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Synopsis:

X-ray structure of tris(trifluoroacetylacetonato)-manganese(Ill) shows compression Jahn—Teller

distortion and F...H and F...F non-covalent intermolecular interactions.
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Abstract

An X-ray study was conducted on tris(trifluoroacetylacetonato)-manganese(Ill). The two different
molecules in the unit cell exhibit a distorted octahedral geometry and moderate compression Jahn—
Teller distortion respectively. A number of F...H and F...F intermolecular interactions were observed
in the packing of the crystals in the solid state. The crystal packing effects could lead to the observed
compressed Jahn—Teller distortion, instead of the expected elongation Jahn—Teller distortion. A
Quantum Theory of Atoms in Molecules (QTAIM) study on selected molecular pairs identified
intermolecular bond paths (BP) between fluorine atoms with bond critical points (BCP) which have
positive electron density (p) and Laplacian of electron density (V2p) values, which are indicative of

weak F---F non-covalent bonding interactions.

1 Introduction

Tris(pB-diketonate)-manganese(I1l) complexes, [Mn(p-diketonato)s], have various applications as
homogeneous [1,2,3,4,5,6] and heterogeneous [7] catalysts. Recently, the stability of [Mn(f-
diketonato)s] complexes as redox mediators in dye-sensitized solar cells (DSSCs) was investigated.
It was found that “although the results obtained with tris(pB-diketonate)Mn complexes have still been
unsatisfactory with respect to other alternative metal based redox mediators, it can be foreseen that
the use of sterically hindered dyes, compatible with an appropriate photoanode passivation and TiO2
optimization, may lead to better DSSC performances, which will also allow a deeper understanding
of the charge transfer dynamics involving this new class of redox relays” [8]. A fundamental
knowledge of all the properties, including non-covalent intermolecular interactions that can influence
the solid state structure of these complexes, contributes to the understanding of the chemical

behaviour of [Mn(B-diketonato)s].
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High spin [Mn(B-diketonato)s3] complexes with four unpaired electrons [9,10] result in a °E¢ ground
state in an octahedral environment, which is susceptible to Jahn—Teller distortions. The filling of the
four d electrons can be either (t2g)’(d2)'(dx2y2)? or (t2g)*(d2)°(dx2y2)!, leading to tetragonal
elongation (TE) and compression (TC) Jahn-Teller distortion respectively. The different
experimental solid state structures of [Mn(acac);] (Hacac = acetylacetone) are described as five
different forms, namely the a, B, y, 6 and € forms [11]. Reported structures of [Mn(p-diketonato)s]
include structures with Jahn—Teller tetragonal compression (TC, the  form) [4,12,13], Jahn—Teller
tetragonal elongation (TE, the y form) [9,14,15], orthorhombic distortion (OD) [11] and distorted
octahedron (DO) [8]. Results obtained by high-frequency and high-field electron paramagnetic
resonance (HFEPR) spectroscopy on [Mn(acac)s3], in frozen solution free of crystal packing effects,
showed that axial elongation is the “natural” form of Jahn—Teller distortion for [Mn(acac)s] and that
crystal packing effects could lead to compressed Jahn—Teller distortion [16] or other structures for
[Mn(B-diketonato)s] complexes. A mass-spectrometry controlled gas-phase electron diffraction
(GED) based structure investigation on evaporated samples of [Mn(acac)s3] showed that [Mn(acac)3]
exhibits C2 symmetry, with the central structural motif of a tetragonal elongated MnOs octahedron
[17]. Thus, in the gas phase, free from intermolecular-interaction, the [Mn(acac)s] exhibits a Jahn—
Teller elongation structure. Quantum chemical calculations on the structure and spin states of
[Mn(acac)s] [18] and [Mn(B-diketonato)s] complexes [19,20], also showed that [Mn(acac)s3] is high-
spin with S=2, and that the °B electronic state with elongation Jahn-Teller is c.a. 1 kcal/mol (0.04 eV)
lower in energy than the A with compression Jahn-Teller distortion. However, intermolecular
interaction in experimental solid state crystals can affect the distortion of the coordination
polyhedron, leading to a higher energy electronic state. In this contribution, the solid state structure
of a [Mn(B-diketonato);] complex not previously reported, namely tris(trifluoroacetylacetonato)-
manganese(Ill), [Mn(tfaa);] (Figure 1), is presented here and compared to previously published
related structures. The crystal packing effects due to F---F non-covalent interactions are also

reported. Experimental structural results obtained are complemented by a DFT study.

