
and the lower lying 1'B; show the same geometry likely due to
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Table 1
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Rydberg series observed in the vacuum UV photoabsorption spectrum of 1,1-Br,C,F, converg-
ing to the successive ionization energies (IE) obtained in this work by quantum chemical cal-
culations. Excitation energy (eV), wavenumber (cm1), effective quantum numbers (n*), aver-
age quantum defects (8) and assignments as proposed in this work. Conversion factor: 1 eV=

8065.545 eV [9].

This work

eV cm! n*
Rydb.Ser. to IE,4=9.40 eV?

3b,—ns (5§=2.98+0.04)

6.18 49845 2.055
7.87 63476 2.982
3b,—np (§=2.51)

7.208 58136 2.491
3b;—nd (= 0.96)

7.932 63976 3.044
Rydb.Ser. to IE,4=10.94 eV*

5b,—np (5=2.55+0.03)

8.611 69452 2.417
[9.820]¢ 79204 3.485
10.254 82567 4.456
10.484 84559 5.462
Rydb.Ser. to IEy=11.76 eV’

2a,—np (6=2.55+0.06)

9.422 75994 2.412
10.580 85333 3.395
11.096 89495 4.526
11.303 91165 5.456
2a,—nd (§=1.01+0.05)

10.186 82155 2.940
10.937 88213 4,041
Rydb.Ser. to IE,4=11.91 eV*

6a;—np (5=2.48+0.05)

[9.820]¢ 79204 2551
10.790 87027 3.485
6a;—nd (§=0.99)

10.373 83663 3.015
Rydb.Ser. to IEy=13.56 eV"

2b;—>np (5=2.59+0.05)

11.24 90657 2.42
12.42 100174 3.45
13.08 105497 532
2b;,—>nd (5=1.14+0.01)

11.80 95173 2.78
[12.64]° 101948 3.84
13.28 107110 6.97
Rydb.Ser. to IE.=15.98 eV’

[12.64]° 95172 2.02 (5s)
13.78 111143 2.49 (5p)
14.40 116143 2.93 (4d)

2 Adiabatic ionization energies obtained in this work by quantum chemical calculations.
b Vertical ionization energies obtained in this work by quantum chemical calculations.
¢ Different assignments could correspond to the excitation energy values in square brackets.

surface crossing. These findings are confirmed by the wavenum-
bers characterizing the vibrational normal modes of 1,1-Br,C,F;.
They are calculated for the neutral states in the Cp, symmetry
point group and are schematically represented in FIG. S1 (see Sup-
plementary material). Their values are listed in Table 2. Excepting
the ground X11A; and the excited 8'B; states, all the other neutral
states show one (TS transition states) or more (CP critical point
states) imaginary values of the wavenumbers.

The 7'A; transition state (TS) is characterized by an imaginary
wavenumber of b; representation probably related to the abnor-
mally high value for the Vg (ap) wavenumber of 1081 cm-1.

The vertical and/or adiabatic excitation energies calculated in
the C,, point group for several neutral states are listed in Table 3a.
A true adiabatic excitation energy has only been obtained for the
81B, state. The other values (in parentheses in Table 3a) are only
indicative. The optimized geometry in the C,, symmetry point
group is not a minimum even at lower symmetry.

4.2.2. The ionized states

To the best of our knowledge, no photoionization data (Hel-PES,
mass spectrometric electro- or photoionization) are available on
1,1-Br,C;F; in the literature. Therefore, quantum chemical calcula-
tions have been performed on the ionized states of this molecular
system. The optimized geometry was calculated at the UM06-2X
level for the X2B,, A2B,, B2A, and C2A, states and at the TDDFT
level for the other states. The geometric parameters are listed in
Table S2 (see Supplementary material). The 3b; highest occupied
molecular orbital (HOMO) corresponds to the 7 (C=C) bonding or-
bital. The following MO’s, i.e. the 5b,, 2a, and 6a;, are mainly cen-
tered on the vicinal Br atoms and are non-bonding. Table 4 dis-
plays the calculated adiabatic (IE,;) and/or vertical (IEyert) ioniza-
tion energies characterizing the successive ionic states. These val-
ues will be adopted as the convergence limit for the Rydberg series
classification (see Table 1).
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Table 2
Calculated vibrational wavenumbers (cm
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-1) for the neutral X'A;, 3'B, and 4'B; states at M02-6X level and the 7'A;,

8By, 10'B; and 12'A; states at the TDDFT/MO02-6X level in the Cp, symmetry point group for 1,1-Br,C,F,. The last
column lists the data (in a’ and a” representations) obtained for 12'A” in the Cs symmetry point group. No scaling
factor is applied to the calculated values. For the neutral ground state comparison is made with experimental data [2].

