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Chapter 1
Structural and Vibrational Properties
of Chromyl Azide

Abstract In this chapter, the structural and vibrational properties of chromyl
azide were studied from a theoretical point of view using density functional theory
(DFT) methods. The initial geometry was fully optimized at different theory levels
and the harmonic wavenumbers were evaluated at the same levels. These results
show that for the compound, a stable molecule was theoretically determined in the
gas phase. Also, the characteristics and nature of the Cr—-O and Cr « O bonds for
the stable structure were studied through the Wiberg’s indexes calculated by
means of the natural bond orbital (NBO) study. On the other hand, the corre-
sponding topological properties of the electronic charge density were analyzed
using Bader’s atoms in the Molecules theory (AIM). The results were used to
predict the infrared and Raman spectra and the molecular geometry of the com-
pound, for which there are no experimental data. Besides, a complete assignment
of all observed bands in the infrared spectrum for the compound was performed
combining DFT calculations with Pulay’s scaled quantum mechanics force field
(SQMFF) methodology. Therefore, these calculations gave us a precise knowledge
of the normal modes of vibration taking into account the type of coordination
adopted by azide ligands of this compound as monodentate. In this chapter, the
scaled force constants and the scaling factors are also reported together with a
comparison of the obtained values for similar compounds.

Keywords Chromyl azide - Vibrational spectra - Molecular structure - Force
field - DFT calculations

1.1 Introduction

For a long time the physical and chemical properties of inorganic azides have been
reported by numerous authors [1-14]. These compounds are extensively used in
organic syntheses [2—-5]. The electronic structure of lithium, sodium, and lead azides

S. A. Brandén, A Structural and Vibrational Investigation into Chromylazide, Acetate, 1
Perchlorate, and Thiocyanate Compounds, SpringerBriefs in Molecular Science,
DOI: 10.1007/978-94-007-5754-7_1, © The Author(s) 2013



2 1 Structural and Vibrational Properties of Chromyl Azide

were analyzed by Younk et al. [6] in order to demonstrate the importance of solid-
state effects on the electronic structure and possible behavior of such energetic
systems. Recently, a detailed ab initio study on the electronic structure and optical
properties of crystalline strontium and barium azides have been performed by Zhu
et al. [7] using the DFT method within the generalized gradient approximation
(GGA). The infrared spectrum of sodium azide was initially used as an internal
standard for quantitative infrared analyses [8], new absorption bands appearing in
that spectrum when sodium azide crystals are irradiated with ultraviolet light at
77° K [9]. At present, this compound is important as a preservative on raw milk
components [10] and as a potent vasodilator that causes severe hypotension on
accidental exposure [11]. The synthesis for chromyl azide, CrO,(N3), and its
ultraviolet visible spectrum in a tetrachloride solution was reported by Krauss et al.
[15, 16]. So far, there is no theoretical study concerning either geometry or vibra-
tional spectra for chromyl azide, so a comparative work was performed in this
chapter intended to evaluate the best theoretical level and basis set to reproduce the
experimental data existing for similar compounds that contain azide and chromyl
groups in their structures in order to predict the molecular geometry and vibrational
spectra of chromyl azide for which no experimental data exist. For that purpose, the
optimized geometries and wavenumbers for the normal modes of vibration of
sodium azide [12-14], nitride anion, chromyl chloride [17, 18], and fluoride [19, 20]
compounds were calculated. The harmonic force constants given by these calcula-
tions were subsequently scaled to reproduce as well as possible the proposed
experimental wavenumbers obtained from those similar molecules. Then, the results
for similar compounds were compared with those obtained for chromyl azide. In
addition, the nature of the different types of bonds and their corresponding topo-
logical properties of the electronic charge density were systematic and quantitatively
investigated using the NBO analysis [21-23] and the atoms in molecules theory
(AIM) [24]. The theoretical electronic spectrum of the substance is also compared
with the corresponding reported [15] and, then, a complete assignment of the
observed bands is shown.

1.2 Structural Analysis

For chromyl azide, a stable structure of C, symmetry was found, as shown in
Fig. 1.1. Table 1.1 shows a comparison of the total energies and dipole moment
values for chromyl azide with the corresponding values for sodium azide and
nitride anion using the Lanl2dz, STO-3G*, 6-31G*, 6-31+G*, 6-311G*, and
6-311+G* basis sets and the B3LYP method. The optimized structure for chromyl
azide has C, symmetry, while the corresponding structures for sodium azide and
nitride anion have Cg and D, symmetries, respectively. For chromyl azide, the
highest dipole moment value and the most stable structure are obtained with the
B3LYP/6-311G* method, while for sodium azide and nitride anion the most stable
structures are obtained with the B3LYP/6-311+G* method. For these two species,
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Fig. 1.1 The C, molecular structure of chromyl azide considered

the highest dipole moment values are obtained using basis sets with diffusion
function, these being the 6-31+G* and 6-311+G* basis sets (Table 1.1).

A comparison of experimental data for chromyl chloride [18] and fluoride [19]
compounds, hydrogen [25] and sodium [12, 13] azides, and nitride anion [12, 25]
with the calculated geometrical parameters for chromyl azide using a 6-31G* basis
set can be seen, respectively, in Table 1.2. According to these results, the exper-
imental geometrical parameters that best reproduce the compound with C, struc-
ture are those corresponding to chromyl fluoride [19] with C,y structure where the
mean difference for bond lengths is 0.085 A, while it is 3.5° for angles.

On the other hand, the experimental distances corresponding to the HNj3 [25]
compound are those that best reproduce the calculated Cr—N-N and N-N bond
lengths of the compound where the mean difference for bond lengths is 0.011 A.
While the MNN and NNN angles values that best reproduce the compound are those
calculated with B3LYP/6-31G* method for sodium azide where the mean difference
is 36.2° for angles. Note that the B3LYP/6-31G* calculations for chromyl azide
predict that the O=Cr=0 angle is higher than the N-Cr—N bond angle in accordance
with the valence-shell electron-pair repulsion (VSEPR) theory [26, 27].

Table 1.1 Total energy (ET) and dipole moment (x) for chromyl and sodium azides and nitride
ion using different basis sets

B3LYP method

Basis set CrO,(N3), Na(N3) N3~

C, symmetry Cs symmetry D, symmetry

ET (Hartree) u (D) ET (Hartree) u (D) ET (Hartree) u (D)
LanL2DZ —565.08362 1.09 —164.38869 11.58 —164.18138 0.22
STO-3G* —1502.39646 0.43 —322.35179 7.76 —161.88698 0.11
6-31G* —1523.29622 0.75 —326.51407 10.72 —164.21316 0.19
6-31 + G* —1523.31968 0.83 —326.52766 11.48 —164.24484 0.30
6-311G* —1523.47733 1.20 —326.56731 10.85 —164.26229 0.20

6-311 + G* —1523.33112 1.05 —326.57502 11.43 —164.28568 0.30
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Table 1.2 Comparison of calculated geometrical parameters for chromyl azide compared with
the corresponding experimental values for similar compounds

Parameter C, symmetry C,y symmetry

CrO,(N3)3 CrO,C15 CrO,FS
HCr-0) (A) 1.555 1.577 1.572
HCr-X) (A) 1.835 2.122 1.716
RMSD - 0.203 0.085
6(0CrO) (°) 111.8 108.5 107.8
0(0CrX) (°) 107.9 108.7 109.3
0(XCrX) (°) 109.3 113.2 111.9
RMSD - 3.6 3.5
Parameter CrO,(N3)5 Cg symmetry

HN¢ NaN§

r(—-N-N) (A) 1.231 1.241 1.173,1.201°
r(N-N) (A) 1.140 1.128 1.167,1.160°
RMSD - 0.011 0.049, 0.025
O(NNN) (°) 174.4 112.6 180.0°
O(MNN) (°) 125.5 110.9 176.4*
RMSD - 44.9 36.2
* This work B3LYP/6-31G*
® Ref [18]
° Ref [19]
4 Ref [25]
© Ref [14]

The intermolecular interactions for chromyl azide have been analyzed using
Bader’s topological analysis of the charge electron density, p(r), by using the AIM
program [28]. For the characterization of the compound molecular electronic
structure, the determination of the p(r) in the bond critical points (BCPs) and the
values of the Laplacian parameter at these points were determined and compared
with those calculated for chromyl chloride and fluoride compounds, hydrogen and
sodium azides and nitride anion. The analyses of the Cr—N, Cr—-N-N and N-N
BCPs for the compound studied with the B3ALYP/6-31G* method are reported and
compared with the values obtained for the already mentioned compounds at the
same level in Tables 1.3 and 1.4. Two important observations should be done, in
one case, the Cr—N BCPs have the topological properties slightly different from
those calculated for Na-N BCP of sodium azide, these being the typical properties
of the closed-shell interaction (p(r) = 0.04 a.u., I21l/43 < 1, and Vzp(r) = 0.30
a.u.) [29-36]. Thus, the structure for sodium azide is ionic with a calculated Na-N
distance of 2.05 A, this being lower than the experimental value reported by
Pringles et al. of 2.50 A [12]. The topological parameters for the compound, such
as the Cr—N BCPs is closer to the value obtained for chromyl chloride probably
because the electronegativity of the CI atom (3.16) is similar to that of the N atom
(3.04) and for this, the calculated Cr-N distance is closer to the corresponding
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Table 1.3 Analysis of Cr—N bond critical points in chromyl azide compared with similar
molecules

B3LYP/6-31G*method

Parameter CrO,(N3)5 CrO,Cl5 CrO,F3 NaNj HN3
Cr-N, Cr;-N, Cr-Cl Cr-F Na-N H-N
p(r) 0.14252 0.14252 0.10851 0.17525 0.04117 0.31882
V2p(r) 0.52703 0.52436 0.29701 1.12065 0.31484 —1.57878
A1 —0.26409 —0.26513 —0.15099  —0.36390  —0.05346 —1.19248
2 —0.22904 —0.22844 —0.14685  —0.36085  —0.05344 —1.15997
13 1.02016 1.01793 0.59486 1.81540 0.42175 0.77367
|21]/23 0.25887 0.26045 0.25382 0.20045 0.12675 1.54133
M-X (A)® 1.835 1.835 2.126 1.698 2.045 1.023
exE Cr = 1.66 N = 3.04 Cl=316 F=398 Na = 0.93 H=1220

M? (uma) Cr = 519960 N = 14.0067 Cl = 35453 F = 189980 Na = 22.9897 H = 1.0079

" The quantities are in atomic units
# This work

® (M=Cr, Na; X=N, CI, F)

© X® : Electronegativity of X

experimental value reported for CrO,Cl, [18]. The interaction H-N bond has the
characteristic of the shared interaction, which is the value of the electron density at
the bond critical point relatively high and the Laplacian parameter of the charge
density as negative indicating that the electronic charge is concentrated in the
internuclear region. This value of the Laplacian parameter of the charge density is
reasonable compared with the reported value of —1.096 a.u. for the C-H BCP in
the VMes compound [29]. The other important observation is that the topological
properties of the Cr—N-N and terminal N-N BCPs have different values in the
chromyl, hydrogen and sodium azide and nitride anion compounds (Table 1.4).

In the azide compounds, the terminal N-N BCPs have higher p(r) values and
also the Laplacian parameter at these points have negative values. Only in the
nitride anion the properties of the two N—N BCPs have similar values since both
bonds are of the same nature (Table 1.4). Moreover, the pathlength of the BCP in
hydrogen and sodium azides are different from each other; thus, in the HNj
compound the distance from BCP to H atom is 0.435, in sodium azide the path-
length is 1.7723, while that value in chromyl azide is closer to sodium azide, it
being 1.7557.

The bond orders, expressed by Wiberg’s indexes for chromyl azide using a
B3LYP/6-31G* calculation are shown in Table 1.5, while those corresponding to
chromy] chloride and fluoride compounds are shown in Table 1.6. In the C, structure
of chromyl azide and C,y for the chloride and fluoride compounds, the chromium
atom forms four bonds where the values for chromyl azide are the following: two
Cr=0 bonds (bond order 1.8351) and two Cr—N (bond order 0.7223), while the bond
orders for chromyl chloride (Cr=0 1.9148, Cr—Cl 0.8196) are higher than those
corresponding to chromyl fluoride (Cr=0 1.8952, Cr—F 0.7508). The high value of
the H-N bond order (0.8006) for HN5 (Table 1.7) indicates a covalent bond, while a
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Table 1.5 Wiberg Index bond matrix of chromyl azide

B3LYP/6—31G* method

CrO,(N3)5

Atoms 1 2 3 4 5 6 7 8 9
0.0000 1.8351 1.8351 0.7223 0.0117 0.1274 0.7223 0.0117 0.1274
1.8351 0.0000 0.2487 0.0822 0.0059 0.0209 0.0966 0.0064 0.0401
1.8351 0.2487 0.0000 0.0966 0.0064 0.0401 0.0822 0.0059 0.0209
0.7223 0.0822 0.0966 0.0000 1.5381 0.4972 0.0402 0.0038 0.0227
0.0117 0.0059 0.0064 1.5381 0.0000 2.3161 0.0038 0.0001 0.0017
0.1274 0.0209 0.0401 0.4972 2.3161 0.0000 0.0227 0.0017 0.0185
0.7223 0.0966 0.0822 0.0402 0.0038 0.0227 0.0000 1.5381 0.4972
0.0117 0.0064 0.0059 0.0038 0.0001 0.0017 1.5381 0.0000 2.3161
0.1274 0.0401 0.0209 0.0227 0.0017 0.0185 0.4972 2.3161 0.0000

—

O 0N AW -
22 222200Q

% This work

Table 1.6 Wiberg Index bond matrix of chromyl azide

B3LYP/6-31G* method

CrO,Cl3

Atoms 1 2 3 4 5
1. Cr 0.0000 1.9148 1.9148 0.8196 0.8196
2. (0] 1.9148 0.0000 0.2300 0.1285 0.1285
3. (6] 1.9148 0.2300 0.0000 0.1285 0.1285
4. Cl 0.8196 0.1285 0.1285 0.0000 0.0548
5. Cl 0.8196 0.1285 0.1285 0.0548 0.0000

CrO,F5

Atoms 1 2 3 4 5
1. Cr 0.0000 1.8952 1.8952 0.7508 0.7508
2. (6] 1.8952 0.0000 0.2492 0.1151 0.1151
3. (0] 1.8952 0.2492 0.0000 0.1151 0.1151
4. F 0.7508 0.1151 0.1151 0.0000 0.0411
5. F 0.7508 0.1151 0.1151 0.0411 0.0000
@ This work

low value of Na—N bond order of 0.1297 for NaN5 shows an ionic nature, as it was
observed in Sr (0.14) and Ba (0.12) azides [7].