Figure 1. Structure of the two isomers possible for the tris(trifluoroacetylacetonato)-manganese(III),
[Mn(tfaa)s], complex of this study: fac and mer.



2 Results and discussion

2.1 Crystal structure

A diagram of the molecular structure of [Mn(tfaa)s] is presented in Figure 2, while crystal data and
structure refinement are summarised in Table 1. Table 2 compares selected geometrical data of
[Mn(tfaa)s3] with related [Mn(p-diketonato)s] complexes, B-diketonato = (RCOCHCOR')~ with side
groups R and R’ [21]. Additional crystallographic data is provided in the supplementary information.
Two different molecules of [Mn(tfaa)s], namely molecule A and molecule B, crystallized in the same
asymmetric unit. [Mn(tfaa)s3] crystallized in the orthorhombic space group Pca2i, with eight
molecules in the unit cell. Both molecules are meridional isomers (mer), since the Op.-diketonato atoms

nearest to the three CF3 groups, occupy a plane passing through the manganese atom.

The Mn-O bond lengths of molecule A range from 1.966(5) to 2.006(4) A, consistent with a distorted
octahedron, i.e. molecule A does not exhibit Jahn—Teller distortion. The Mn-O bond lengths of
molecule B, however, can be viewed as two short bonds (1.924(4) and 1.939(4) A) and four long
bonds (1.985(5), 2.012(5), 2.047(5) and 2.061(5) A), with the difference between the two shortest
and four longest bonds 0.09 A, consistent with moderate compression Jahn—Teller distortion, see
Figure 3. Compression Jahn—Teller distortion is not common for structures of [Mn(p-diketonato)s]
complexes, and has only been reported for tris(acetylacetonato)-manganese(Ill), [Mn(acac)s] [12,13]
and tris(2,2,6,6-Tetramethylheptane-3,5-dionato-O,0')-manganese(I1I) [4] (Table 2). Moreover, the
compression Jahn—Teller distortion observed for B-[Mn(acac)s3] was suggested to be the consequence
of undetermined crystal packing effects [16]. Since neither molecules A and B exhibited the expected
tetragonal elongation Jahn-Teller distortion (TE), we decided to further explore the character and
strength of the intermolecular interactions, which might play a role in the observed distorted
octahedron (DO, molecule A) and tetragonal compression Jahn—Teller distortion (TC, molecule B),
both experimentally (crystal packing section 2.2) as well as theoretically by DFT methods (section
2.3).



Figure 2: A perspective drawing of the molecular structure of molecule A (left) and molecule B
(right) of [Mn(tfaa)s], showing the atom numbering scheme. Atomic displacement parameters

(ADPs) are shown at the 50 % probability level.

Figure 3: Molecule B of [Mn(tfaa)s;] showing Mn-O distances, showing moderate compression Jahn-

Teller distortion.



Table 1: Crystal data and structure refinement of [Mn(tfaa)s].

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.113°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Ci5 Hi2 Fo Mn Og
514.19

150(2) K
0.71073 A
Orthorhombic

Pca2,

a=14.6540(10) A
b=19.8572(8) A
c=13.3915(7) A

o=90°

p=90°

y=90°

3896.8(4) A3

8

1.753 Mg/m3

0.792 mm-!