States R, 31B, 41B, 7'A, 81B, 10B, 121A,('A")
Modes  Exp [2 M06-2X  MO06-2X TDDFT

Coy Cs
a
Vq 1718 1819 1774 1591 1372 1584 1799 1942 a’
V, 1005 1043 989 1031 938 1037 979 971 2005
V3 598 599 548 573 558 623 562 562 1313
V4 324 335 235 355 313 353 204 262 1041
Vs 203(R) 178 62 197 174 190 89 177 764
a 592
Vg 151(R) 144 128 96 1081 95 107 i54 395
by 197
vy 572 572 566 349 106 716 585 609 100
Vg 390 298 i170 i1258 i2760 357 180 i94 43
b,
Vg 1307 1362 1299 1612 1386 1500 1358 1200 a"
Vio 898 932 596 1250 995 1026 525 578 605
Vqq 399 412 100 398 334 404 140 101 224
Vi 168(R) 152 i821 178 134 155 i762 i613 66

3 All data are obtained by gas phase infrared spectroscopy: (R) refers to data obtained by Raman spectroscopy in the

liquid phase.

Table 3

(a) Vertical (Eyert) and/or adiabatic (E,q) excitation energies (eV) of neutral states
of 1,1-Br,C;F, calculated at the TDDFT level in the C,, symmetry point group. The
calculations were carried out with the aug- cc-pVDZ basis set. (b) Structure and
assignment for the 7'A; (;r*) valence state. Conversion factor: 1 eV= 8 065.545 eV
[9].

Evert(eV) E.q(eV) Description
(a)
6.08 (5.09) ng;—Rp,: 31B, (CP2)
6.36 (6.06) 7T +np+ng— Rs: 41B; (TS)
6.5 ? ngr—0*(C-Br) 51A; (TS)
ng—Rp,
6.81 (6.21) 7T +Ng4Np—>7T*+Np+0g: 71A; (TS)
7.38 7.09 7T +Ng+Ng— Rpx 8'B,;
ng;—Rpy
7.45 (6.07) Ny (Br)—Rpy 10'B; (TS)
7T +ng+ng—Rp;
7.59 (6.81) ngr—0*(C-Br) 121A, (CP3)
ng;—Rpy
(b)
eV cm™! Assignment
6.595 53192 71A4(0,0)
6.760 54523 Vq ®1%¥=0.163+0.003 eV
6.920 55814 2V, 1315420 cm™!
7.085 57144 3V,

CP2 and CP3: second and third order critical point states. TS: transition states.

Table 4

Vertical (IEyert) and adiabatic (IE,q) ionization energies (eV) of 1,1-Br,C,F, deter-
mined at two calculation levels for the cationic states resulting from direct MO
ionization.

lon State  X2B, A2B, B2A, c2A,

Level [Evert  IEqq [Everr  IEyq [Everr  IEyq [Evert  IEqq

UMO06-2X 971 940 1151 1094 11.86 1157 1261 11.91

TDDFT 970 940 11.05 - 11.76 - 11.82 -
D?B, E2B, F2A, G2B,

TDDFT 1356 1323 1445 1408 1567 1543 1598 1548

It has to be noticed that above the E2B; state doubly excited
configurations occur. Furthermore, the E2B, and the G2B, states
give rise to a surface crossing.

Table 5

Vibrational wavenumbers (cm~') calculated for the first seven ionized states of 1,1-
Br,C,F,* at the M06-2X (X-C) and TDDFT/M06-2X (D-F) levels in the Cy, symmetry
point group. No scaling factor is applied to the calculated values.

State X2B, A2B, B2A, C2A, D?B, E?B, F2A,
TDDFT/MO06-2X

a

Vit 1622 1833 1798 1742 1735 1755 1553
vyt 1070 1104 1083 1048 1063 1066 984
V3t 640 619 610 590 602 571 575
Vgt 354 339 335 317 288 258 275
Vst 191 159 171 177 148 136 137
az

Ve* 88 142 140 138 97 157 134
b,

vt 652 639 659 640 620 648 609
Vgt 318 209 273 244 231 152 231
b,

Vot 1529 1445 1443 1430 1489 1424 1551
Vit 1027 842 735 899 1018 381 1229
Vit 409 393 382 400 395 263 428
Vit 160 113 141 160 135 106 168

The wavenumbers characterizing the twelve vibrational coor-
dinates of 1,1-Br,C,F,* have been calculated for the X?B; to the
H2B, ionic states. Only the results concerning X2B; to the F2A,
are listed in Table 5. No scaling factor has been applied.