In this case, the values for chromyl azide are similar to those obtained for
chromyl fluoride in accordance with the geometrical parameters previously ana-
lyzed. The Cr-N, Cr—-N-N and terminal N-N bond orders for chromyl azide are
similar to the corresponding values of the HN; compound and for this, those bond
orders have values characteristic of a slightly covalent bond. In spite of the density
of the H-N BCP being higher than the one corresponding to Cr-N BCPs, the bond
orders are similar in both cases and, for this reason, the Cr—N bonds in chromyl
azide have a partial ionic character. Moreover, the value observed in the natural
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Table 1.7 Wiberg Index bond matrix of sodium, hydrogen azide, and nitride anion

B3LYP/6-31G* method

NaNj§
Atoms 1 2 3 4
1. Na 0.0000 0.1297 0.0048 0.0356
2. N 0.1297 0.0000 1.7309 0.7767
3. N 0.0048 1.7309 0.0000 2.1443
4. N 0.0356 0.7767 2.1443 0.0000
HN3
Atoms 1 2 3 4
1. H 0.0000 0.8006 0.0049 0.0416
2. N 0.8006 0.0000 1.5289 0.6132
3. N 0.0049 1.5289 0.0000 2.3499
4. N 0.0416 0.6132 2.3499 0.0000
B3LYP/6-31G* method
N37
Atoms 1 2 3
1. N 0.0000 1.9304 0.8642
2. N 1.9304 0.0000 1.9304
3 N 0.8642 1.9304 0.0000
@ This work

charge of the internal N atom (Cr—N) of —0.51463 reveals that the bond nature in
this compound is partial ionic because that value is lower than the natural charge
value observed in the N atom linked to the Na atom (—0.82083) (Table 1.8).

1.3 Vibrational Analysis

The structure of chromyl azide has a C, symmetry and 21 active vibrational
normal modes in the infrared and Raman spectra classified as: 11 A + 10 B.
Taking into account that the theoretical infrared spectra for chromyl chloride and
sodium azide compounds are similar to the ones corresponding to chromyl azide,
as shown in Fig. 1.2, the experimental bands of those compounds were proposed
as experimental bands for chromyl azide in order to effect a complete assignment
of the compound by means of the SQMFF method.

With the exception of the bands in the region between 110 and 50 cm™ " the
calculated frequencies were considered as experimental because they could not be
seen in the vibrational spectrum of those similar molecules. The calculated fre-
quencies and the assignment for chromyl azide are given in Table 1.9. The the-
oretical calculations reproduce the proposed normal frequencies for the compound
with an initial value of mean square root deviations (RMSD) of 61.1 cm ™" using

1
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Fig. 1.2 Theoretical Infrared spectrum of CrO,(N3), at B3ALYP/6-31G* theory levels compared
with similar compounds

the B3LYP/6-31G* method. When the SQMFF method is applied, the final RMSD
decreases significantly up to 2.6 cm™'. Vibrational assignments were made on the
basis of potential energy distributions (PED) in terms of symmetry coordinates and
by comparison with molecules containing similar groups such as the chromyl
chloride [17] and fluoride [20] compounds, hydrogen [37] and sodium [12, 13]
azides and nitride anion [12]. Table 1.10 shows the calculated harmonic
frequencies for chromyl azide using the B3LYP method with the 6-31G* basis set
compared with experimental values of similar molecules. In general, the theoret-
ical infrared and Raman spectra of the chromyl azide agrees with the proposed
experimental spectrum (see Fig. 1.2). Some vibration modes of different sym-
metries may be seen mixed among them because the frequencies are approxi-
mately the same. A discussion of the assignment of the most important groups for
the compounds studied is presented below (see Table 1.9).

1.4 Chromyl Groups

In chromyl compounds these modes appear in the 1,050-900 cm ™' region, i.e., in
CrO,(ClOy),, they appear at 990 and 980 cm ! [38, 39], while in CrO,(SO5F), they
dosoat 1,061 and 1,020 cm™! [40, 41]. The frequencies predicted for the vibrational
modes of chromyl azide show that the anti-symmetric and symmetric Cr=0
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Table 1.9 Calculated and experimental predict frequencies (cm™ "), potential energy distribution,
and assignment for chromyl azide

Modes IR? Calculated® SQM°  Assignment, PED (>10 %)

A symmetry

1 2140 2242 2153 vip (N=N). (77), vip (N=N); (23)

2 1309 1356 1304 vip (N=N); (75), vip (N=N). (15)

3 991 1110 987 vsCr=0 (96)

4 607 661 602 ON-N-N op (60), )Cr—N-N op (15)

5 534 566 530 7Cr—N-N-N ip (87)

6 432 518 447 v,Cr-N (62), wagCrO, (20)

7 358 382 353 vsCr=N (71), 6CrO, (14), SN-N-N op (12)

8 220 262 230 pCrO; (88)

9 214 234 219 ON-Cr-N (75), tO-Cr-N-N op (18)

10 110 110 107 7O-Cr-N-N ip (51), 6Cr-N-N op (20), wagCrO, (10)
11 37 37 42 70-Cr-N-N op (73)

B symmetry

12 2140 2227 2138 vop (N=N), (78), vop (N=N); (22)

13 1309 1343 1291  vop (N=N); (78), vop (N=N), (13)

14 1002 1134 1006  v,Cr=0 (98)

15 607 663 616 ON-N-N ip (72), 6Cr-N-N ip (10)

16 534 571 538 7Cr—N-N-N op (86)

17 473 548 460 0CrO; (72), vsCr-N (13)

18 268 313 274 wagCrO, (60), tCrO, (14), v,Cr-N (13)

19 257 271 241 ©CrO, (57), wagCrO,; (18), tO-Cr-N-N ip (11)
20 106 106 99 OCr-N-N ip (77)

21 66 66 67 OCr-N-N op (43), tO-Cr-N-N ip (34), 7CrO, (11)
RMSD (cm™')  61.12 2.60

? This work

® DFT B3LYP/6-31G*
¢ From scaled quantum mechanics force field

stretchings are split by more than 20 cm ™', indicating a notable contribution of the
central Cr atom in these vibrations. The antisymmetric and symmetric Cr=0
stretching modes were calculated in the infrared spectrum at 1,134 and 1,110 cm ™!,
respectively, the last band being more intense in the Raman spectrum. As in similar
molecules [39, 41-43], these modes are calculated uncoupled with other modes.
Taking into account the difference between those modes, they are assigned, as in
CrO,Cl,, at 1,002 and 991 cm™ !, thus, the scaled frequencies for both modes
decrease up to 1,009 and 984 cm™ v respectively, with a difference between them of
25 cm ™. Table 1.9 shows for chromyl azide that the unscaled DFT frequencies for
the symmetric Cr=0 stretching mode are higher than the frequencies of the anti-
symmetric Cr=0 stretchings. The antisymmetric and symmetric Cr—N stretchings
are also split by more than 130 cm ™", indicating a strong contribution of the central
Cr atom in these vibrations. In this case, the theoretical calculations predict these
modes with a higher PED (79 %) value for the antisymmetric mode in reference to
the symmetric mode (48 %). For this reason, when they are assigned at 432 and
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358 cm ™! calculated at 406 cm™" for the Na—N stretching of the NaN5 compound
using the same method, then, the difference between both scaled modes decreases at
74 cm™ . The CrO, bending mode can be seen in CrO,F, at 403 cm™ ! while in
CrO,Cl, it is at 356 cm™! [17, 20]. In this chapter, the B3LYP/6-31G* method
calculates the CrO, bending at 548 cm ™" with 48 % of PED contribution and at
382 cm™ ' with 41 % of PED contribution When this mode is assigned at 473 cm™"
as the theoretical value obtained for CrO,Cl, using the same level, the scaled fre-
quency decreases up to 460 cm™'. For chromyl compounds, the calculations nor-
mally predict the wagging, rocking, and twisting modes of the CrO, group in the low
frequency region and couples with other modes of the azide groups. The wagging
CrO, mode is calculated at a higher frequency and with a PED contribution (42 %)
lower than the rocking mode (86 %), as it was observed in similar compounds
[39, 41, 43]. For these observations, those modes are assigned, respectively, at 268
and 220 cm ™. As indicated by the PED values, the CrO, twisting mode is calculated
strongly coupled with vibrations of the same group and the azide groups (Table 1.9).
This mode could be assigned at 257 cm ™' because it appears with a higher PED
value. The N-Cr-N bending mode is calculated at 234 cm™" with 75 % of PED
contribution, while the CI-Cr—Cl bending is experimentally observed for CrO,Cl, at
214 cm™'. As the N-Cr—N bond angle value (109.3°) is near the one observed for
CI-Cr-Cl bond angle of chromyl chloride (113.2°), for this reason, the N-Cr—N
bending mode is also assigned at the same frequency, which is at 214 cm ™!, then the
scaled value increases at 219 cm™".

1.5 Azide Groups

In this chapter, the external or terminal N=N in-phase and out-of-phase symmetric
stretching modes of the N=N group are calculated by the B3LYP/6-31G* method at
2,242 and 2,227 cm ™!, respectively. The frequencies predicted for these vibrational
modes show that these modes are split by about 16 cm™'. They are calculated
slightly coupled with the internal N=N antisymmetric and symmetric stretching
modes (N=Ni) and they are assigned at 2,140 cm_l, the same as for the N=Ne
stretching of NaN3 [8]. Then the scaled frequencies of both modes decrease until
there is a difference of 15 cm ™! between them. On the other hand, the internal N=N
symmetric and antisymmetric stretching modes (N=Ni) are calculated at 1,356 and
1,343 cm™ !, respectively, and they are assigned at 1,309 cm_l, as it could also be
seen in the corresponding IR spectrum of NaNj for the N=Ni stretching (Fig. 1.2).
Experimentally, for the hydrogen azide compound, the difference between the N=Ni
and N=Ne stretching modes is 874 cm ™" while for sodium azide it is 812 cm ™", for
chromyl azide the calculated values using B3LYP/6-31G* level vary from 900 to
884 cm™'. The difference between the scaled frequencies of both modes results from
12 cm™"' in agreement with the value obtained by the calculations (13 cm™"). The
N=N=N out-of-phase and in-phase deformation modes are calculated coupled with
the Cr—N-N out-of-phase and in-phase deformation modes. For chromyl azide, the
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Table 1.10 Calculated frequencies (cm™') for chromyl and sodium azide compared with
experimental values of similar molecules

CrO,(N3),* Assignment CrO,Cly° CrO,Fy° H(N3) ¢ Na(N3) 2
2242 vip (N=N), 2140 22438
2227 vop (N=N),

1356 vip (N=N); 1151 1436
1343 vop (N=N);

1134 v,Cr=0 1002 1045

1110 vsCr=0 991 995

663 ON-N-N ip 607 631
661 ON-N-N op 534 631
571 7Cr-N-N op

566 7Cr-N-N ip

548 oCrO, 356 403

518 v,Cr—N 503 770 406
382 vCr-N 470 708

313 wagCrO,

271 1CrO, 224 275

262 pCrO,

234 ON-Cr-N 234

110 TN-N-N ip

106 O0Cr-N-N ip 32
66 dCr—N-N op

37 TN-N-N op

Abbrevitations v stretching, ¢ deformation, p rocking, wag wagging, tw torsion, a antisymmetric,
s symmetric

op out of phase, ip in phase, vs very strong, s strong, m medium, w weak, sh shoulder

* This work B3LYP/6-31G*

® Ref [20]

¢ Ref [17]

¢ Ref [25]

former are calculated, respectively, at 661 and 663 cm~! while for NaNj3, these
modes are both calculated at the same frequency (631 cm™") by using the B3LYP/6-
31G* method and for this reason, they were assigned at 607 cm ™' with values of the
scaled frequencies at 602 and 616 cm™', respectively. In the region of low fre-
quencies, the vibration modes normally expected for the azide groups are the Cr—N—
N in-phase and out-of-phase deformation modes and the O—Cr—N-N in-phase and
out-of-phase torsion modes as predicted by calculations. All modes, as shown in
Table 1.9, appear coupled with each other and with other modes of the chromyl
group. The modes are assigned at the same frequencies as predicted by calculations.
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Table 1.11 Definition of natural internal coordinates for chromyl azide

A symmetry

S1 =5 (5-6) + s (8-9) vip (N=N),

S, =5 (4-5) + s (7-8) vip (N=N);
S3=q(1-2) + q (1-3) v,Cr=0

Sy = ¢ (4-5-6) — ¢ (7-8-9) ON-N-N op
S5 = 1 (1-4-5-6) + 7 (1-7-8-9) 7Cr-N-N-N ip
Se =1 (1-4) — r (1-7) v,Cr-N
S7=r1r1-4) + 1 (1-7) vCr-N

Sg = (3-1-6) +  (3-1-4) — y (2-1-4) —  (2-1-6) pCrO,

Sg = o (9-10-12) ON-Cr-N

S10 =1 (3-1-4-11) 4+ 7 (2-1-4-11) — 7 (2-1-6-10) — 7 (3-1-6-10) tO-Cr—N-N ip
S11 =1 (3-1-4-11) 4+ 7 (2-1-4-11) — 7 (2-1-6-10) — 7 (3-1-6-10) 7O0-Cr-N-N op
B Symmetry

S12 =5 (5-6) — s (8-9) vop (N=N),
S13 = s (4-5) — s (7-8) vop (N=N);
Sia=q (1-2) — q (1-3) 1,Cr=0

Sis = ¢ (4-5-6) + ¢ (7-8-9) ON-N-N ip
Si16 = 7 (1-4-5-6) — 7 (1-7-8-9) 7Cr-N-N-N op
S17 =0 (2-1-3) 0CrO,

Sis =Y (2-1-4) + ¥ (3-1-4) — ¥ (2-1-6) — ¥ (3-1-6) wagCrO,

Sio =Y (3-1-4) + ¥ (2-1-6) — Y (3-1-6) — Y (2-1-4) wCrO,

Sr0 = o (1-4-5) + o (1-7-8) 0Cr-N-N ip
S>1 = B (1-4-5) — a (1-7-8) dCr—N-N op

g = Cr=0 bond distance, r = Cr—N bond distance, s = N-N bond distance, § = O=Cr=0 bond
angle, « = N-Cr—N bond angle, ¢ = N-N-N bond angle, iy = O=Cr-N bond angles, f = Cr—N-N
bond angle

Abbrevitations v stretching, 0 deformation, p in the plane bending or rocking, wag out of plane bending
or wagging, T torsion, a antisymmetric, s symmetric, ip in phase, op out of phase

Table 1.12 Scale factors for the force field of chromyl azide

Coordinates B3LYP/6-31G*
CrO,(N3)5 HN3 NaN3§ N3~

v (N=N) 0.922 0.870 0.882 0.962
v (Cr=0) 0.787 - - -

v (Cr-N) 0.962 0.925 0.958 -

J (0=Cr=0) 0.874 - - -

d (N-Cr-N) 0.823 - - -

J (Cr-N-N) 0.823 0.834 0.999 -

6 (N-N-N) 0.614 1.021 1.000 0.999
p (CrO,) 0.769 - - -
Wagg (CrO,) 0.769 - - -

tw (CrO,) 0.769 - - -

v stretching, ¢ deformation, p rocking, wag wagging, tw torsion
% This work
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Table 1.13 Main force constant for chromyl azide
Force constants” B3LYP

6-31G* Lanl2dz 6-31G*

CrO,(N3)3 CrO,CI3 CrO,FS H(N;)* Na(N3)? N3
7 (Cr=0) 7.04 7.122 7.443 - - -
7 (M-X) 3.19 2.857 4.491 6.17 1.45 -
f (0-Cr-0) 1.25 0.938 1.110 - - -
7 (X-Cr-X) 0.59 0.458 0.460 - - -
£ (0-M-X) 0.58 0.553 0.656 - -
f (N-N)e 17.29 - - 16.74 14.54 14.79
F (N-N)i 9.93 - - 9.27 12.21 12.37
£ (N-N=N) 0.40 - - 0.64 0.80 0.87

Units: mdyn A~" for stretching and mdyn A rad=? for bond deformation
* This work

® Ref [48]

# (M=Cr, Na; X=N, Cl, F)

1.6 Force Field

Having a proposed assignment for chromyl azide, the corresponding force
constants were estimated using the scaling procedure of Pulay et al. [44], as
mentioned before. The harmonic force fields in Cartesian coordinates were turned
into the local symmetry or “natural” coordinates proposed by Fogarasi et al. [45],
as defined in Table 1.11 (See Fig. 1.1.).