2048

0.400 x 0.200 x 0.200 mm>
2.301 to 25.113°.
-17<=h<=17, -23<=k<=23, -15<=I<=15
128022

6943 [R(int) = 0.0487]

99.9 %

Full-matrix least-squares on F?
6943 /1/566

1.071

R1=0.0543, wR2 =0.1505
R1=0.0563, wR2 =0.1527
0.10(3)

n/a

1.428 and -0.531 e.A




Table 2: Selected geometric parameters for [Mn(III)(B-diketonato)s;] complexes, B-diketonato = (RCOCHCOR')~

p- Mn-O (A) Distortion
diket R R’ Distortion amount CSD ref code Ref Temp
onato 1 2 3 4 5 6 (A
acac® CHj CH; 1.931(10) 1.956(7) 1.984(8) 1.991(7) 2.003(8) 2.020(7)  moderate compression 0.05 ACACMNO2 12 RT
1.931(3) 1.933(3) 1.934(4) 1.942(3) 2.1093)  2.112(4)  elongation 0.18 ACACMN21 RT
1.895(8) 1.937(8) 2.004(11)  2.006(10) 2.034(9) 2.046(8)  not clear® - ACACMN23 11 293 K
1.901(2) 1.930(2) 1.976(2) 1.984(2) 2.106(2) 2.111(2)  orthorhombic - ACACMN22 11 100 K
1.914(2) 1.926(2) 1.981(2) 1.984(2) 2.082(2)  2.090(2)  orthorhombic - ACACMN22 11 100 K
1.982 1.982 1.983 1.983 1.983 1.983 octahedral VAGRAY 22 123K
1.940(3) 1.945(3) 1.957(3) 1.958(3) 2.060(3) 2.078(4)  slight elongation 0.12 XESPIW 23 RT
1.924(1) 1.926(1) 1.929(1) 1.935(1) 2.127(1)  2.152(1)  elongation 0.21 ACACMN25 24 100 K
1.898(2) 1.935(2) 1.965(2) 1.977(2) 2.102(2)  2.109(2)  elongation 0.16 ACACMN26 24 100 K
1.932(5) 1.932(5) 1.946(5) 1.946(5) 2.157(16) 2.157(16) elongation 0.22 d 17 398 K
dbm  Ph Ph 1.89(2) 1.91(2) 1.92(2) 1.93(2) 2.09(2) 2.13(3) elongation 0.20 JINPIF 15 RT
1.908(2) 1.917(2) 1.931(2) 1.935(2) 2.109(2)  2.142(2)  elongation 0.20 JINPIFO1 9 RT
1.904(1) 1.915(1) 1.920(1) 1.924(1) 2.122(1)  2.160(1)  elongation 0.23 JINPIF02 25 100 K
1.905(1) 1.915(1) 1.921(1) 1.924(1) 2.122(1)  2.159(1)  elongation 0.22 JINPIF03 26 150 K
1.902(3) 1.927(3) 1.930(3) 1.941(4) 2.116(3)  2.141(4)  elongation 0.20 NOSHUA 27 RT
dpm CMe; CMe; 1.901 1.901 2.028 2.028 2.036 2.036 compression 0.13 QAYYEU 4 153K
fca Fc CH; 1.979 1.984 1.991 1.994 2.014 2.018 elongation 0.02 QAJNUN 28 150 K
Ph CHF, 1.978 1.978 1.978 1.995 1.995 1.995 distorted octahedron - FAHLAE 8 298 K
tfth CF; C4HsS  1.908(3) 1.921(4) 1.923(4) 1.931(4) 2.096(4) 2.109(4)  elongation 0.18 ALIQOD 20 RT
tfth CF; C4HsS  1.904(4) 1.912(3) 1.919(4) 1.920(3) 2.128(4) 2.141(4)  eclongation 0.22 ALIQODO1 20 150K
tfaa CH; CF; 1.966(5) 1.975(5) 1.978(5) 2.004(5) 2.004(5) 2.006(4) distorted octahedron - molecule A this study 150 K
tfaa CH; CF3 1.924(4) 1.939(4) 1.985(5) 2.012(5) 2.047(5) 2.061(5) moderate compression 0.09 molecule B this study 150K

a The difference between the two longest and four shortest bonds for elongation, and between the two shortest and four longest bonds for compression