5. Discussion of the experimental data

For the Rydberg series analysis the simplest model neglects the
Rydberg-Rydberg interactions. The energy position of the members
of a series (Egyq) being fitted by the Rydberg formula:

Egya = IE —R/(n — 8)* = IE — R/ (n%)? (1)

R is the Rydberg constant R=13.6057 eV [9], § is the quan-
tum defect, n* is the effective quantum number and IE is the
convergence limit of the considered Rydberg series. The suc-
cessive ionization energies IE to be used have been defined in
Section 4.2.2 and are listed in Table 3. The adiabatic ionization en-
ergy (IE,q) has been adopted for excitations where the (0,0) vibra-
tional transition has been identified. Otherwise, the vertical ioniza-
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tion energy (IEvert) has been chosen as the convergence limit. The
R/(n*)? is the term value T of the considered Rydberg series. Trend
values of T (6 or n* implicitly) characterizing ns-, np- and nd-type
Rydberg series are observed and have been widely discussed [14].

5.1. The Transitions between 5.0 eV and 7.1 eV (see Figs. 1 and 2a)

The characteristic broad band observed at low energy in the
vacuum UV PAS of the ethylene compounds has its maximum at
6.920 eV (55814 cm~!) in 1,1- Br,C,F, and is shown in Fig. 1. In
Fig. 2a this photon energy range is shown on an expanded energy
scale. The red curve in the upper part of the figure represents the
continuum subtracted from the original signal. The resulting A-
plot displayed in the lower part of Fig. 2a clearly shows three dif-
ferent features: (i) up from 5.2 eV, a broad slowly- rising continu-
ous absorption, (ii) around 6.0 eV a step-like continuous signal and
(iii) up from 6.5 eV four broad but well-resolved peaks spreading
up to 7.1 eV. Their energy positions are listed in Table 3b.

For the assignment of the features observed in this energy re-
gion quantum chemical calculations have been performed. Several
neutral states have been calculated at the C,, symmetry point
group between 5.1 eV and 7.1 eV. Their optimized geometry and
vibrational wavenumbers were obtained. Only those allowed to be
reached from the X'A; neutral ground state with significant oscil-
lator strength are listed in Table S1 and Table 2. The correspond-
ing excitation energies (adiabatic and/or vertical) are displayed in
Table 3a.

First, the lowest energy part extending between 5.2 eV and 6.0
eV is likely consisting of two very weak broad bands. By quantum
chemical calculations the lowest transition energy to be observed
corresponds to the X'A;—31B, valence transition at Eexc?9=5.09
eV and Eex®"'=6.08 eV. As shown in Table 2 and Table S1 the
3B, is a second order critical point state in the Cy, symmetry
point group. It shows a very large increase of both the C-Br in-
ternuclear distance (2.1462 A) and the C=C-Br angle (134.04°). It
should be assigned to the ng,—Rp, valence excitation. Transitions
to the lower lying 1By (Eexc"¢"'=4.90 eV) and 21A; (Eexc'e't=5.25
eV) are too weak and energetically too low or not allowed.

Second, at 6.0 eV the absorbance significantly increases and
levels off up to 6.5 eV. No significant structure is observed. In
the A-plot displayed in Fig. 2a a maximum is observed at 6.18
eV (49845 cm~!). By the calculations performed in the present
work a m+ng+ng —4!B;(5s) Rydberg transition is obtained at
Eexc'e''=6.36 eV and Ecxc?4=6.06 eV. The final 4'B; state, of Ryd-
berg character, should be a transition state as shown in Table 2.
Essentially the internuclear distances are considerably modified
(see Table S1): the C-F and C-Br are reduced whereas the C=C
is markedly extended. Using the predicted IE,4(X2B;)=9.40 eV
(75816 c¢cm~1) for the first ionization energy limit of 1,1-Br,C,F,
and the measured Eexc=6.18 eV a quantum defect §=2.945 is ob-
tained and is compatible with a 5s-Rydberg state.