The scaling factors affecting the main force constants were subsequently cal-
culated by an iterative procedure [46, 47] to have the best possible fit between the
ones proposed as experimental and theoretical frequencies. The resulting factors
are shown in Table 1.12. The experimental proposed frequencies and potential
energy distribution obtained for chromyl azide appear together with the values
reached for the corresponding RMSD values in Table 1.9. The main force con-
stants appearing in Table 1.13 were compared with the calculated force constants
at the B3LYP/Lanl2DZ for CrO,Cl, and CrO,F, [48] and with those calculated in
this work at BALYP/6-31G* level for hydrogen, sodium azide, and nitride ion. In
CrO,F, and CrO,Cl,, the scaled GVFF force constants (B3LYP/Lanl2DZ method)
for the Cr=0 stretchings are, respectively, 7.443 and 7.122 mdyn A~', while the
corresponding force constants for the O=Cr=0 deformations are 1.110 and 0.938
mdyn A rad™? [19].

This difference in the force constant values in reference to chromyl azide cannot be
attributed to geometrical parameters since they are practically the same in the three
compounds. The corresponding values are low in CrO,F, and CrO,Cl, because the
scaled Cr=0 frequencies are higher than the values for CrO,(N3), (1,006 and
987 Cmfl) as shown in Table 1.9. Moreover, the calculated Cr=O stretching force
constants increase according to the electronegativity of the other atoms linked to Cr
atom increase, it is, f{Cr=0)CrO,(N3), < fiCr=0)CrO,Cl, < f{iCr=0)CrO,F,. The
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low values of the force constants of O=Cr=0 deformations in CrO,F, and CrO,Cl, in
comparison with the ones corresponding to CrO,(N3), can also be attributed to the
scaled O=Cr=0 frequencies because they are high in the last compound as it was
observed in CrO,(NOj3), [43]. As expected, the M-X and X-M-X force constants
change with the corresponding geometrical parameters, the fiM-X) value for CrO,F,
(4.491 mdyn A~") being high with a low M-X distance of 1.716 A. On the other hand,
the f{X-Cr-X) force constant value is higher for chromyl azide (0.59 mdyn A rad=2)
because the X-Cr-X bond angle of 109.3° is lower in the remaining compounds. The
value of 3.19 mdyn A~' for the Cr-N force constant suggests that the Cr atom is
bonded to the azide groups in chromyl azide by means of ionic bonds since that value
is slightly higher than the one corresponding to CrO,CIN; compound (2.32 mdyn
A~") where the Cr-N bond is partly ionic [1]. The fAN-N)e and fAIN-N); stretchings
and fiN-N-N) force constants for chromyl azide are compared with the values
obtained for similar molecules in Table 1.13. The obtained values are close to the
calculated values for the HN3 compound indicating a partial covalent contribution of
these bonds at the Cr atom. Note that when the azide group is linked to ionic atoms (as
Na) the fiN-N)e and fiN-N)i force constant values are closer to each other.

1.7 Electronic Spectrum and Energy Gap

The UV-vis spectrum of chromyl azide in CCly solution previously reported shows
only two definite bands, one with a maximum at 545 and the other at 459 nm [15].
The former probably has its origin in the azide groups and the latter can be assigned
to chromyl groups as it was observed in the electronic spectra of chromyl com-
pounds [42, 49]. In the theoretical B3LYP/6-31G* UV—visible spectrum, the first
band appears as a triplet of B symmetry at 491.17 nm and with a low energy
(2.5242 eV), while the second band is observed as a singlet of B symmetry at
459.66 nm and with an energy of 2.6973 eV. The slight difference in the energy of
the first observed band, in relation to the calculation, can be attributed to the solvent
effect because in this last case it was not taken into account.

Table 1.14 HOMO and LUMO energy (au.) and HOMO-LUMO (GAP) for chromyl azide
compared with similar molecules *

B3LYP/6-31G*method

Orbital CrO,(N3)3 CrO,CI3 CrO,F5 Na(N3)* HN3 N3*®
HOMO -0.30081 -0.34956 —0.36485 -0.17062 -0.27585 0.04241
LUMO -0.17296 -0.19610 —-0.18440 -0.07849 —-0.03549 0.31859
GAP 0.12785 0.15346 0.18045 0.24911 0.24036 0.27618
GAP (eV) 2.95 3.54 4.16 5.74 5.54 6.37

* The quantities are in atomic units
# This work
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In addition, for chromyl azide the magnitude of the band gap was investigated
because the azide compounds are unstable and break down under the action of
light and heat. The magnitude of the band gap for the compound compared with
other azides can be seen in Table 1.14. In general, ionic azides are stable (insu-
lators as Sr(N3), and Ba(N3), with values of 3.708 and 3.649 eV, respectively),
while heavy-metal azides explode on provocation, and covalent azides explode
spontaneously [7]. For chromyl azide, the 2.95 eV value indicates that the com-
pound is more energetic than sodium azide.

1.8 Conclusions

In this chapter an approximate normal coordinate analysis was proposed for
chromyl azide at the vibrational spectra and a complete assignment of the 21
normal modes of vibration is reported.

An SQM force field was obtained for chromyl azide after adjusting the theo-
retically obtained force constants in order to minimize the difference between the
proposed and calculated frequencies.

For the chromyl azide it is demonstrated that a DFT molecular force field
computed using B3LYP/6-31G* is well represented [50-53].

The NBO [54], AIM, and energy gap analyses confirm a slightly ionic character
of the Cr atom bonded to azide groups in chromyl azide.
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Chapter 2
Structural and Vibrational Study
on Chromyl Acetate in Different Media

Abstract In this chapter, the structural and vibrational properties of chromyl
acetate in different media were studied using density functional theory (DFT)
methods. The initial geometries were fully optimized at different theory levels and
the harmonic wavenumbers were evaluated at the same levels. Also, the charac-
teristics and nature of the Cr—O and Cr « O bonds for the stable structure were
studied by means of the natural bond orbital (NBO) study while the topological
properties of the electronic charge density were analyzed using the Bader atoms in
the molecules theory (AIM). Besides, a complete assignment of all observed bands
in the infrared spectrum for the compound was performed combining DFT cal-
culations with Pulay’s scaled quantum mechanics force field (SQMFF)
methodology.

Keywords Chromyl acetate - Vibrational spectra - Molecular structure - Force
field - DFT calculations

2.1 Introduction

In organic chemistry, for a long time the chemical reactivity of chromyl acetate,
CrO,(CH3COQ), was broadly studied because it is an effective reagent for the
oxidation of numerous compounds, such as hydrocarbons [1, 2], olefins [3, 4],
C-25 on cholestane side-chains to the corresponding C-25 hydroxy derivative [5],
steroids [6] and indole alkaloids [7] among others, but so far their molecular
structure is unknown. In a previous paper we could assign some of the observed
bands in the infrared spectrum and for this their vibrational properties remain only
partially characterized [8]. The study of compounds that contain chromyl groups
[8-11] is interesting because depending of the ligand they can act with different

S. A. Brandén, A Structural and Vibrational Investigation into Chromylazide, Acetate, 21
Perchlorate, and Thiocyanate Compounds, SpringerBriefs in Molecular Science,
DOI: 10.1007/978-94-007-5754-7_2, © The Author(s) 2013
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coordination modes. In the chapter above, the structure and vibrational properties
of the chromyl nitrate compound, CrO,(NOj3), were studied by means of the
Density functional theory [10]. In this chapter, the geometries and the harmonic
vibrational frequencies for chromyl acetate were evaluated at the B3LYP/
Lanl2DZ, B3LYP/6-31G*, and B3LYP/6-311++G levels of theory. In this way,
with the aid of calculations it was possible the assignment of all the observed
bands in the vibrational spectra for the compound taking into account the type of
coordination adopted by the acetate groups as monodentate and bidentate. In
addition, as the nitrate group, the acetate group is an interesting ligand because it
presents different coordination modes: monodentate or bidentate [8—23].

The properties of the CrO,(CH3;COQ), compound prepared previously by us
were completely different from the relatively volatile compound initially prepared
according to Krauss [23, 24]. In this chapter a theoretical study of chromyl acetate,
CrO,(CH53COQ),, was performed in order to study the coordination mode of the
acetate groups and carry out its complete assignment using the experimental
spectra. The aim of this chapter is to carry out an experimental and theoretical
study on this compound with the methods of quantum chemistry in order to have a
better understanding of its vibrational properties. A precise knowledge of the
normal modes of vibration is expected to provide a foundation for understanding
the conformation-sensitive bands in vibrational spectra of this molecule. Here, the
normal mode calculations were accomplished using a generalized valence force
field (GVFF) and considering the acetate group as monodentate and bidentate
ligands. For this purpose, the optimized geometry and frequencies for the normal
modes of vibration were calculated first in gas phase and then in carbon tetra-
chloride (CCly) and dimethylsulfoxide (DMSO) solutions because the compound
is soluble in all the inert organic solvents. In both cases, there are no publications
about experimental or high-level theoretical studies on the geometries and force
field of chromyl acetate. Hence, obtaining reliable parameters by theoretical
methods is an appealing alternative. The parameters obtained may be used to gain
chemical and vibrational insights into related compounds.

The election of the method and the basis sets are very important to evaluate, not
only the best level of theory but also the best basis set to be used to reproduce the
experimental geometry and the vibrational frequencies. In previous studies on Cr
compounds, such as oxotetrachlorochromate (V) anion [25], it was found that
the inclusion of polarization functions in the basis sets significantly improved the
theoretical geometry results and the lowest deviation, with reference to the exper-
imental data, was obtained for the 6-31G* and 6-311G* basis sets and the B3PW91
functional [25]. In this case the lower difference between theoretical and experi-
mental frequencies, measured by the root mean standard deviation (RMSD), was
obtained with the combination B3LYP/6-31+G. In the study of the structures and
vibrational spectra of chromium oxo anions and oxyhalide compounds, Bell et al.
[26] have found that the B3LYP/Lanl2DZ combination gives the best fit for the
geometries and the observed vibrational spectra. However, in the chromyl nitrate
case the results with the Lanl2DZ basis set were not satisfactory, for that reason
here, that basis set was not considered. In this chapter, DFT calculations were used
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to study the structure and vibrational properties of the compound. The normal mode
calculations were accomplished using a GVFF. The molecular force field for the
chromyl acetate, considering the acetate group as monodentate ligand calculated by
using the DFT/6-31G* and 6-311++G** combinations is well represented. The
force field produces satisfactory agreement between the calculated and experi-
mental vibrational frequencies of chromyl acetate. DFT normal mode assignments,
in terms of the potential energy distribution, are in general accord with those
obtained from the normal coordinate analysis.

Also, the nature of the two types of Cr—O and Cr < O bonds of chromyl
acetate in gas phase and in both CCl, and DMSO solutions, were systematically
and quantitatively investigated by the NBO analysis [27-29]. In addition, the
topological properties of electronic charge density are analyzed using Bader atoms
in molecules theory (AIM) [30].

2.2 Structural Study

The molecular structure for monodentate and bidentate chromyl acetate are shown
in Fig. 2.1 together with the numbering of the atoms. The initial B3LYP structures
modeled with different basis sets for chromyl acetate were carried out using C,
symmetries according to the experimental structure obtained by Marsden et al.
[11] for chromyl nitrate by using diffraction data and HF calculations. Table 2.1
shows a comparison of the total energies and dipole moment values for chromyl
acetate with the B3LYP method using different basis sets.

In all cases, the most structure stable is obtained using the B3LYP/6-311++G**
method combined with a diffuse function basis set, while the structure with higher
energy is obtained using B3LYP/STO-3G calculation.

The structures were compared with those reported in the literature for barium
and sodium acetate [31].

All the calculations in gas phase were made using the GAUSSIAN 03 [32] set
of programs. The starting point for the geometry optimization was modeled with
the GaussView program [33]. Calculations were made using hybrid density
functional methods. In the last technique, Becke‘s three parameter functional and
non-local correlation provided by Lee—Yang—Parr’s (B3LYP) [34, 35] expressions
were used, as implemented in the GAUSSIAN programs. Different basis sets were
used. For the compound we realized the normal mode analysis using 6-31G* and
6-311++G** basis sets.

The harmonic force field in Cartesian coordinates for chromyl acetate which
resulted from the calculations were transformed into “natural” internal coordinates
[36] by the MOLVIB program [37, 38]. The natural coordinates for monodentate and
bidentate chromyl acetates have been defined as proposed by Fogarasi et al. [39].
The analysis as bidentate ligand was performed with the two basis sets considering
the acetate groups as two rings of four members where the deformations and torsion
coordinates of these groups have been defined as proposed by Fogarasi et al. [39].
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Fig. 2.1 The C,(1) molecular structure of chromyl acetate considering the acetate group as.
a Monodentate ligand and b bidentate ligand

The numbering of the atoms for monodentate and bidentate chromyl acetates
are described in Fig. 2.1

The scaled quantum mechanics (SQM) force field [40-42] was obtained using
the transferable scale factors of Rauhut and Pulay [41] with the MOLVIB program
[37, 38]. The potential energy distribution components (PED) larger than or equal
to 10 % are subsequently calculated with the resulting SQM force field. The
principal force constants for the compound were obtained.