Jahn—Teller distortion.

b Selected structures
¢ The standard deviation on inter atomic distances is too large.
d gas-phase electron diffraction (GED)



2.2 Crystal packing

The packing of the [Mn(tfaa);] molecules in the solid state, exhibits various intermolecular
interactions. Table 3 lists selected intermolecular interactions. Three unique F---F non-covalent
intermolecular interactions (F6---F'l, F3---F'7 and F8---F'3), as well as a couple of F---H
intermolecular interactions, for which the intermolecular distance between the atoms involved is less
than the sum of the van der Waals radii, contribute to the packing observed. The intermolecular
distance of the F---F and F---H interactions is given in Table 3 and illustrated in Figure 4, Figure 5
and Figure 6. Table 4 lists selected interatomic angles and dihedrals involved in the intermolecular
interactions between two [Mn(tfaa)s] molecules A and B of this study. The three observed F---F
intermolecular interactions of significance clearly direct and stabilize the packing of the molecules in
the solid state. All these F---F interactions occur exclusively only between molecule A and molecule
B, the two independent molecules present in the asymmetric units. For the F6---F'l interaction, the
C11-F6-F'l angle is 150.3(5)° and the C'10-F'1-F6 angle is equal to that value, within 3 esd’s, at
149.0(5)°. For the interaction observed between F8 and F'3, the C12-F8-F'3 angle is 97.6(5)° and the
C'10-F'3-F8 angle is 170.7(5)°, the first angle nearer to 90° and the latter nearer to 180°. The latter
two F---F interactions can be described as type-I and type-II halogen bonding [29], though F---F
interactions are not always considered proper halogen bonds [30]. Figure 4 depicts the molecular
packing viewed along the c-direction. The packing clearly reflects the different channels formed by
molecules A and B respectively, with the F---F and F---H (F3....H'8) interactions between the two
molecules (A and B) present in the asymmetric unit. Figure 6 compares the different lengths of the
intermolecular interactions between molecules A in the one layer and molecules B in the other layer
in the crystal to each other and to the sum of the van der Walls radii of the atoms involved.
Intermolecular F---H interactions between different molecules A in the one channel (F9....H2) and
between different molecules B in the next channel (F'S....H2, F'2.... H'1B, F'9....H'1H, F'2....H'IF and
F'9...H'1C) stabilize the packing of the molecules in the channels of molecules (Figure 4).

The above described intermolecular F---F and F---H interactions in the experimental solid state
crystal can distort the coordination polyhedron of the [Mn(tfaa)s] crystal of this study, from the
expected °B electronic state with elongation Jahn-Teller, to the observed higher energy °A electronic
state with compression Jahn-Teller distortion (TE, molecule B) as well as the distorted octahedron

(DO, molecule A).



Molecule B

Molecule A

Molecule B

Figure 4. Crystal packing viewed along the c-direction, showing the Type I and Type II F---F
interactions, F8---F'3 and F6---F'l respectively.

Molecule B

rs  Molecule A

Molecule B

Figure 5. Crystal packing indicating the F3....H'S, F8....F'3 and F3....F'7 interactions viewed along

the a-axis.
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Figure 6. Visualization of the lengths (y-axis in A) of the intermolecular F---H and F---F interactions

between molecules A and molecules B, in different layers in the crystal.