Finally, a progression of four regularly spaced and compara-
tively narrow peaks is starting at 6.595 eV (53192 cm~!). The max-
imum intensity is observed at 6.920 eV (55814 cm~1). The energy
positions are listed in Table 3b and the average spacing is 1315420
cm~! (0.16340.003 eV). By quantum chemical calculation the 71A;
state is predicted at Eexc®=6.21 eV and Eexc'e"=6.81 eV. This is a
valence state described by (*+ng.+ng) character. It shows a very
strong increase of the C=C internuclear distance whereas the C-
Br distance is reduced. Vibrational wavenumbers associated with
this valence state have been calculated and are listed in Table 2.
The strong C=C distance alteration would mainly induce the C=C
stretching vibration calculated at 1372 cm~!. This predicted value
has to be compared with the experimental w;?=1315+20 cm~1.
The width of the four peaks is likely to be linked with the life-
time of the vibrational states of 7'A; which is a transition state in
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the C,, symmetry point group. The high imaginary wavenumber of
i2760 cm~! is likely induced by the unusually high wavenumber of
1081 cm~! calculated for the Vg(ay) vibrational mode. In the neu-
tral ground state the corresponding wavenumber is 151 cm~! [2].

5.2. Rydberg Transitions between 7.1 eV and 11.5 eV (see Figs. 1 and
2b-d)

5.2.1. Rydberg series converging to X2B; at IE,q= 9.40 eV

As mentioned in Table 1 only weak and short Rydberg series
converging to IE;4=9.40 eV are observed: ns (n=5 and 6) with
§=2.98+0.04, the 5p with §=2.51 and the 4d with 8= 0.96.

The 3b¢(r)—5s transition observed at 6.18 eV has already been
described in Section 5.1 and has been identified as the 4!B; state.
The second member of this series is likely buried in the continuum
underlying the weak structured part of the spectrum between 7.8
eV and 8.5 eV. Fig. 2b clearly shows a steep increase of the ab-
sorption at 7.85 eV. Taking the maximum observed at 7.87 eV in
the corresponding A-plot = 3.018 is obtained and is compatible
with an 6s-type Rydberg state.

As shown in Fig. 2a and 2b above the vibrational progression
pertaining to the 7'A; (or 7*) state a series of narrow structures
are observed between 7.2 eV and 7.8 eV. The first transition is mea-
sured at 7.208 eV. Assuming this energy being the Eexcd a quan-
tum defect value §= 2.509 is obtained and is clearly indicative of
a p-type Rydberg state.

The quantum chemical calculations performed in the
present work provide a 8!B; neutral state involved in the
(7 +ng+np)—>Rpx(5p) Rydberg transition with Eexd=7.09 eV
and EexVe"=7.38 eV. This neutral state is the only state showing
a minimum in the geometry optimization in the Cp, symmetry
point group. Mainly the C-Br and C-F internuclear distances are
shortened whereas the C=C distance is considerably lengthened.
The valence angles slightly decrease. From this description the
excited vibrational modes to be observed in the absorption are
expected to involve these modifications.

The vibrational analysis proposed for this transition is pre-
sented in Table 6. The vibrational transitions to the 8'B; state
could be accounted for by the combination of four vibrational nor-
mal modes: V{(C=C stretching), V,(C-F stretching), V3(C-F bend-
ing) and V4(C-Br stretching/C-F bending). The averaged vibrational
wavenumbers provided by the experiment are w,=940+20 cm™!
(116+2 meV), w3=580+30 cm~! (72+4 meV) and w,=330+20
cm~! (4142 meV). For w; the most appropriate value is obtained
by the extrapolation of the E,—versus-v or AGy-versus-v diagram
shown in Fig. 3. Both provide w;=1510+20 cm~! (187+2 meV). A
small anharmonicity w{x; is also obtained.

These experimental values have to be compared with those
predicted for the neutral Rydberg state 8!By, i.e. w;=1584 cm™!,
are ,;=1037 cm~!, w3=623 cm~! and w,=353 cm~! (Table 2).
Furthermore, the experimental excitation energies Eexc?9=7.208 eV
and EexVe''= 7.394 eV are in satisfactory agreement with the pre-
dicted values. In the frame of our hypotheses, a comparison could
be allowed with the vibrational wavenumbers calculated for the
ionized X2B; ground state, i.e. w;7=1622 cm~!, w,7=1070 cm™!,
w37=640 cm~! and w4*=354 cm~! (Table 5). The correctness of
the assumption is also strengthened by the close similarity of the
geometrical parameters of the neutral 8'B; and the ionized X2B,
states shown in Tables S1 and S2. From these assumptions the Hel-
PES band of the 1,1-Br,C,F,* (X2B;) is expected to have about the
same Franck-Condon profile as the 8'B; Rydberg state.