An NBO analysis was then performed using the same basis sets with the NBO
3.1 program [43] included in GAUSSIAN 03 package programs [32]. The topo-
logical properties of the charge density in all systems studied were computed with
the AIM2000 software [44].
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Table 2.1 Total energy and dipole moment for chromyl acetate at B3ALYP method

Basis set ET n
(Hartree) (D)

LANL2DZ —693.68481616 3.09
STO-3G —1633.03396705 2.47
3-21G* —1643.67961761 3.27
6-31G —1651.68610581 3.31
6-31G* —1651.88702958 2.88
6-31+G —1651.71932997 3.18
6-31+G* —1651.91314474 2.81
6-311G* —1652.10027672 2.54
6-311+G* —1652.12267593 2.71
6-311++G** —1652.13142696 2.73

The solvent effects were calculated with polarized continuum model (PCM)
solvation model which were analyzed and compared with the obtained values in
gas phase for the two studied basis sets. The use of an adequate basis set is
important for the proper description of the solute—solvent interaction. Numerous
authors have observed the dependency of the basis set on the SCRF calculated
solvation [45, 46] and Pye et al. [47] have verified the greater changes induced
adding diffuse function. Here, the B3ALYP method using 6-31G* and 6-311++G**
basis sets for SCRF calculations were used. To study the solvent effects the self-
consistent reaction field method was employed. In this methodology, the solute
molecule is located in a cavity surrounded by a continuum medium with a given
dielectric constant. In this chapter, a value of 46.7 for the dielectric constant to
simulate DMSO media and 2.228 for the dielectric constant to simulate CCl,
media were used. In the simulation of the solvent effect, the self-consistent
polarized continuum models have been used, as implemented in GAUSSIAN 03
and the cavity is created by a series of spheres, initially devised by Tomasi and
Persico [48-50].

In addition, an NBO analysis for the two studied solvents were then performed
with the NBO 3.1 program [43] using the 6-311++G** basis set and the topo-
logical properties of the charge density in two systems studied were computed with
the AIM2000 software [44].

The dipole moment values do not follow a defined tendency as observed in
Table 2.1. The calculation results with all basis sets used are given in Table 2.2.

The obtained theoretical parameters for the chromyl group were compared with
the experimental values obtained for chromyl nitrate by Marsden et al. [11], while
the calculated values for acetate group were compared with the recent experimental
values obtained for acetate by Ibrahim et al. [51] and with those reported for sodium
uranyl acetate [52], chromous acetate [53], sodium acetate [54], and anhydrous
barium acetate [55]. In this way, the theoretical C—C and C-O bond distances are
lower than the corresponding experimental values, while the C=0 bond distance is
longer than the observed value by Hsu et al. [54] for sodium acetate (1.245 A).
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2.2 Structural Study 29

The calculated O—C—O bond angles with all the methods used are lower than the
corresponding experimental values, while the O—C—C bond angles are longer than
the reported values of 118 ° for sodium acetate [54]. According to these results, the
method and basis set that best reproduces the experimental parameters for the
chromyl acetate compound is B3LYP/6-31+G*, where the mean difference for bond
lengths is 0.029 10%, while with B3LYP/3-21G* it is 4.1° for angles. The B3LYP
functional gives somewhat less satisfactory agreement using the STO-3G (0.06 A
and 5.0°) and 6-31G (0.034 A and 4.6°) basis sets. The inclusion of polarization
functions, however, is important to have a better agreement with the experimental
geometry: mean differences degrade to 0.031 A and 4.34° for the 6-311++G** basis
set. Similar to the experimental structure of chromyl nitrate [11], also with B3LYP
calculations, we can represent the coordination around Cr as derived from a severely
distorted octahedron where the acetate groups act as bidentate ligands and are
asymmetrically bonded to Cr. The bond orders, expressed by Wiberg’s indexes for
chromyl acetate are given in Tables 2.3 and 2.4 and are compared with the values
obtained for chromyl nitrate [10]. In this compound the chromium atom forms
six bonds using 6-311++G** basis sets, two Cr=0 bonds (bond order 1.9582), two
Cr—O (bond order 0.5502), and two Cr « O (bond order 0.1837). In chromy]l nitrate
the bonds order of these bonds are quite similar by using 6-311+G basis set, they are:
two Cr=0 (bond order 1.9721), two Cr—O (bond order 0.5374), and two Cr « O
(bond order 0.1821). The bond order value of this last bond was estimated
by Marsden et al. [11] between 0.19 and 0.29, while for chromyl acetate it is
slightly bigger than chromyl nitrate. Theoretically, in the B3LYP calculations the
Cr—O-COQO angle values are practically planar with the Cr atom with a variation of
the dihedral angle between 0.1 and 0.8°, as can be seen in Table 2.2. In addition, in
chromy] nitrate using B3LYP calculations and ab initio method, Marsden et al. [11]
predict that the O=Cr=0 bond angle in chromyl nitrate is smaller than the O—Cr-O
angle, in contradiction with the valence-shell electron-pair (VSEPR) theory [56, 57].
In chromyl acetate a similar observation is found. This fact was explained on the
basis of the delocalized and/or bonding characters of the relevant molecular orbitals
(MO), as observed in the series of the VO, X, anions [58] and chromyl nitrate [10].
The atomic orbital coefficients (AO) for Cr atom of chromyl acetate (d-type orbitals)
using 6-31G * and 6-311++G** basis sets are observed in Table 2.5. For the chr-
omy] acetate the strongest bonding MOs involving Cr d-type orbitals that seem to be
sensitive to the geometry can be considered, in increasing energy, those numbered as
20 (HOMO-36), 21 (HOMO-36) and 22 (HOMO-37) calculated with 6-31G* basis
set, while those numbered as 25 (HOMO-52), 25 (HOMO-54) and 25 (HOMO-54)
calculated with 6-311++G** basis set tend to widen the O4—Cr;—Og angle (125.3° by
using 6-31G* basis set) on a maximum overlapping basis.
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2.3 Calculations in Solution 33

Table 2.4 Wiberg index and atomic charges of chromyl acetate at different levels of theory

Atoms Numbers 6-31G* 6-311++G**
Atomic charges Wiberg index Atomic charges Wiberg index

Cr 1 1.55826 5.3488 1.21848 5.4736
(0] 2 —0.34082 2.4044 —0.23001 2.5186
(0] 3 —0.34082 2.4044 —0.23001 2.5186
(0] 4 —0.64091 2.0905 —0.60230 2.1464
(0] 5 —0.65241 2.0272 —0.62687 2.0600
(0] 6 —0.64091 2.0905 —0.60230 2.1464
(0] 7 —0.65241 2.0272 —0.62687 2.0600
C 8 —0.77846 3.8167 —0.66706 3.8663
H 9 0.26943 0.9285 0.23782 0.9452
H 10 0.27229 0.9269 0.24133 0.9435
H 11 0.26468 0.9312 0.23204 0.9479
C 12 —0.77846 3.8167 —0.66706 3.8663
H 13 0.26943 0.9285 0.23782 0.9452
H 14 0.27229 0.9269 0.24133 0.9435
H 15 0.26468 0.9312 0.23204 0.9479
C 16 0.82706 3.8259 0.80581 3.8337
C 17 0.82706 3.8259 0.80581 3.8337

2.3 Calculations in Solution

Total (E) and solvation energies (AG) and dipole moment for chromyl acetate in
CCl; and DMSO solutions are observed in Table 2.6 at B3LYP/6-31G* and
B3LYP/6-311++G** levels of theory.

On the other hand, a comparison of the theoretical geometrical parameters in
gas phase with the obtained values in solutions is observed in Table 2.7 The more
stable structure in solution, the greater solvation energy values, and the lower
dipole moment values using the two basis sets are obtained for the compound in
DMSO solvent.

This behavior could be related probably to the partially ionic nature of the
compound and then will explain the affinity of the solvent for the polar compound.
In solution, the more important change in the geometrical parameters are observed
in the distances where the Cr;—Os and Cr;—O5 bond lengths are about 0.95 A lower
than the corresponding values in gas phase. Moreover, the variations are inde-
pendent of the solvent because in the two cases considered the values are
approximately the same. This observation is probably explained due to strong
association of the molecules in solution media. Also, when the compound is
solvated in the CCly or DMSO solvents, the C—H bond lengths of the two acetate
groups undergo a slight increase in approximately 0.4 A and, as a consequence of
the solvent effect, the Cg—C,¢ bond length decreases more strongly (0.402 10\) than
the C;,—C;; distance. For this reason, the dihedral angles involved in the changes
also undergo variations between 3.4 and 6.4°, as observed in Table 2.7.
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Table 2.5 Atomic orbital coefficients (AO) for Cr atom of chromyl acetate at B3LYP level

6-31G* 6-3114++G**
N° Type orbital HOMO-36 HOMO-37 N° orbital Type orbital HOMO-36 HOMO-37
orbital
18 6XX —0.33178  0.00000 25 15D 0 0.15892  0.00000
19 6YY 0.07504  0.00000 26 15D+1 0.00000  0.21345
20 627 0.24774  0.00000 27 15D—1 0.00000 —0.11802
21 6XY 0.18994  0.00000 28 15D+2 —0.13523  0.00000
22 6XZ 0.00000  0.35911 29 15D-2 0.11457  0.00000
23 6YZ 0.00000 —0.19411 30 16D 0 0.16165  0.00000
24 7XX —0.20429  0.00000 31 16D+1 0.00000  0.22423
25 7YY 0.04488  0.00000 32 16D—1 0.00000 —0.12192
26 777 0.16284  0.00000 33 16D+2 —0.14011 0.00000
27 7XY 0.11686  0.00000 34 16D—2 0.11908  0.00000
28 7XZ 0.00000  0.20458 35 17D 0 0.15837  0.00000
29 7YZ 0.00000 —0.11549 36 17D+1 0.00000  0.20227
30 8F0 0.01138  0.00000 37 17D—1 0.00000 —0.11466
31 8F+1 0.00000  0.00858 38 17D+2 —0.12927  0.00000
32 8F—1 0.00000 —0.00403 39 17D-2 0.10925  0.00000
33 8F+2 0.00416  0.00000 40 188 —0.00120  0.00000
34 8F—-2 0.00292  0.00000 41 19PX 0.00000  0.02540
35 8F+3 0.00000 —0.00043 42 19PY 0.00000  0.04889
36 8F-3 0.00000 —0.00425 43 19PZ 0.06290  0.00000
44 20PX 0.00000 —0.00099
45 20PY 0.00000  0.00879
46 20PZ 0.04372  0.00000
47 21D 0 0.05593  0.00000
48 21D+1 0.00000  0.00350
49 21D-1 0.00000 —0.00900
50 21D+2 0.01428  0.00000
51 21D-2 —0.01112  0.00000

Table 2.6 Total (E) and solvation energies (AG) and dipole moment for chromyl acetate in

different solvents

Solvents ~ B3LYP/PCM method

E (Hartree) AG (Kcal/mol) u (D)

6-31G* 6-311++G**  6-31G*  6-311++G**  6-31G*  6-311++G**
DMSO —1651.886  —1652.131 —6.93 —7.52 3.06 2.90
CCly —1651.882  —1652.125 —2.83 —3.02 3.23 3.20

2.4 Topological Study

For chromyl acetate the intermolecular interactions have been analyzed using
Bader’s topological analysis of the charge electron density, p(r) by means of the
AIM program [44]. The localization of the critical points in the p(r) and the values
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Table 2.8 Analysis of bond critical points in chromyl acetate compared with chromyl nitrate

Chromyl nitrate

B3LYP/6-311++G

Bond Cr;-04 Cr; « Og Cr;—Og Cr; « Oy 3, +1) 3, +1)
p(r) 0.379166 0.301963 0.379166 0.301963 0.0374596 0.0374596
VZp(r) —0.186240 0.043910  —0.186240 0.043910 0.015960 0.015960
Al —0.919694 —0.700007 —0.919694 —0.700007 —0.0342722 —0.0342722
A2 —0.852381 —0.641803  —0.852381 —0.641803 0.0578309 0.0578309
A3 1.585836 1.385788 1.585836 1.385788 0.1360750 0.1360750
IA11/23 0.57990 0.505200 0.57990 0.505200 0.250620 0.250620
Chromyl acetate

B3LYP/6—311++G**

Bond Cr;—04 Cr; « Os Cr—Og Cry « Oy (3, +1) 3, +1)
p(r) 0.11650 0.04979 0.11650 0.04386 0.04029 0.04029
V2p(r) 0.38672 0.17678 0.38357 0.17678 0.18192 0.18180
Al —0.22187 —0.05126 —0.22241 —0.05136 —0.04241 —0.04242
A2 —0.20548 —0.03874 —0.20727 —0.03891 0.05268 0.05275
A3 0.81409 0.26679 0.81326 0.26677 0.17164 0.17147
IA11/23 0.27254 0.19213 0.27348 0.19252 0.24708 0.24739
(Chromyl acetate in CCly) PCM/B3LYP/6-311++G**

Bond Cr;—04 Cr; < Os Cr—Og Cry « Oy (3, +1) 3, +1)
p(1) 0.12971 0.039726 0.12971 0.03972 0.03776 0.03776
V2p(r) 0.42561 0.16205 0.42240 0.16183 0.16827 0.16814
Al —0.25742 —0.04403 —0.25790 —0.04413 —0.03845 —0.03849
A2 —0.23598 —0.02945 —0.23778 —0.02956 0.03930 0.03934
A3 0.91902 0.23554 0.91809 0.23552 0.16744 0.16729
[A11/23 0.28010 0.18693 0.28090 0.18737 0.22963 0.23007
(Chromyl acetate in DMSO) PCM/B3LYP/6-311++G**

Bond Cr—-04 Cr; « Os Cr—Og Cry « Oy 3, +1) 3, +1)
p(r) 0.11650 0.04386 0.11650 0.04386 0.04029 0.04029
V2p(r) 0.38672 0.17678 0.38357 0.17648 0.18192 0.18180
Al —0.22187 —0.05126 —0.22241 —0.05136 —0.04241 —0.04242
A2 —0.20548 —0.03874 —0.20727 —0.03891 0.05268 0.05275
A3 0.81409 0.26679 0.81326 0.26677 0.17165 0.17148
IA11/23 0.27253 0.19213 0.27347 0.19252 0.24707 0.24737

The quantities are in atomic units

of the Laplacian at these points are important for the characterization of molecular
electronic structure in terms of interactions nature and magnitude. In this study the
results using 6-311++G** basis set were compared with those obtained for chr-
omyl nitrate using 6-311++G basis set [10] and can be seen in Table 2.8 The
analyses of the Cr « O bonds’ critical points for the compound studied are
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reported as well in gas phase as in solution calculations. In one case, the Cr; < Os
and Cr; < O; bonds’ critical points have the typical properties of the closed-shell
interaction. That is, the values of p(r) are relatively low (0.05 and 0.3 a.u.) as in
chromyl nitrate while the Cr; « Og and Cr; < Op bonds’ critical points, the
relationship, I411/43 are < 1 and the Laplacian of the electron density, V2p(r) (0.04
and 0.2 au.), are positive indicating that the interaction is dominated by
the contraction of charge away from the interatomic surface toward each nucleus
[59-66]. The other important observation is related to the topological properties of
the Cr; < Oy4 and Cr; < Og bonds’ critical points as shown in Table 2.8. In these
cases, the electron density values are aproximately 0.1 a.u. while the positive
values of the Laplacian of the electron density for the Cr « O bonds (0.4 a.u.), as
observed in Table 2.8, indicate that the Cr; « O, and Cr; < Og bonds’ critical
points are found in a region of charge depletion. The interaction Cr; < O,4 bond is
the same as the Cr; « Og bond, which has no characteristic of the shared inter-
action, i.e., the value of electron density at the bond critical point is relatively high
and the Laplacian of the charge density is positive indicating that the electronic
charge is not concentrated in the internuclear region. These values of the Laplacian
of the charge density do not agree with the values obtained for the Cr; « O, and
Cr; < Og bonds in chromyl nitrate as can be seen in Table 2.8 [10]. The two last
bonds in that compound are more covalently bonded than Cr;—O,4 and Cr;—Og in
chromyl acetate. The different topological property values of the two Cr « O
bonds for chromyl acetate are not in agreement with those above B3LYP level
results analyzed for chromyl nitrate. Evidently the nature of both compounds is
different between them.