Table 3. Selected distances related to intermolecular interactions between atom I and atom J, for the
[Mn(tfaa)s] crystal of this study.

l...J d(1-J)/ A Sum van der
Waals radii / A

Intermolecular (Molecule A)

F9...H2 2.4 << 2.67

Intermolecular (Molecule B)

F'§....H2 2.43 << 2.67

F2..H'1B 2.62 < 2.67

F'9...H'1H 2.63 < 2.67

F2...H'1F 2.64 < 2.67

F'9...H'1C 2.66 < 2.67

Intermolecular

F3...H'8 2.66 < 2.67

F'l...F6 2.882(8) < 2.94

F'7...F3 2.898(9) < 2.94

F'3...F8 2.923(9) < 2.94

F'3....F7 2.949(10) 2.94

F'5....F7 3.016(10) 2.94

F'7...F8 3.110(8) 2.94

F'7...F4 3.133(8) 2.94

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+2,z+1/2  #2 x-1/2,-y+1,z #3 -x+1,-y+1,z+1/2 #4 x,y-1,2
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Table 4. Selected interatomic C---F---F angles (deg) and C---F---F---C dihedral angles (deg), related
to intermolecular interactions between two [Mn(tfaa)s] molecules A and B of this study.

angle

C10-F3-F'7#1 146.5(6)
C'12#1-F7#-F3 123.0(5)
C11-F4-F'7#1 94.2(4)
C'12#1-F'7#1-F4 110.7(5)
C11F6-F'1 150.3(5)
C'10-F'l -F6 149.0(5)
C12-F7-F'3#2 97.1(5)
C'10#2- F'3#2-F7 130.1(6)
C12-F7-F'5#3 146.6(6)
C'11#3- F'5#3-F7 128.2(6)
C12-F8-F'3#2 97.6(5)
C'10#2- F'3#2-F8 170.7(5)
C12-F8-F'7#4 113.4(5)
C'12#4- F'7#4-F8 98.6(5)
dihedral

C10-F3-F'7#1-C'12#1 -162.4(10)
C11-F4-F'7#1-C'12#1 110.1(6)
Cl11-F6-F'1-C'10 -130.8(14)
C12-F7-F'3#2-C'10#2 -148.3(8)
C12-F7-F'5#3-C'11#3 18.8(14)
C12-F8-F'3#2-C'10#2 12(4)
C12-F8-F'7#4-C'12#4 92.8(7)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+2,z+1/2  #2 x-1/2,-y+1,z #3 -x+1,-y+1,z+1/2 #4 x,y-1,2

2.3 DFT study

The arrangement of the three trifluoroacetylacetonato ligands around Mn, leads to either a fac or a
mer isomer (Figure 1). The DFT optimized geometry of the mer isomer was found to be slightly
lower in energy, by c.a. 1 kcal/mol (0.04 V), than the fac isomer [31]. The lower energy mer isomer
was isolated in the solid state in this study. Optimizing molecule A and molecule B, using the
coordinates of the crystal structures of A and B as input respectively, led both to molecules with
elongation Jahn-Teller, though along different bonds, see Figure 7. The distorted octahedron
geometry of molecule A (Figure 7 a) optimized to a tetragonal elongation along opposite CF3 — CF3
bonds of (Figure 7 b). The tetragonal compressed geometry of molecule B (Figure 7 c¢) optimized
to a tetragonal elongation along opposite CF3 — CH3s bonds of (Figure 7 d). The calculated dipole
moment of molecule A (DO) and optimized molecule A (TE along opposite CF3 — CF3 bonds) is 3.1
- 3.4 Debye, pointing slightly off-centre between two adjacent CF3 groups. The calculated dipole
moment of B (TC) and optimized molecule B (TE along opposite CF3 — CH3 bonds) is ca 4.2 Debye,
pointing slightly off-centre between two adjacent CH3 groups instead. The calculated dipole moment
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an optimized TE molecule of [Mn(acac)3] is 1.0 Debye, pointing exactly between two adjacent CH3

groups, perpendicular to the direction of the elongated axis.

(a) Molecule A (DO) (b) Molecule A - optimized (TE)

(c) Molecule B (TC) (d) Molecule B - optimized (TE)

Figure 7: B3LYP/TZP single point and optimized structures of molecules A and B of [Mn(tfaa)s]
molecules, showing Mn-O bond lengths (black, angstrom) and the calculated dipole moment (blue

arrow, value in Debye).