As shown in Fig. 2b and 2c a long progression is starting at
7.932 eV. Using this excitation energy and IE,4=9.40 eV, an effec-
tive quantum number n*=3.04 and a quantum defect §= 0.96 are
obtained. Both values pinpoint a 4d-Rydberg state. This progression
likely extends up to 9.184 eV. Several weak features are superim-
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Fig. 2. VUV photoabsorption spectrum of 1,1-Br,C;F, on an expanded photon energy scale between 5.0 eV and 14.7 eV. The upper and lower panels show the absorbance and
the corresponding A-plot respectively for (a) 5.0-7.3 eV, (b) 7.0-8.5 eV, (c) 8.5-10.1 eV, (d) 9.8-11.5 eV and (e) 11.0-14.7 eV. The red curve in the upper panels corresponds
to the continuum used for subtraction leading to the A-plot. For each Rydberg transition the progression(s) is (are) drawn by short vertical bars. Square brackets define the
energy range for the indicated Rydberg transitions. Shaded areas correspond to the convergence limits (adiabatic or vertical ionization energies) calculated in the present

work.

posed on a strong narrow absorption band at 8.611 eV. These are
best highlighted in the A-plot diagram shown in the lower panel
of Fig. 2c. The energy position is listed in Table 6.

From the vibrational analysis of the 4d-Rydberg state five vibra-
tional wavenumbers are derived accounting for the observations.
Their averaged values are w,=1010+40 cm~! (125+5 meV), w;=
655430 cm~! (81+4 meV), ws= 380+40 cm~! (47+5 meV) and

w5=1854+30 cm~! (23+4 meV). The w; value has been deduced
from the extrapolation of the E,—versus-v or AGy-versus-v dia-
gram shown in Fig. 4. In both cases w;*=15404+20 cm~! (19143
meV) is obtained. From these diagrams no significant value of the
anharmonicity w1x; could be inferred.

Compared to the 5p-Rydberg state, several differences of the
4d-Rydberg state have to be pointed out. Mainly, the Franck-
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Table 6

Energy position (eV), wavenumber (cm~') and assignments proposed for the vi-
brational structure of Rydberg states observed in the vacuum UV photoabsorption
spectrum of 1,1-Br,C,F, between 7.2 eV and 9.2 eV and converging to the X2B,
ionic ground state. Conversion factor 1 eV= 8 065.545 cm~! [9].

This work

Energy® Wavenbr. Assignment

(eV) (em™1)

3b;—5p (8'B,)

7.208 58136 (0,0) 01%¥=187+2 meV?
7.250 58483 Vy 1510420 cm™!
7.280(5) 58717 V3 w1x1=1.5+£0.5 meV
7.287(4) 58774 2V, 1244 cm™!
7.317 59016 n.a. w,=116+2 meV
7.322 59056 V; 940420 cm™!
7.336 59169 3V, w3=72+4 meV
7.353 59306 2V;3 580430 cm™!
7.364(5) 59395 Vy+Vy w4=41+2 meV
7.394 59637 vy 330420 cm™!
7.434 59959 Vi+Vy

7.466 60217 Vi+V3

7.475(5) 60290 n.a.

7.478 60314 Vi+2V4

7.507 60548 Vi+V;

7.546 60862 Vi+V2+Vy

7.572 61072 2y

7.613 61403 2V14Vy

7.637(7) 61597 2V14V3

7.654 61734 2V142V,

7.693(4) 62048 2V14V;,

7.755 62548 3

7.794 62863 3V14Vy

7.825 63113 3V14V3

7.859(5) 63387 3V14+V3+Vy

7.873 63500 3V14V;

7.889 63629 3V142V3

3b;—4d

7.932 63960 (0,0) w1¥=19143 meV
7.952 64137 Vs 1540424 cm~!
7.975 64323 2Vs5 w,=125+5 meV
7.986 64411 Vg4 1010440 cm™!
8.014 64637 V3 w3=81+4 meV
8.024(5) 64718 2V, 655+30 cm™!
8.031 64774 n.a. w4=47+5 meV
8.057 64984 V; 380440 cm™!
8.067 65065 3V, w5=23+4 meV
8.092 65266 2V;3 185430 cm™!
8.123 65516 v,