The p(r) and Vzp(r) at the critical points related to Cr « O bonds are not
comparable with the respective 0.395 and 1.164 a.u. values reported for the Cr-O
bond critical point in the CrOF, compound [57]. The p(r) and Vzp(r) at the critical
points related to the Cr;—O,4 and Cr;—Og bonds are comparable with the respective
0.091 and 0.429 a.u. values reported for the Cr-F.q bond critical point in the
CrO,F,> (cis) compound [57]. Moreover, the (3, +1) critical point as shown in
Table 2.8 in chromyl acetate would confirm the nature of the two Cr « O bonds
in the respective structure. The two ring points of the electron density obtained by
AIM analysis reveals that the mode of coordination adopted for the acetate groups
in chromyl acetate is monodentate. These results indicated that the character of
Cr « O bonds are different in chromyl acetate from the nitrate compound in spite
of the theoretical structure supporting the conclusions about the nature of the
coordination of the Cr atom for this compound being similar to that observed by
electron-diffraction experiments in gas phase in chromyl nitrate [10]. For the
Cr; < Osand Cr; < O5 bonds the values of p(r) < 0.07 a.u. are characteristic of
ionic closed-shell interactions, while for the Cr;—O,4 and Cr;—Og¢ bonds the large
values of p(r) are indicative of a strong shared interaction and, moreover, the
slightly large positive values of VZp(r) indicate a polar displacement toward
oxygen consistent with the view that the MO bonds are strong polar simple bonds
[57] different from the Cr=0, and Cr=03 bonds where large positive values of
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p(r) (0.303 a.u.) and Vzp(r) (0.996 a.u.) indicate a polar displacement toward
oxygen consistent with strong polar double bonds [57].

2.5 Vibrational Study

The infrared spectra of the solid chromyl acetate in a KBr pellet and in dg-DMSO
solutions were taken from a previous study where the compound was obtained as
reported in Ref. [24] and from our measurements [8]. The mentioned spectra were
compared with the vibrational spectra of barium and sodium acetate obtained from
the literature [31]. The structure for the compound has C, symmetry and 45
vibrational normal modes including 23 A 4 22 B modes. All vibrational modes
are infrared and Raman active. Table 2.9 shows the calculated harmonic fre-
quencies for chromyl acetate using B3LYP method with different basis sets. Note
that the lowest theoretical frequencies were not observed in the infrared spectrum
and, for this reason, the lower frequencies of barium acetate were taken as
experimental values. In all cases, the theoretical values were compared with the
respective experimental values by means of the RMSD values. It can be seen that
the best results are obtained with a B3LYP/6-311++G** calculation and that the
introduction of diffuse functions (but not of polarization functions!) is essential to
have a good approximation of the experimental values, especially in the case of the
Cr=0 and Cr-O stretchings. The calculated harmonic frequencies for chromyl
acetate in CCly; and DMSO solvents using two basis sets are observed in
Table 2.10. The important shiftings are observed in DMSO in relation to CCly
solvent and more specially related to bands associated with the observed change in
the distances mentioned in the section corresponding to structural analysis. This
analysis was performed taking into account both possibilities for acetate groups:
monodentate and bidentate because it is impossible to differentiate between them
on grounds of infrared and Raman spectra alone [7, 10, 17]. The observed fre-
quencies and the assignment for chromyl acetate considering the coordination
adopted by acetate groups as monodentate and bidentate are given in Table 2.11.

Vibrational assignments were made on the basis of the potential energy dis-
tributions (PED) in terms of symmetry coordinates and by comparison with
molecules that contain similar groups [5, 7-17].

We will refer to the results obtained at B3LYP level with 6-31G* basis set
because after scaling this method a satisfactory agreement is obtained between the
calculated and the experimental vibrational frequencies of chromyl acetate. In
general, the theoretical Infrared spectrum of chromyl acetate demonstrates good
agreement with the experimental spectrum (see Fig. 2.2). Below, we discuss the
assignment of the most important groups for the compounds studied considering
the two coordination kinds.
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Table 2.9 Calculated harmonic frequencies (cm™") for chromyl acetate using B3LYP method
with different basis sets

STO-3G 3-21G* 6-31G 6-31+G 6-31+G* 6-31G* 6-311G* 6-3114+G* 6-311++G**

3495 3183 3188 3181 3175 3182 3160 3158 3154
3495 3183 3188 3181 3175 3182 3160 3158 3154
3472 3130 3140 3135 3133 3139 3119 3117 3114
3472 3130 3140 3135 3133 3139 3119 3117 3114
3313 3074 3070 3066 3069 3074 3057 3056 3051
3313 3074 3070 3066 3069 3074 3057 3056 3051
1677 1609 1593 1577 1655 1670 1660 1647 1645
1676 1602 1585 1571 1650 1664 1654 1641 1639
1643 1534 1510 1506 1492 1497 1486 1485 1471
1643 1534 1510 1506 1492 1497 1486 1485 1470
1623 1516 1500 1494 1485 1491 1481 1479 1464
1622 1514 1499 1492 1484 1490 1480 1478 1463
1535 1451 1450 1445 1436 1444 1427 1423 1415
1535 1451 1450 1445 1434 1441 1425 1422 1413
1477 1313 1350 1328 1384 1392 1374 1368 1364
1464 1297 1338 1318 1377 1385 1366 1360 1356
1424 1158 1101 1099 1088 1110 1103 1084 1084
1415 1134 1101 1099 1086 1109 1102 1081 1078
1120 1107 1081 1067 1080 1092 1079 1078 1071
1120 1107 1065 1054 1078 1089 1079 1074 1070
1073 1036 1038 1034 1026 1029 1024 1022 1017
1073 1034 1036 1033 1026 1028 1024 1022 1016
952 907 929 923 959 963 961 959 958
949 900 923 917 955 958 956 954 954
741 727 706 707 719 720 724 719 719
715 726 701 702 713 713 716 713 713
579 602 600 607 614 611 617 619 617
555 602 597 603 611 608 614 615 614
555 545 519 518 523 523 528 522 522
537 531 506 506 512 513 519 512 512
508 449 434 426 446 454 457 445 446
414 385 382 379 382 384 387 381 381
379 325 319 315 323 327 326 320 320
333 287 280 279 282 284 290 281 281
317 280 263 258 262 266 268 260 260
267 230 223 218 229 233 235 227 228
254 208 202 191 202 210 203 199 199
252 169 168 158 182 193 181 176 177
240 158 163 158 176 181 178 172 172
164 141 141 136 148 148 150 146 146
115 109 101 98 102 105 104 100 100
109 92 77 74 76 87 80 74 74
84 76 57 56 72 78 76 63 63
57 69 57 56 50 53 56 46 46

56 48 33 =33 50 52 55 45 45
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2 Structural and Vibrational Study on Chromyl Acetate in Different Media

Table 2.11 Experimental frequencies (cm™") for chromyl acetate

Experimental®  Assignment®
IR IR Chromyl acetate® SQM®  Monodentate SQM® Bidentate
solid  solution
2965 vCH; 2997 v, CH3 ip 3057 v, CH3
2997 v, CHzop 3057 v, CH;
2947 2956 v, CH; ip 3016 v, CH3
2956 v, CHzop 3016 v, CH;
2930 vCH; 2894 v, CH; ip 2953 v, CH;
2894 v, CH; op 2953 vy CHj
1714 1660 v, C=0 (monodentate) 1624 v, C=01ip 1604 v, COO ip
1610 1621 v, C=0 (bridge) 1612 v, C=0 op 1600 v, COO op
1540 1575 1499  da CHj; ip 1430 6 CH;j
1499  da CH; op 1430 6 CH;j
1453 1453 v, C=0 (bridge) 1492 da CH; ip 1425 6 CHj
1490  da CH; op 1424 6 CH;,
1432 1422 0s CHzip 1385 v,COO ip
1421  0s CH; op 1380 s CHj
1417 1371 vy C=0 (monodentate) 1378 v, C-O 1333 s CH;
1352 Js CH3 1366 v, C-O 1326  v,COO op
1098  pCHj; ip 1125 v, Cr=0
1097  pCHj; op 1122 v, Cr=0
1045 pCH;3 1024  pCH; ip 1041  pCH;
1024 pCHj; op 1041  pCH;
977 vCr=0 1003 v, Cr=0 986 pCH;
945 vCr=0 995 v, Cr=0 986 pCH;
900 vC-C 953 vs Cr=0, ds O-Cr-O 933 vC-C
883 sh vC-C 948 v, Cr=0, 0a O-Cr-O 930 dCOOip
755 br 723 0COOip, vC-C 714 v C-C
668 677 6COO 714 0COOop, vC-C 704 dCOOop
655 sh 643 yCOOip 586 yCOOip
628 642 yCOOo0p 583 yCOOop
619 618 p C—COO in-plane 508 pCOOip 519 pCOOip
609 506 pCOOop 506 pCOOo0p
440 440 p C—COO out-plane 481 0CrO, 438 0CrO,
410 407 391 Wag CrO, 376 v, Cr-O
326 v, Cr-O 323 vs Cr—O
304 vy Cr—O 260 da O-Cr-O
296 da O-Cr-O 245 p CrO,
256 s O-Cr-O 214 twCrO,
217 os Cr-O-C 195 vCr-O
214 tCOOip 189 C-O
212 oa Cr-O-C 176 vCr-O

(continued)
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Table 2.11 (continued)
Experimental® Assignment®

IR IR Chromyl acetate® SQMb Monodentate SQMb Bidentate
solid  solution
152 s O-Cr-O 137 Jds O-Cr-O
108 7COOop 97 vC« O
88 C-0O 81 7COOo0p
78 C-O 71 vC <O
60 twCH; 48 twCH;3
56 TwCHj3 48 TwCHj;

Abbreviations v stretching, 6 deformation, p rocking; wag, (y) wagging, tw torsion, a antisym-
metric, s symmetric, op out of phase, ip in phase

* Ref [8]

® From B3LYP/6-31G*

¢ This work

W = W
BILYP/6-31G"
BILYPI6.311++6™

s
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2000 1000 500

Wavemunbers (cm-1)

Fig. 2.2 Theoretical Infrared spectrum of CrO,(CH;COOH), at B3LYP/6-31G* and B3LYP/6-
311++G** theory levels (upper) compared with the experimental in solid phase (bottom)
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2.6 Coordination Monodentate of the Acetate Groups

Practically all the vibration modes considering monodentate coordination of the
acetate groups for chromyl acetate are perfectly characterized by the DFT/B3LYP/
6-31G* and B3LYP/6-311++G** calculations and the contribution PED values
almost do not change with the used method. The definition of natural internal
coordinates for chromyl acetate with monodentate coordination adopted for acetate
groups appear in Table 2.12.

2.7 CH; Modes

The IR bands at 2,965, 2,947, and 2,930 cm™! are associated with the CH;
stretchings and are calculated in all cases as pure modes. The in-phase modes have
A symmetries while the out-of-phase modes have B symmetries. In the infrared
spectrum of acetic acid these modes are observed at 3,051, 2,996, and 2,944 cm™!
[51], while in the infrared spectrum of barium acetate these modes appear at 3,128,
2,974, and 2,937 cm™' [31]. The frequencies corresponding to CH; bending,
rocking, and twisting modes are observed at expected frequencies. In the acetic
acid, the CH; bending modes are calculated using 6-31G* basis set at 1,490, 1,484,
and 1,423 cm~! and observed at 1,430 and 1,382 cm ™! [51]. In chromyl acetate
the PED values show that these modes are calculated as pure modes and for this
reason they are assigned to the bands at 1,453 and 1,432 cm™ !, In acetic acid, the
rocking modes are predicted, using a 6-31G* basis set, at 1,070 and 1,002 cm™!
and are observed at 1,048 and 989 cm™! [51]. In chromyl acetate, these modes are
calculated using 6-31G* basis set at 1,098, 1,097, 1,029, and 1,024 cm~!. The
modes at 1,098 and 1,029 cm ™" are assigned to CH; rocking modes in-phase while
the remains are the corresponding out-of-phase modes. The CHj3 twisting modes in
chromyl acetate are calculated at 60 and 56 cm ™" and the PED value indicate that
these modes are strongly coupled with other modes but in this region with higher
PED %. In acetic acid the CH; twisting mode is calculated using a 6-31G* basis
set at 79 cm~ ! and observed at 75 cm™! [51].

2.8 Carboxylate Modes

The C = O antisymmetric and symmetric stretching modes reported in a previous
paper [8] of CrO,(CH3COQ), solid were assigned to the strong bands observed in
the infrared spectrum at 1,714 and 1,610 cm_l, respectively. In acetic acid, this
mode was calculated at 1,855 and observed at 1,788 cm ™! [51]. In this case, the
two C = O stretching modes are calculated by the B3LYP/6-31G* method at
1,670 and 1,664 cm™!. The frequencies predicted for these vibrational modes
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show that the two stretching modes are split by about 6 cm™' with the 6-31G*
basis set. Both B3LYP methods underestimate the C = O stretching frequencies as
compared to the experimental values. The modes are calculated as pure modes and
both modes are assigned to the bands at 1,714 and 1,610 crn*l, respectively, as in
a previous paper [8]; moreover, the difference among them is of 9 cm™'. Nor-
mally, the antisymmetric C = O stretching frequencies of the metal acetates are
observed between 1,610 and 1,540 cm_l, while the corresponding symmetric
C = O stretching frequencies are observed among 1,451 and 1,394 cm ™! [12, 15,
19-22]. In the NaCH;COO compound [12] the antisymmetric C = O stretching is
observed at 1,556 cm™!, in Ni(CH5COO), compound at 1,600 cm™! [12], while
this vibration mode in Cu(CH5;COO), [22] is observed at 1,610 cm” L Agambar
et al. [22] have assigned the 6(COO) mode for NaCH;COO compound to the IR
band at 645 cm ™', while Spinner et al. [17] for the same compound have assigned
the two 6(COOQ) in-phase modes to the Raman bands at 652 and 622 cm ™!,
respectively. The calculations for acetic acid show the 6(COO) and wagging
(COO) modes at 682 and 582 cm ™', respectively, and were experimentally
assigned to the bands at 657 and 642 cm™', respectively [51]. The theoretical
calculations for chromyl acetate predict the two 6(COO) in-phase and out-of-phase
modes at 723 and 714 cm™', respectively, whereas the corresponding wagging
(COO) modes are calculated at 643 and 642 cm™'. All the modes appear coupled
with other modes. In chromyl acetate, the two 6(COO) modes are assigned to the
bands at 755 and 678 cm ™, respectively, while the two wagging (COO) modes are
assigned to the shoulder and IR band at 655 and 628 cm ™', respectively. The
p(COO) in-phase and out-of-phase modes for chromyl acetate could be assigned to
the bands at 619 and 609 cm ™. Both modes have different symmetries and appear
slightly coupled with other modes as the PED values predict. In acetic acid
compound the twisting (COO) mode is calculated at 419 cm™" and experimentally
observed at 565 cm™' [51], while this mode for NaCH;COO was assigned by
Spinner et al. [17] at 247 cm™". In a previous paper of chromyl acetate this mode
was not assigned but, in this case the theoretical calculations predict the two
twisting (COO) in-phase and out-of-phase modes at 214 and 108 cm™', respec-
tively. In this low region in the Raman spectrum of numerous compounds that
contain carboxylate groups, such NaCH;COO, Ba(CH3COO), [31], and benzoic
acid compounds [67, 68], it is possible to observe many bands with higher
intensity probably due to additional resonance interactions. In the benzoic acid,
Florio et al. [67] have observed them as a consequence of the fact that normal
mode OH bend vibrations of cyclic dimer have contributions from both the OH
and CH bends. This leads to a sharing of intensities over many states, which fills in
the lower frequency region of the spectrum for benzoic acid dimer. Another cause
would be as observed by Reva et al. [68] in the same cyclic dimer that the other
more strongly H-bonded dimer may have more substantial contributions from the
coupling of the OH stretch with the intermolecular stretch.
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2.9 Chromyl Modes

In chromyl nitrate the unscaled DFT frequencies for the symmetric Cr=0
stretchings mode are higher than the frequencies of the antisymmetric Cr=0
stretchings [9, 10]. In this compound these modes are uncoupled with other modes.
In other chromyl compounds these modes appear in 1,050-900 cm ™' region, i.e.,
in CrO,(ClQOy), they appear at 990 and 980 cm~! [68], in CrO,(SO3F), appear at
1,061 and 1,020 cm™"! [70], and in CrO,F, and CrO,Cl, they are observed for the
first compound at 1,016 and 1,006 cm~! while for the second one at 1,002 and
995 cm™! respectively [70, 71]. The predicted frequencies for the vibrational
modes of chromyl acetate show that the antisymmetric and symmetric Cr=0
stretchings are slightly split indicating a small contribution of the central Cr atom
in these vibrations. In this compound, the symmetric Cr=0 stretching mode was
also calculated at higher frequency (1,003 cm™') than the corresponding
antisymmetric mode (995 cm™'). The intensities of these bands using 6-31G* and
6-311++G** basis sets are not predicted correctly because the more intense band is
related to the antisymmetric mode as it was observed in chromyl nitrate [10].
Previously, the two modes were assigned to the band observed in the infrared
spectrum of the solid compound at 948 cm ™" [9]. In this case both modes are
assigned to the IR bands observed in the spectrum of the sample in solution at 977
and 945 cm™".

The theoretical antisymmetric and symmetric Cr—O stretching modes in CrO,
(Cl0Oy), are observed, respectively, at 380 and 355 cm™' [68] and in CrO,(NOs),
they were assigned these modes at 460 and 446 cm ™!, respectively [9, 10]. In this
case the theoretical calculation predicts the antisymmetric and symmetric Cr—O
stretching modes at 326 and 304 cm ™', in form similar to that observed in chromyl
nitrate [10].

The CrO, bending mode is observed in CrO,F, at 364 cm™ ! while in CrO,Cl, it
is observed at 356 cm™! [71, 72]. In this chapter, the B3LYP/6-31G* method
calculates the CrO, bending at 481 cm™"' in form similar to chromyl nitrate
(453 cm_l) [10]. With the other basis set this mode appears also coupled.
Here, the IR band at 440 cm™' was assigned to the CrO, bending. The other O—
Cr—O bending modes are calculated at 296 and 256 cm™' with 6-31G* basis set.

The wagging, rocking, and twisting modes of the CrO, group are not assigned
in a previous paper [9]. In this case the calculations predict these modes in the low
frequencies region and all modes are coupled with other modes of the acetate
groups. The wagging CrO, mode is calculated using 6-31G* basis set at higher
frequency (391 cm™") and with higher contribution PED than the rocking mode
(296 cm™ ).

The CrO, twisting mode was not assigned previously. The PED values indicate
that this mode is strongly coupled with vibrations of the same group and the
acetate group. In this case this mode could be assigned at 256 cm™' because it
appears with a higher PED value.
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2.10 Coordination Bidentate of the Acetate Groups
2.10.1 Acetate Groups as Rings of Four Members

In this case we performed calculations with the two basis sets considering both
acetate groups as a ring of four members where the deformations and torsion
coordinates of these groups have been defined as proposed by Fogarasi et al. [39]
and are observed in Table 2.13. In this case a notable change in the assignment, in
relation to the above monodentate considerations, is observed.

2.10.2 CH; Modes

In this case, a CH; bending mode is predicted at 1,333 cmfl, while two CHj
rocking modes are calculated at 986 cm™' different from the monodentate coor-
dination, as observed in Table 2.11 The twisting modes are observed at expected

frequencies and calculated at 48 cm ™',

2.10.3 Acetate Group

For this group, the more significant difference in relation to the monodentate case
is presented. In this case, a C—O symmetric stretching in-phase mode is clearly
predicted at 1,385 cmfl, while one of the two 6(COO) modes is calculated at
930 cm™ ' in reference to the above monodentate type, as shown in Table 2.11 The
expected C « O antisymmetric and symmetric modes are calculated at 97 and
71 cm™ !, while one of the two twisting (COO) modes is clearly calculated at

81 cm™ .

2.10.4 Chromyl Group

For this group the calculations predict the two Cr=O0 stretchings at frequencies
different from the monodentate case, the antisymmetric Cr=0 stretchings are
calculated at 1,122 cm™', while the corresponding symmetric stretchings are at
1,125 cm™ L.

The CrO, bending and the remains modes of this group are observed at prac-
tically the same frequencies as the above monodentate coordination.

For this analysis we think that the monodentate coordination is possible for this
compound because the two Cr=0 stretching modes should be observed with
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Table 2.14 Comparison of scaled internal force constants for chromyl acetate

AChromyl acetate

Monodentate #Bidentate
Coordinates 6-31G* 6-311++G** 6-31G* 6-311++G**
f(C=0) 10.38 10.38 12.19 11.94
f(C-0) 6.85 6.52 - -
f(Cr=0) 9.09/(6.55) 8.63/(6.56) 9.09/(6.57) 8.63/(6.56)
f(Cr-0) 2.79/(6.09) 2.69/(7.34) 2.69/(1.38) 2.61/(1.27)
f(C-H) 4.99 4.92 4.99 4.92
f(C-C) 4.31 4.27 4.31 4.27
f(O =C-0) 1.66 1.57/0.93 2.12 -
f(O=Cr=0) 1.59/(2.53) 1.54/(2.26) 2.19/(1.62) 2.11/(1.63)
f (0O-Cr-0) 1.00/(0.80) 0.94(0.74) 7.28/(0.65) 7.34/(0.66)
f(C-0-Cr) 1.85 1.51 - -
f (H-C-H) 0.60 0.58 0.60 0.58
f(C =0)/(C-0) 1.76 1.81 4.67 4.62
f(C = 0)/(Cr-0) 0.18 0.19 —1.78 —1.79
f (Cr-0)/(C-0) 0.84 0.78 -3.20 —-3.22

Units are mdyn A~" for stretching and stretching—stretching interaction and mdyn A rad =2 for
angle deformations

# This work

Among parenthesis the force constants for chromyl nitrate [12]

higher intensity at 977 and 945 cm™'. The two observed strong IR bands in that
region justify the stretching modes.

2.11 Force Field

The SQM force field [35-37] was obtained using the transferable scale factors of
Rauhut and Pulay [36] for the acetate group and with the MOLVIB program
[32, 33]. For the chromyl group the scale factors used taken were of the
chromyl nitrate [5]. The corresponding force constants were estimated using the
scaling procedure of Pulay et al. [28], as mentioned before. The harmonic force
fields in Cartesian coordinates were transformed into the local symmetry or
“natural” coordinates proposed by Fogarasi et al. [31]. The calculated force
constants for both coordination modes of the acetate groups are collected in
Table 2.14.

The obtained force constant values for the two considered cases could indicate
the presence of both coordination modes, but the biggest obtained value in the
f (O—Cr-0) force constant would indicate that the existence of the coordination
bidentate for chromyl acetate is impossible.
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2.12 Conclusions

In this chapter an approximate normal coordinate analysis, considering the mode
of coordination adopted by acetate groups as monodentate and bidentate, was
proposed for chromyl acetate.

The assignments previously made [8] were corrected and completed in accor-
dance with the present theoretical results. The assignments of the 45 normal modes
of vibration corresponding to chromyl acetate are reported.

The NBO and AIM analyses show practically a monodentate coordination of
the acetate groups in chromyl acetate and a probable ionic nature of the compound.

The 6-31G * and 6-311+G basis sets at the B3LYP level were employed to
obtain the molecular force fields and the vibrational frequencies.
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Chapter 3

Theoretical Study on the Structural
and Vibrational Properties of Chromyl
Perchlorate

Abstract In this chapter a structural and vibrational study for chromyl perchlorate
was performed by using the available experimental infrared spectrum and theore-
tical calculations based on the density functional theory (DFT). The structural
properties for the compound, such as the bonds order, charge-transfers, and topo-
logical properties were studied by means of the Natural Bond Orbital (NBO) and
the Atoms in Molecules theory (AIM) investigation. Two stable structures of the
compound were theoretically determined in the gas phase and probably these
conformations are present in the solid phase. The harmonic vibrational wave-
numbers for the optimized geometries were calculated at different theory levels. For
a complete assignment of the compound infrared spectrum, the DFT calculations
were combined with Pulay’s scaled quantum mechanical force field (SQMFF)
methodology in order to fit the theoretical wavenumbers, values to the experimental
ones. The results were then used to predict the Raman spectra, for which there are
no experimental data. An agreement between theoretical and available experi-
mental results was found and a complete assignment of all the observed bands in the
vibrational spectra was performed. The theoretical vibrational calculations allowed
us to obtain a set of scaled force constants fitting the observed wavenumbers.

Keywords Chromyl perchlorate - Vibrational spectra - Molecular structure -
Force field - DFT calculations

Adapted from Journal of Molecular Structure: THEOCHEM, 908/1-3, S. Brandan, Theoretical
Study of the Structure and Vibrational Spectra of Chromyl Perchlorate, CrO2(CI104)2,19-25,
Copyright 2009, with permission from Elsevier
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Fig. 3.1 The C,(1) molecular structure of chromyl perchlorate considering the perchlorate group as:
amonodentate ligand and b bidentate ligand (Ref. [1]). reprinted from Journal of Molecular Structure:
THEOCHEM, 908/1-3, S.A. Brandén, Theoretical Study of the Structure and Vibrational Spectra of
Chromyl Perchlorate, CrO,(CIOy),, 19-25, copyright 2009, with permission from Elsevier

3.1 Introduction

The theoretical structure of chromyl perchlorate, CrO,(Cl10,), was recently studied
using HF and DFT calculations [1, 2]. In this molecule the perchlorate ligands can
act as monodentate and bidentate coordination as the nitrate and fluorosulfate
groups act in nitrate and fluorosulfate chromyl compounds, respectively [3, 4].

The optimized geometries and frequencies for the normal modes of vibration
were calculated using the HF, BLYP, B3LYP, B3P86, PBE1PBE, and B3PW91
methods. Two different C, structures for chromyl perchlorate were obtained; in
one of them the perchlorate group could act as monodentate and bidentate ligands,
and in the other only the perchlorate group could act as monodentate ligand. The
normal mode calculations were accomplished using a generalized valence force
field (GVFF) considering the two structures. Then a complete assignment for the
compound was performed.

In this chapter, the principal results of the theoretical studies related to the
structure and vibrational properties of chromyl perchlorate are presented.

3.2 Structural Analysis

Two different structures, both with C, symmetries named C,(1) and C,(2), were
obtained from chromyl perchlorate by using the different methods considered with
the 6-31G* basis set. In the C,(1) structure, the ClO; groups can act as mono-
dentate or bidentate ligands, which in the latter case, are asymmetrically bonded to
Cr in a way similar to the experimental structure obtained for chromyl nitrate by
Marsden et al. [5]. In the other structure, designed as C»(2), the perchlorate groups
can act only as monodentate ligands. Both structures are observed in Figs. 3.1 and
3.2, respectively.



3.2 Structural Analysis 59

Fig. 3.2 The C,(2) molecular structure of chromyl perchlorate considering the perchlorate group
as monodentate ligand (Ref. [1]). Reprinted from Journal of Molecular Structure: THEOCHEM,
908/1-3, S.A. Brandédn, Theoretical Study of the Structure and Vibrational Spectra of Chromyl
Perchlorate, CrO,(CIOy),, 19-25, copyright 2009, with permission from Elsevier

Table 3.1 shows a comparison of experimental data for chromyl nitrate with the
calculated geometrical parameters for the C,(1) structure of chromyl perchlorate
with 6-31G* basis set at different theory levels [1].

Table 3.2 shows the comparison of all calculated geometrical parameters at
different theory levels for the C,(2) structure of chromyl perchlorate. According to
these results, the methods that best reproduce the experimental geometrical
parameters for chromyl perchlorate compound are B3P86 and PBEIPBE, where
the mean difference for bond lengths are 0.058 and 0.057 A, respectively, while
with the PBEPBE method it is 4.35° for angles. The functional B3P86 shows a
somewhat less satisfactory agreement (4.58°).

Inthe C,(1) structure of chromyl perchlorate, the perchlorate groups act as bidentate
ligands and are asymmetrically bonded to Cr. By contrast, in the C,(2) structure the
coordination around Cr of the perchlorate groups is only possible as monodentate
ligands. Note that the Cr;—04—Cly;, Cr;—O¢—Cl;( and O4—Cr;—Og¢ bond angles are
different in both structures, as it is observed in Tables 3.1 and 3.2. In the C,(1) structure
the Cr;—04—Cl;; and Cr;—O¢—Cl; angle values vary approximately from 102 to 127°,
being the bigger O4—Cr;—Og angle (from 141.6 to 143.8°) in relation to the other two.
For the C,(2) structure, the situation is slightly different because the O,—Cr;—Og¢ angle
is lower enough (from 111.8 to 113°) than the other angles(Cr;—0,4—Cl;; and Cr;—O¢—
Cl, angles) whose values are between 117 and 127°.