8.147 65710 Vi1+Vs

8.166 67896 Vi+2Vs

8.177 65952 Vi+Vy

8.204 66170 Vi+V3

8.215 66258 Vi+2V4

8.245 66500 V1+3V4

8.257(7) 66597 Vi+V,

8.271 66710 Vi1+4V,4

8.292 66879 Vi+2V3

8.313 67049 2y

8.337 67242 2V14Vs5

8.359 67420 2V14Vy

8.366 67476 2V1+2Vs

8.400 67750 2V14V3

8.409 67823 20142V,

8.436 68041 2V1+V,

8.466 68283 2V143V,

8.501 68565 3n

8.521 68727 3V1+4Vs

8.543(4) 68904 3V14Vy

8.575(6) 69162 3V14V3

8.611 69452 5by—5p

8.625 69565 3V14V;

8.635 69646 3V143V,4

[8.686(6)]° 70057 4v,

[8.715]¢ 70291 4V1+Vs

8.738 70477 4V,42V5

8.768(5) 70719 4V1+V3

8.782 70832 4V1+2V,

(continued on next column)
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Table 6

(continued)w
This work
Energy” Wavenbr. Assignment
(eV) (cm™1)
8.808 71041 4V1+V;
8.875(4) 71582 5p;
8.902 71799 5V14Vs5
8.916(4) 71912 n.a.
8.925 71985 5Vi+Vy4
8.956(4) 72235 5V1+V3
8.993 72533 5V1+V;
9.065 73114 6V,
9.085 73275 6V+Vs
9.102(4) 73413 6V1+42V5
9.122 73574 6V1+Vy
9.144 73751 6V14+V;3
9.163(4) 73905 6V1+2V,
9.184 74074 6V+V,

2 1% stands for the corresponding w. value obtained by extrapolation. Other w;
are averaged values.

b When the dispersion on the energy position averaged over 7 measurements is
larger than 3 meV its value is mentioned in parentheses.

¢ To the excitation energy values in square brackets could correspond different
assignments.

Condon band profile is quite different: (i) the main vibrational pro-
gression is longer, extending likely up to 6Vq, (ii) the Eexc'e'™ is
shifted to 2V, (iii) a fifth vibrational wavenumber ws=185+30
cm~! is detected owing to the presence of two close-lying, slightly
resolved components (marked by an asterisk in Fig. 2b and 2c).
Therefore, unusual vibrational intensity distributions are observed
within the vibrational progression of the 4d-Rydberg state.

The last observation is particularly related to the intensity of
the V4 and Vs vibrations with w4=380+40 cm~! and ws=185+30
cm~! respectively where the fundamental V4 has about twice the
wavenumber of Vs, i.e. 2ws~wy. It is obviously the case when the
error limits are taken into account. Both vibrational modes are of
the same a; species. The relative intensity of the corresponding
transitions is considerably enhanced.

The other observations mentioned above would likely be in-
dicative for the vibronic perturbation of the 4d-Rydberg state by
the underlying and nearly degenerate 6s-state [15]. This latter state
is possibly a transition state similar to the 5s-member of this Ryd-
berg series.

5.2.2. Rydberg series converging to IE,4(A2B,)=10.94 eV,
[Eyert(B2A,)=11.76 eV and IE,4(C2A;)=11.91 eV

The Rydberg transitions involving the 5b,-, 2a,- and the 6a;-
MO are related to the lone-pair orbitals mainly centered on the Br
atoms as illustrated in Fig S2 (see Supplementary Material). The
corresponding adiabatic and vertical ionization energies are ob-
tained by quantum chemical calculations. The large intensity of
the absorption bands involving these three transitions is used as a
guide for the assignment. Table 1 displays a classification of bands
assigned to Rydberg series converging to these three ionic states.

For the 5b,—R(n¢) Rydberg transitions starting at 8.61140.002
eV only np-type Rydberg series (n=5-8) could be highlighted. The
corresponding bands are the strongest of the PAS and are very
sharp showing narrow vibrational progressions, pointing out the
non-bonding character of the 5b, MO. The average quantum defect
§=2.55+0.03 is obtained using IE,4(A%B,)=10.94 eV provided by
the quantum chemical calculations performed in the present work.
No or very few and very weak vibrational structures are associ-
ated with these transitions. The 5p-member is strongly overlapped
by the 3b;—4d vibrational progression. The 5b,—6p transition at
9.820+0.002 eV is well isolated and clearly shows two very weak
and sharp features at 9.88740.002 eV and at 9.946+0.004 eV suc-
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Table 7

Energy position (eV), wavenumber (cm~') and assignments proposed in the present
work for the vibrational structure observed in the vacuum UV photoabsorption
spectrum of 1,1-Br,C,F, between 9.2 eV and 9.6 eV and converging to the B2A,
ionized state. Conversion factor 1 eV= 8065.545 eV [9].