All calculations predict for both structures of chromyl perchlorate that the O4—
Cr,—Og¢ angles are higher than the O,=Cr;=03 bond angle in accordance with the
results obtained by Marsden et al. [5] for chromyl nitrate. This contradiction with
the valence-shell electron-pair repulsion (VSEPR) theory [6, 7] could be explained
in a way similar to chromyl nitrate by means of Molecular Orbital (MO) studies by
analyzing the delocalized and/or bonding characters of the relevant MO [1, 2, 8].

The NBO [9] and AIM studies [10-13] for the compound reveals that the
coordination mode adopted for the perchlorate groups in the C,(1) structure of
chromyl perchlorate is bidentate, while for the C,(2) structure with all methods
used, the coordination of the perchlorate groups may represent only as mono-
dentate ligands [1, 2].
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The nature and the topological properties of both structures are different
between them. In the C,(1) structure, the chromium atom forms six bonds, two
Cr=0, two Cr-0 and two Cr « O, while in the C,(2) structure the Cr atom forms
only four bonds.

3.3 Vibrational Analysis

The vibrational analysis for this compound was performed, for the C,(1) structure, by
taking into account the monodentate and bidentate coordination modes [14—-16, 17]
for the perchlorate groups, while for the C,(2) structure only the coordination
monodentate was considered. In this last case the perchlorate groups were considered
with C3, symmetry, while in the bidentate case the symmetry of both perchlorate
groups is Cyy.

The definition of natural internal coordinates for the C,(1) structure of chromyl
perchlorate with the monodentate and bidentate coordination modes adopted by
perchlorate groups can be seen in Tables 3.3 and 3.4 respectively. Table 3.5 shows
the definition of natural internal coordinates for the C,(2) structure of chromyl
perchlorate only with the monodentate coordination.

Vibrational assignments were made on the basis of the potential energy dis-
tribution (PED) contributions in terms of symmetry coordinates and by compari-
son with molecules that contain similar groups [1, 2, 5, 18]. In all cases the
theoretical values were compared to the respective experimental values by means
of the RMSD values and the calculated frequencies not observed in the vibrational
spectrum were taken as experimental values. The best results for the C,(2)
structure are obtained with a B3LYP/6-31G* calculation, while for the C,(1)
structure they are obtained at the B3P86/6-31G* level.

For the C,(1) structure, comparing both coordination modes, the SQM fre-
quencies are slightly different for the monodentate and bidentate ligands. How-
ever, observing the PED values obtained with the B3P86/6-31G* method, a small
difference between both coordination modes is found. Thus, for the monodentate
coordination, there are 16 out of the 33 vibration modes whose PED contributions
are higher than the other coordination mode. However, considering the bidentate
coordination for the C,(1) structure, there are 17 out of the 33 vibration modes
whose PED contributions are higher than the other coordination mode. By con-
trast, comparing the monodentate coordination for the C,(2) structure using the
B3LYP/6-31G* calculation, only 25 out of the 33 expected modes have the PED
contributions higher than the PED values for the C,(1) structure using B3P86/6-
31G* method and for the same coordination mode.

For these observations, despite the infrared spectroscopy being limited to
determine the mode of perchlorate coordination, it is possible by means of the
GVFF study and observing the higher PED contribution to find the coordination
mode of the perchlorate group. In this compound, probably both coordination
modes are present in the solid phase due to two structures (bidentate for the
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perchlorate group of the C,(1) structure and monodentate for the perchlorate group
of the C,(2) structure).

These results are supported by the highly strong band in the 1000-900 cm™"
region and also by the intense bands observed at lower frequencies (490 cm™ ).
The intensities of these bands (not predicted by calculations) are probably due to
overlapping between the Cr=0, Cl=0, and CI-O stretching and deformation
modes of both coordination modes of the two structures. A comparison between
the average calculated spectra (from B3P86/6-31G* and B3LYP/6-31G* levels for
C,(1) and C,(2) structures, respectively) using average frequencies and intensities
with the corresponding experimental demonstrate a good correlation, as can be
seen in Fig. 6 of Ref. [2].

3.4 Force Field

The harmonic force fields in Cartesian coordinates were turned into the local
symmetry or “natural” coordinates proposed by Fogarasi et al. [19], which are
given from Tables 3.3 to 3.5. The force constants for chromyl perchlorate were
estimated using the scaling procedure of Pulay et al. [20]. The scaling factors
affecting the main force constants were subsequently calculated by an interactive
procedure using the MOLVIB program [21, 22]. The resulting numbers for the
three cases considered are collected in Tables 12 and 13 of Ref. [2].
Frequencies, infrared intensities, Raman activities, and PED obtained from
chromyl perchlorate appear in Tables 8, 9, and 11 of Ref. [2], for the two coordi-
nation modes considered for the perchlorate groups. The force constants appearing
in Tables 14 and 15 of Ref. [2] expressed in terms of simple valence internal
coordinates, which were calculated from the corresponding scaled force fields.

3.5 Conclusions

In this chapter a structural and vibrational study on the chromyl perchlorate is
presented. Two structures with C, symmetries, named C,(1) and C,(2) were
obtained using ab initio and DFT calculations. Here, an approximate normal
coordinate analysis, considering the mode of coordination adopted by perchlorate
groups as monodentate and bidentate for the C,(1) structure and monodentate for
the C,(2) structure of chromyl perchlorate, was presented. Both structures may be
present in the compound in the solid phase because the vibrational and force
constants analyses suggest that both coordinations represent the perchlorate group
in chromyl perchlorate due to two structures.

The molecular force field and vibrational frequencies were obtained using the
B3P86/6-31G* method for the C,(1) structure and the B3LYP/6-31G* level for the
C,(2) structure.
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The assignments previously made [18] were corrected and completed in
accordance with the theoretical results. The assignments of the 33 normal vibration
modes corresponding to chromyl perchlorate are reported.

The hexacoordination of the Cr atom in chromyl perchlorate for the C,(1)
structure of chromyl perchlorate and the coordination monodentate for the C,(2)
structure were confirmed using the Wiberg’s indexes calculated by means of the
natural bond orbital (NBO) study and AIM analyses.

Acknowledgments This work was subsidized with grants from CIUNT (Consejo de Investi-
gaciones, Universidad Nacional de Tucumdn). The author thanks Prof. Tom Sundius for his
permission to use MOLVIB.
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Chapter 4

Theoretical Structural and Vibrational
DFT Calculations of Chromyl
Thiocyanate

Abstract In this chapter, the structural and vibrational properties of chromyl
thiocyanate were studied using density functional theory (DFT) methods. The
initial geometries were fully optimized at different theory levels and the harmonic
wavenumbers were evaluated at the same levels. Also, the characteristics and
nature of the Cr—O and Cr « O bonds for the stable structure were studied by
means of the natural bond orbital (NBO) study while the topological properties of
electronic charge density were analyzed using Bader’s atoms in the molecules
theory (AIM). Besides, a complete assignment of all observed bands in the infrared
spectrum for the compound was performed combining DFT calculations with
Pulay’s scaled quantum mechanics force field (SQMFF) methodology.

Keywords Chromyl thiocyanate - Vibrational spectra - Molecular structure -
Force field - DFT calculations

4.1 Introduction

The chromyl compounds are interesting from the structural and spectroscopic points
of view because their vibrational properties and reactivities are strongly dependent
on the coordination modes that adopt the different ligands linked to the chromyl
groups and also on the stereochemistry of these compounds [1-5]. Particularly, the
physics and chemical properties of inorganic and organic thiocyanates were reported
by numerous authors as well as structural studies of different thiocyanates [6—13]. So
far, there is no theoretical study concerning either geometry or vibrational spectra for
chromyl thiocyanate and for this here, a comparative work was performed intended
to evaluate the best level of theory and basis set to reproduce the experimental data
existing for chromyl thiocyanate, in order to predict the molecular geometry and the

S. A. Brandén, A Structural and Vibrational Investigation into Chromylazide, Acetate, 75
Perchlorate, and Thiocyanate Compounds, SpringerBriefs in Molecular Science,
DOI: 10.1007/978-94-007-5754-7_4, © The Author(s) 2013
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Fig. 4.1 The C, molecular
structure of chromyl

thiocyanate

29

vibrational spectra for which no experimental data exist. For this purpose, the
optimized geometries and wavenumbers for the normal modes of vibration of the
sodium sulfocyanide [7], sulfocyanide anion and chromyl sulfocyanide compounds
were calculated. The harmonic force constants given by these calculations were
subsequently scaled to reproduce as well as possible the proposed experimental
wavenumbers obtained from those similar molecules. Then, the obtained results
were compared and analyzed. In addition, the nature of the different types of bonds
and their corresponding topological properties of electronic charge density were
systematic and quantitatively investigated, for those compounds, by using the natural
bond orbital (NBO) [14—16] analysis and the atoms in molecules theory (AIM) [17].

4.2 Structural Analysis

The initial geometry of different thiocyanate compounds were modeled with the
Gaussian View program [18] while the geometry calculations were performed
using the Gaussian 03 programs [19]. Calculations were made with the hybrid
B3LYP method [20, 21] as implemented in the Gaussian programs. The Lanl2dz,
STO-3G*, 6-31G*, 6-31 + G*, 6-311G*, and 6-311 + G* basis sets were used.
For chromyl thiocyanate a stable structure of C, symmetry was found, as observed
in Fig. 4.1.

The natural coordinates for the compound are shown in Table 4.1 and were
defined as proposed by Fogarasi et al. [22]. The numbering of the atoms for
chromyl thiocyanate is described in Fig. 4.1.

The normal mode analysis for the structure of chromyl thiocyanate was carried
out with the B3LYP/6-31G* method. The harmonic force field in cartesian
coordinates for the compound which resulted from the calculations were trans-
formed into “natural” internal coordinates [23] by the MOLVIB program [24, 25].
The potential energy distribution (PED) components larger than or equal to 10 %
are subsequently calculated with the resulting scaled quantum mechanics (SQM)
force field. The NBO analysis was then performed using the B3LYP/6-31G* level
with the NBO 3.1 program [26] included in Gaussian 03 package [19].
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Table 4.1 Definition of natural internal coordinates for chromyl thiocyanate

A symmetry

S1 =15 (5-6) + 5 (8-9) vip (C-N)

S> =5 (4-5) + s (7-8) vip (S-C)

S3 =¢q (1-2) + q (1-3) vsCr=0

Sy = ¢ (4-5-6) — ¢ (7-8-9) 0S—-C-N op

Ss = 1 (1-4-5-6) + t (1-7-8-9) tCr-S-C-N ip
Se = r (1-4) — r (1-7) v,Cr-S

S, =r(1-4)+ r (1-7) vCr=S

Sg = (3-1-6) + Y (3-1-4) — y (2-1-4) —  (2-1-6) pCrO,

Sg = o (9-10-12) 0S—-Cr-S

S0 =1 3-1-4-11) + © 2-1-4-11) — 7 (2-1-6-10) — 7 (3-1-6-10) tO0-Cr-S-C ip
Sy =1 (3-1-4-11) + 7 2-1-4-11) — © 2-1-6-10) — 7 (3-1-6-10) tO-Cr-S-C op
B symmetry

S1o = s (5-6) — s (8-9) vop (C-N)

S13 =5 (4-5) — 5 (7-8) vop (S-C)

Sia =g (1-2) — ¢ (1-3) v,Cr=0

Si5 = ¢ (4-5-6) + ¢ (7-8-9) 0S—-C-N ip
S16 = T (1-4-5-6) — © (1-7-8-9) 7Cr-S—-C-N op
S17 = 0 (2-1-3) 0CrO,

Sis =¥ 2-14) + ¢ 3-14) — ¥ (2-1-6) — y (3-1-6) wagCrO,

Sio =Y (3-1-4) + y 2-1-6) —  (3-1-6) — ¥ (2-1-4) 7CrO,

S>0 = f (1-4-5) + o (1-7-8) oCr-S-C ip
S>1 = p (1-4-5) — o (1-7-8) 0Cr-S-C op

g = Cr=0 bond distance, r = Cr—N bond distance, s = N-N bond distance, § = O=Cr=0 bond
angle, . = N-Cr—N bond angle, ¢ = N-N-N bond angle, iy = O=Cr-N bond angles, f = Cr—N-N
bond angle

Abbreviations v stretching, ¢ deformation, p in the plane bending or rocking, wag out- of-plane
bending or wagging, 7 torsion, a antisymmetric, s symmetric, ip in phase, op out of phase

The topological properties of the compound charge density were computed at the
same theory level with the AIM2000 software [27].

A comparison of the total energies and dipole moment values for chromyl
thiocyanate with the corresponding values for sodium and chloro thiocyanate and
thiocyanate ion using the Lanl2dz, STO-3G*, 6-31G*, 6-31 4+ G*, 6-311G*, and
6-311 + G* basis sets with the B3LYP method are shown in Table 4.2. The
optimized structure for the chromyl thiocyanate has C, symmetry; the corre-
sponding structures for sodium and chloro thiocyanate have Cg symmetries, while
for the thiocyanate ion the structure has C. y symmetry.

For chromyl and sodium thiocyanate, the highest dipole moment values are
obtained using Lanl2dz basis set, while the most stable structure for all compounds
with the B3LYP/6-311 + G* method are obtained. For chloro thiocyanate and
thiocyanate ion the highest dipole moment values are obtained using the
6-311 + G* basis set. A comparison of the experimental data for chromyl chloride
[28], fluoride [29], nitrate [5], and azide with the calculated geometrical param-
eters for chromyl thiocyanate using a 6-31G* basis set can be seen in Table 4.3.
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Table 4.2 Total energy (ET) and dipole moment (u) for chromyl thiocyanate, sodium thiocy-
anate, chloro thiocyanate, and thiocyanate ion using different basis sets

B3LYP method

Basis set CrO,(SCN), Na(SCN) CI(SCN) SCN™

C, symmetry Cs symmetry Cs symmetry C,,y symmetry

ET (Hartree) u (D) ET (Hartree) u (D) ET (Hartree) p (D) ET (Hartree) u (D)
LanL2DZ —442.584570 1.93  —103.178141 9.36 —117.816128 2.17 —102.997319 1.97
STO-3G* —2153.049378 1.41 —645.827470 4.86 —940.658406 2.55 —488.719344 0.55
6-31G* —2176.949214 134  —653.382208 7.87 —951.192381 2.30 —491.100554 1.52
6-31 + G* —=2176.976746 145 —653.388593 8.15 —951.199266 2.55 —491.120774 1.98
6-311G* —2177.142700 1.59  —653.440503 8.11 —951.269799 2.38 —491.159996 1.41
6-311 + G* —2177.172884 1.50 —653.444515 8.12 —951.275983 2.58 —491.169664 2.01

Table 4.3 Comparison of calculated geometrical parameters for chromyl azide compared with
the corresponding experimental values for similar compounds

Parameter C, symmetry C,y symmetry
CrO»(SCN),"  CrO»(N;),"  CrO,(NO3),*  CrO,CL'  CrO,F°
HCr=0) (A) 1.550 1.555 1.586 1.577 1.572
HCr=X) (A) 2.228 1.835 1.957 2.122 1.716
RMSD - 0.07 0.008 0.006 0.13
0(0CrO) (°) 113.0 111.8 112.6 108.5 107.8
0(0CrX) (°) 104.0 107.9 104.5 108.7 109.3
0(XCrX) (°) 113.4 109.3 140.4 113.2 111.9
RMSD - 2.8 0.45 4.6 52

% This work B3LYP/6-31G*
® B3LYP/6-31G*
¢ Ref [5] B3LYP/6-31G*

9 Ref [28]
° Ref [29]

According to these results, the experimental geometrical parameters that best
reproduce the compound with C, structure are those corresponding to chromyl
chloride and nitrate with C,y structure where the mean difference for bond lengths
is 0.006 A, while for angles it is 0.45°, respectively.

The B3LYP/6-31G* calculations predict for chromyl thiocyanate approxi-
mately a same value for the O,=Cr;=0; bond angle in relation to the O4—Cr1-O8
angle, in accordance with the valence-shell electron pair (VSEPR) theory [30, 31].

A comparison of the experimental data for chromyl azide and other thiocya-
nates [32] with the calculated geometrical parameters for chromyl thiocyanate
using a 6-31G* basis set as shown in Table 4.4. The experimental values for the
C-S and C-N distances are, respectively, 1.59 and 1.25 A [32].
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Table 4.4 Comparison of calculated geometrical parameters for chromyl thiocyanate compared
with the corresponding experimental values for similar thiocyanates

Parameter C, symmetry Cs symmetry
CrO,(SCN),* CrO,(N3)," HSCN® NaSCN°¢ CI(SCN)®

rS-C) (A) 1.697 1.231 1.706 1.670 1.694
HC-N) (A) 1.167 1.140 1.165 1.184 1.167
RMSD - 1.18 0.006 0.02 0.002
O(SCN) (%) 177.8 174.4 176.6 168.4 175.5
OMSC) (°) 99.6 125.5 95.6 56.60 101.7
RMSD - 18.5 2.9 44.6 22

% This work B3LYP/6-31G*
® B3LYP/6-31G*
© Ref [32]

Table 4.5 Natural population atomic (NPA) and Wiberg Index of chromyl thiocyanide
B3LYP/6-31G*

Numbers Atoms NPA Bond order
1 Cr 1.261 5.513
2 O —0.375 2.363
3 O —0.375 2.363
4 S —0.009 2.409
5 C 0.002 4.005
6 N —0.248 3.053
7 S —0.009 2.409
8 C 0.002 4.005
9 N —0.248 3.053

The values calculated for chromyl thiocyanate clearly show a good agreement
with the experimental values observed for the bond distances and angles of
CI(SCN) [32].

4.3 NBO Analysis

The bond orders, expressed by Wiberg’s indexes for chromyl thiocyanate are given
in Table 4.5 together with the atomic charges values (NPA). In this case, the
chromium atom forms four bonds, two Cr=0 bonds and two Cr—S. This analysis
clearly shows the monodentate coordinations for the SCN groups of chromyl
thiocyanate.
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4.4 AIM Analysis

The localization of the critical points in the charge electron density, p(r) and the
values of the Laplacian, V?p(r) at these points are important to characterize the
molecular electronic structure of a compound in terms of the magnitude and
interactions nature. The analyses of the bonds’ critical points in the compound
studied are reported with the B3LYP/6-31G* method in Table 4.6. In this case, a
very important observation is the different nature of the Cr—S bonds in chromyl
thiocyanate in relation to the Cr—Cl or Cr-F bonds in the chromyl chloride and
fluoride compounds, respectively. The topological properties have lower values in
the first case, while the p(r) value is bigger in chromyl fluoride according to the
electronegativity of the F atom and to a lower value in the Cr-F distance
(1.698 A). On the other hand, the low value of p(r) in the sodium thiocyanate
shows clearly an ionic nature of this compound in reference to the other thiocy-
anate compounds. However, the chromyl thiocyanate has a low behavior ionic
compared with the sodium thiocyanate. Finally, these results confirm that both
thiocyanate groups in chromyl thiocyanate act with a monodentate coordination.

4.5 Vibrational Analysis

The structure of chromyl thiocyanate has C, symmetry and 21 active vibrational
normal modes, classified as: 11 A + 10 B. The calculated frequencies and the
assignment for chromyl thiocyanate are given in Table 4.7. The theoretical
infrared and Raman spectra compared with those corresponding to chloro thio-
cyanate and chromyl chloride are given in Figs. 4.2 and 4.3.

Vibrational assignments were made on the basis of the potential energy dis-
tributions (PED) in terms of symmetry coordinates and by comparison with
molecules that contain similar chromyl and thiocyanate groups [1-4, 33].
Table 4.8 shows the calculated SQM harmonic frequencies for chromyl thiocya-
nate using B3LYP method with the 6-31G* basis set and the PED contributions.
Below, we discuss the assignment of the most important groups for the compounds
studied (see Table 4.7).

4.6 Chromyl Groups

In chromyl compounds, the antisymmetric and symmetric Cr=0 stretchings appear
in the 1050-900 cm ™" region [1-5]. In this compound, the frequencies predicted
for these vibrational modes show that the stretching modes are split by 17 cm™",
indicating a slight contribution of the central Cr atom in these vibrations. The

antisymmetric and symmetric Cr=0 stretching modes were calculated in the
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Table 4.7 Calculated frequencies (cm™'), potential energy distribution, and assignment for
chromyl thiocyanate

Modes Calculated” IR® Ra‘ SQM*® Assignment”
A

1 2265 0.1 568.3 2165 vs(C-N)

2 1125 94.7 372 989 vCr=0

3 696 0.5 19.9 666 1(S=C)

4 463 2.9 31.9 465 0CrO,

5 403 0.9 7.9 364 0S—-C-Nip

6 388 2.4 2.5 348 tCr-S—C-Nip
7 311 0.8 11.0 304 vCr-S

8 209 0.8 7.6 251 pCrO,

9 137 0.2 6.6 137 0S-Cr-S

10 81 2.2 9.2 79 0Cr-S-Cip

11 38 1.9 9.7 39 70-Cr-S—Cip
B

12 2266 3.8 177.9 2166 V,(C-N)

13 1142 105.6 11.1 1004 v,Cr=0

14 696 15 6.4 666 v,(S=C)

15 479 77.1 33 507 v,Cr=S

16 391 1.9 0.6 355 7O-Cr—S—Cop
17 383 20.9 0.7 336 0S—-C-Nop

18 231 2.2 2.2 273 wagCrO,

19 187 0.2 7.1 224 tCrO,

20 98 3.7 3.0 96 7O-Cr-S—Cop
21 53 4.1 29 55 0Cr-S—Cop

# This work

" DFT B3LYP/6-31G*

© Units are km mol ™'

4 Raman activities in A* (amu) ™!

¢ From scaled quantum mechanics force field

infrared spectrum at 1142 and 1125 cm_l, respectively, where the last band is
more intense in the Raman spectrum, as expected. As observed in Table 4.8 and in
similar molecules [1-5], these modes are calculated uncoupled with other modes.
Taking into account the difference between these modes, they are assigned, as in
CrO,Cl,, at 1002 and 991 cm_l, thus, the scaled frequencies for both modes
decrease until 1004 and 989 cm ™', respectively, with a difference between them of
15 cm™'. Table 4.7 shows for chromyl thiocyanate that the unscaled density
functional theory (DFT) frequencies for the antisymmetric Cr=0 stretching mode,
are higher than the frequencies of the symmetric Cr=0 stretching. On the other
hand, the antisymmetric and symmetric Cr—S stretchings are split by more than
168 cm ™', indicating a strong contribution of the central Cr atom in these vibra-
tions. In this case, the theoretical calculations predict these modes with greater
PED (72 %) value for the antisymmetric mode in reference to the symmetric mode
(38 %). In this way, they are assigned at 507 and 304 cm™' with a difference
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Fig. 4.2 Theoretical infrared spectra of chromyl thiocyanate in the 2500 to 0 cm™' region
compared with those corresponding to chloro thiocyanate and chromyl chloride
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Fig. 4.3 Theoretical Raman spectra of chromyl thiocyanate in the 2500 to 0 cm™' region
compared with those corresponding to chloro thiocyanate and chromyl chloride

between both scaled modes of 203 cm™'. In CrO,F, and CrO,Cl,, the CrO,
bending modes are observed at 403 and 356 cm ™', respectively [28, 29]. In this
chapter, the B3LYP/6-31G* method calculates the CrO, bending at 463 cm™". For
the chromyl compounds, in general, the calculations predict the wagging, rocking,
and twisting modes of the CrO, group in the low frequencies region and coupled
with other modes of the thiocyanate groups. The CrO, wagging and rocking modes
are assigned to the bands at 273 and 251 cm ™', respectively. As indicated the PED
values, the CrO, twisting mode is calculated strongly coupled with vibrations of
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Table 4.8 Calculated SQM frequencies for chromyl thiocyanate using the B3LYP/6-31G*
method together with the PED contributions

Symmetry IR® SQM® PED > 10 %°

B 2162 2165 S; (93)

A 2162 2165 S, (93)

B 1002 1004 Se (98)

A 991 989 Ss (97)

B 678 668 S5 (92)

A 678 668 S4 (92)

B 503 508 S5 (72), S17 (22)

A 470 465 S, (53), Sy; (34)

A 356 365 Sy (41), Sa0 (17), So (16)
B 353 355 So1 (59), Sia (14), S0 (12)
A 353 347 S0 (69)

B 334 337 S»1 (33), Si0 (33), S17 (15), Sy4 (10)
A 311 303 S7 (38), Sy (28), S11 (22)
B 268 272 S17 (39), Sg (28), S1o (12)
A 257 250 S5 (82), So (12)

B 224 225 Si9 (76), S0 (10)

A 139¢ 137 S15 (73), Si6 (11)

B 98¢ 96 Si5 (36), S14(32), Sio (24)
A 81¢ 78 S13 (59), S (27)

B 534 55 Si5 (53), S14 (25)

A 38¢ 40 Si6 (77)

# This work

" From scaled quantum mechanics force field

¢ From Ref. [28]

9 Theoretical values using DFT B3LYP/6-31G*

the same group and the thiocyanate groups (Table 4.8). This mode could be
assigned at 224 cm™"' because it appears with a higher PED value. The S—Cr—S
bending mode is calculated at 137 cm™' and assigned at this wavenumber, as
observed in Table 4.8.

4.7 Thiocyanate Groups

According to Nakanishi and Solomon [33], the antisymmetric and symmetric C=N
stretching modes of the thiocyanate groups are observed at 2140 cm ™", for this, and
in accordance with our calculations those modes are assigned at 2166 and
2165 cm™'. On the other hand, the antisymmetric and symmetric S—C stretching
modes are observed by those authors between 800 and 600 cm™". Thus, in chromyl
thiocyanate both modes are assigned at 666 cm ™', as predicted by calculations and,
as observed in Tables 4.7 and 4.8.
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Table 4.9 Scale factors for
the force field of chromyl
thiocyanate

Table 4.10 Force constants
of chromyl thiocyanate

85
Coordinates CrO,(SCN),
vC=N. S-C 0.91585
vCr=0 0.76559
vCr-S 1.12620
0S-C-N 0.56857
0CrO, 0.99457
0S-Cr-S 1.02416
10-Cr—S-C 1.06362
wagCrO,. pCrO,. 1Cr0O, 1.58834
7Cr—-S-C-N 0.78310

v stretching, ¢ deformation, p rocking, wag wagging, t torsion,
and theoretical frequencies

Coordinates CrO,(SCN),
fIC=N) 17.13
f(S-O) 3.94
fA(Cr=0) 7.00
ACr-S) 2.26
f(S-C-N) 0.18
A(O-Cr-0) 1.36
AS-Cr-S) 0.58
f(O-Cr-S-C) 0.16
fiwagCrO,) 0.93
f(pCrO,) 0.80
f(zCr0O,) 0.90

Units mdyn A™" for stretching and mdyn A rad ™ for bond
deformation

Note that the theoretical infrared and Raman spectra for chromyl chloride and
chloro thiocyanate compounds are similar to that corresponding to the chromyl
thiocyanate, as shown in Figs. 4.2 and 4.3. Thus, the experimental bands of those
compounds are proposed as experimental bands for chromyl thiocyanate in order
to realize a complete assignment of the compound by means of the scaled quantum
mechanics force field (SQMFF) method. With the exception of the bands in the

region between 139 and 38 cm™

!, where the calculated frequencies were con-

sidered as experimental because they were not observed in the vibrational spec-
trum of those similar molecules. In this case, the scale factors for the force field of
chromyl thiocyanate can be seen in Table 4.9.



86 4 Theoretical Structural and Vibrational DFT Calculations of Chromyl Thiocyanate

4.8 Force Field

The force constants for chromyl thiocyanate were estimated using the scaling
procedure of Pulay et al. [23], as mentioned before. The harmonic force fields in
cartesian coordinates were transformed to the local symmetry or “natural” coor-
dinates proposed by Fogarasi et al. [22], as defined in Table 4.1 (See Fig. 4.1). The
scaling factors affecting the main force constants were subsequently calculated by
an iterative procedure [24, 25] to have the best possible fit between those proposed
as experimental and theoretical frequencies. The resulting numbers were collected
in Table 4.9. The main force constants for chromyl thiocyanate appearing in
Table 4.10 and the results show values similar to that observed for CrO,F, and
CrO,Cl,. In those compounds, the scaled GVFF force constants (B3LYP/Lanl2DZ
method) for the Cr=0 stretchings are 7.443 and 7.122 mdyn A", respectively,
while the corresponding force constants for the O=Cr=0 deformations are 1.110
and 0.938 mdyn A rad—? [19].

4.9 Conclusions

In this chapter, an approximate normal coordinate analysis for chromyl thiocya-
nate was proposed together at the vibrational spectra and the assignment complete
of the 21 normal modes of vibration.

An SQM force field was obtained for chromyl thiocyanate after adjusting the
theoretically obtained force constants in order to minimize the difference between
proposed and calculated frequencies.

Here, a DFT molecular force field for the chromyl azide computed using
B3LYP/6-31G* is well represented.

The NBO and AIM studies confirm the monodentate coordination of the
thiocyanate groups in chromyl thiocyanate.
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