Energy? Wavenbr. Assignment

(eV) (cm-1)

2a,—5p

9.208 74268 (0,0) wp=35+3 meV
9.225 74405 Vg 280+20 cm™!
9.241 74534 VA wp=16+5 meV
9.253 74630 Va+Vg 130+40 cm™!
9.276 74816 2v,

9.296(4) 74977 2Va+Vg The inferred
9.314(4) 75122 3v, IE,q= 11.47 eV
9.340 75332 3Va+Vg for the B2A,
9.352 75429 4v,

9.370 75574 4V+Vg

9.388 75719 5va

9.410 75897 5Va+Vg

9.422(Max) 75994 6va

9.443 76163 6VA+Vg

9.455 76260 7va

9.492 76558 8y,

9.518 76768 8Vp+Vg

9.527(5) 76840 9y,

9.558 77090 10v,

9.573 77211 10V+Vg

9.595(6) 77389 11v,

2 When the dispersion on the energy position averaged over 7 measurements is
larger than 3 meV its value is mentioned in parentheses.

cessively. To the energy differences of 67+4 meV and 12646 meV
correspond wp=5404+24 cm~! and wg=1016+60 cm~! respectively.
These wavenumbers could correspond to V3 and V, when com-
pared to the wavenumbers predicted for the A2B, ionic state where
w37=619 cm~! and w,*=1104 cm™'.

For the 2a,—R(n¢) Rydberg transitions likely 2a,—np (n=5-
8) and 2a,—nd (n=4, 5) series have been identified. The first
member of the former series shows a maximum intensity at
9.422+0.002 eV corresponding to the maximum of the strong
broad band. The latter series starts at 10.186 eV. Using the conver-
gence limit IEyert(B2A;)=11.76 eV, as predicted in the calculations
of the present work, average quantum defects 6,,=2.55+0.06 and
8,q= 1.01£0.05 are obtained. Only the 5p-member is fairly com-
pletely isolated. The application of the subtraction procedure to
this peak yields the result shown in the lower panel of Fig. 2c.
It clearly shows a long vibrational progression extending between
9.208 eV and 9.595 eV. The energy position of the successive
features is listed in Table 7. Its analysis provides two wavenum-
bers, i.e. wpa= 280420 cm~! and wg=130+40 cm~!. Referring to
the wavenumbers predicted for the B2A, ionic state these figures
should be compared to ws*=335 cm~! and ws*=171 cm~!. As-
suming Eexc?4=9.208 eV and taking Snp=2.55 a term value T=2.267
eV and IE,4(B?A;)=11.47 eV are obtained. This figure is in good
agreement with 11.57 eV predicted by the calculations. Tentatively,
the higher members of both the np- and nd-series are shown in
Fig. 2d by brackets spanning the energy region of vibrational struc-
tures.

Taking IE,4=11.91 eV calculated for the ionization involving the
6a; MO and the excitation energy at 9.820 eV n*=2.55 and §=2.48
are obtained. The strong narrow band at 9.820 eV could involve
the 6a;—5p Rydberg transition. However, as discussed earlier in
this section, this excitation energy was assigned to 5b,—6p Ry-
dberg transition. Very likely both transitions take place and share
the intensity observed at 9.820 eV. The 6a;—4d Rydberg transition
is assigned to the sharp feature observed at 10.373 eV.
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Fig. 5. VUV photoabsorption spectra of 1,1-F,C;H;, 1,1-Br,C;H, and 1,1-Br,C,F, on
an expanded photon energy scale between 5.5 eV and 8.0 eV. The vertical (index v)
and the adiabatic excitation energies of the Rydberg (Rs) transitions are indicated
for each molecule.

5.3. Rydberg Transitions between 11.0 eV and 15.0 eV (see Figs. 1 and
2e)

This part of the vacuum UV PAS is made of broad bands of
medium intensity superimposed on a strong continuum as shown
in Fig. 1. To highlight the presence of structure in this part of the
spectrum the subtraction method has been applied. The result is
shown in the lower panel of Fig. 2e. Because of the unfavorable
signal/noise ratio a slight smoothing by Fourier transform (FFT) has
been applied (red circles). The positions in energy of the maximum
for the successive features are listed in Table 1. This will implicitly
lead us to use the calculated IEyer: convergence limits.

The sharpest band in this energy range lies at 11.24 eV. Pre-
sumably this feature is the first member of an np-Rydberg series
converging to the 2b; ! ionization limit calculated at IEyert= 13.56
eV. Two other members, i.e. the 6p and 8p Rydberg states, could
tentatively be assigned to the maxima observed at 12.42 eV and
13.08 eV respectively. An average quantum defect §=2.5940.05 is
derived. Above 11.6 eV the observed broadness of the bands could
at least partially be attributed to their splitting in at least two con-
tributions. Below IEyet=13.56 eV a second Rydberg series could
be present, likely corresponding to an nd-series, characterized by
§=1.14+0.01.

Above 13.6 eV three peaks are observed at 13.78/13.95 eV
and 14.4 eV. The corresponding transitions would involve Rydberg
states converging to ionized states lying above 13.56 eV. Three ion-
ization continua are predicted successively at IEyert(4by~1)=14.45
eV, IEyert(5a;71)=15.67 eV and IEyert(3by~1)=15.98 eV. The transi-
tion at 13.08 eV, tentatively assigned to 2b;~!—8p Rydberg tran-
sition, could possibly also be assigned to 4b,~1—5d Rydberg tran-
sition with n*=3.14. None of the observed features seem to corre-
spond to 5a;~'—R(n¢) Rydberg transitions. These are likely hidden
in the unresolved components of the bands shown in Fig. 2e.

However, it has to be mentioned that the two highest energy
bands, i.e. at 13.78 eV and 14.40 eV, provide term values of 2.20
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eV and 1.58 eV with respect to IEyert(3b,~1)=15.98 eV. These could
correspond to 3b, '—5p (n*=2.49) and 4d (n*=2.93) Rydberg
transitions. The band at 12.64 eV, assigned earlier to 2b;~1—5d,
could also correspond to a 3b,~!—5s (n*=2.02) transition with a
term value of 3.34 eV.

6. Conclusions

For the first time the vacuum UV PAS of 1,1-Br,C,F, has been
measured using synchrotron radiation. The data have been exam-
ined in the light of the results obtained by quantum chemical cal-
culations applied to the neutral and ionized states of this molecule.

At low energy, beside the m—m* valence transition, also Ry-
dberg transitions have been identified converging to the lowest
ionization energy predicted at IE,4(3b;~1)=9.40 eV by quantum
chemical calculations. Only the 5p and 4d members of the series
are observed showing vibrational progressions. The latter state is
found to be perturbed likely by the nearly resonant 6s-Rydberg
state. An unusual vibrational intensity distribution in the 4d-state
has been strengthened. An attempt to assign Rydberg series con-
verging to higher IE has been presented.

At medium energy, several Rydberg series are detected in the
PAS converging to higher ionization limits, i.e. the A2B,, B2A, and
C2A, ionized states calculated at 10.94 eV, 11.76 eV and 11.91 eV
respectively. Short vibrational progressions are observed.

At the high energy side of the PAS, superimposed on a strong
continuum, four strong bands are observed. These are likely con-
sisting of several Rydberg series converging to higher ionization
limits. An interpretation and assignments of these features have
been attempted.

At the present state of our investigation of the halogenated
derivatives of ethylene a comparison could be made with the
low-energy side of the vacuum UV PAS of 1,1-C;H,F, [15] and
1,1-C;H,Bry [4]. In the range of 5.0 eV to 8.0 eV the most
important features are the m(nb;)—m* valence- and the low-
est Rydberg m(nb;)—Rs Rydberg transitions. As shown in Fig. 5,
the EexcVe™(7ry*) for the valence transition is considerably shifted
to lower energy 1,1-H,C;F,>1,1-Br,C5F;>1,1-Br,CoH, at 7.482 eV
[16], 6.920 eV and 6.231 eV [4] respectively. With respect to 1,1-
Br,CoH, [4] the r* state is strongly stabilized, i.e. +0.689 eV, by
the 2,2-substitution of H, by F,. Contrarily, the lowest Rs Rydberg
state is continuously destabilized on substitution 1,1-H,CyF,>1,1-
Br,C,H,>11-Br,CoF, at 6.957 eV [16], 6.583 eV [4] and 6.18
eV respectively. This sequence logically follows the trend of the
jonization energy IEye; of the respective X2B; ground state, i.e.
10.688 eV [17], 9.677 eV [4] and 9.40 eV calculated in the present
work.
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