We further present here a Quantum Theory of Atoms in Molecules (QTAIM) study on selected
molecular pairs, showing F--F interactions to illustrate that the experimentally observed
intermolecular interactions are also identified as bond paths (BP) between atoms (atom critical points
ACP), with bond critical points (BCP). According to the QTAIM theory, the existence of a bond path
between a donor atom and an acceptor atom, as well as a bond critical point (BCP) between them, are
sufficient criteria to establish bond existence [32]. The QTAIM theory provides topological

descriptors, such as the electron density (p / e ao>) and the Laplacian of electron density (V2p / e a0™)
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at the BCP, which have been used to characterize the strength of hydrogen bonds in various molecular
systems. The descriptors (p and V?p) can also be used to distinguish between covalent and ionic
bonding, hydrogen bonding, and van der Waals (vdW) interactions [33]. A negative Laplacian of
electron density (V2p / e ao™) indicates a concentration of electron density. For BCP, negative V?p
is indicative of a covalent bonding, while positive V2p indicates non-covalent bonding [34]. A small
value of the electron density (p / e a0®) and a positive value of its Laplacian are indicative of closed
shell interactions, such as weak hydrogen bonds and van der Waals interactions. For example, for H-
bonded complexes, p ~ 1072 a.u. or less, and for van der Waals complexes, p ~ 107 a.u. with
V2p >0 [35]. Generally, larger electron density values for BCP indicate stronger interactions
[36,37]. Furthermore, since the electron density at hydrogen bond critical points increases
approximately linearly with increasing stabilization energy in going from weak hydrogen bonds to
moderate and strong hydrogen bonds, it can be used as an indicator of the nature and gradual change

of strength of the hydrogen bond [33].

To illustrate that the experimentally identified short F---F intermolecular contacts can also be
described in terms of electron density distribution between atoms according to the QTAIM theory,
three pairs of [Mn(tfaa)s] molecules, which showed the F8:---F'3 (molecular pair 1), F6--F'l
(molecular pair 2), and F3---F'7 (molecular pair 3) interactions respectively, have been selected from
the crystal data. B3LYP-D3/TZP single point calculations, including a QTAIM analysis, have been
done on each of the three molecular pairs separately, in order to determine the intermolecular bond
paths between the molecular pairs. Figure 8 illustrates the results obtained from the QT AIM analysis
of the three molecular pairs, showing the intra- and intermolecular bond paths obtained. Table 5
gives a summary of the topological parameters of selected bond critical points. All three molecular
pairs (Figure 8 and Table 5) exhibit 86 atom critical points (ACP) and at least 6 ring critical points
(RCP), since each molecule has 43 atoms and three pseudo aromatic trifluoroacetylacetonato ring
systems. Additional BCP’s and RCP’s identified for the molecular pairs, are due to intra- and
intermolecular bonds. The electron density (p) and its Laplacian (V2p) of the additional BCP’s are
both positive, indicative of weak non-covalent hydrogen and of fluorine-centered non-covalent

bonding interactions [38].

In molecular pair 1 (Figure 8a) one intra- (F'6---F'1) and three intermolecular BCP (F8---F'3, F7---F'3,
HS8---F'3) were obtained. The intermolecular BCP all involve F'3, with the two non-covalent F---F

bonds (F8---F'3, F7---F'3) stronger than the weak F---H hydrogen bond (HS:--F'3). The same three

13



intermolecular interactions were experimentally observed for molecular pair 1 (Table 3, Figure 4,
Figure 8a). The two additional RCP’s (125 and 129 in Figure 8a) obtained by the QTAIM analysis
for molecular pair 1, are both related to the rings formed by the three intermolecular BCP’s involving
F'3. The p and its V?p of RCP125 and RCP129 are much lower than that of the six RCP’s of the
pseudo aromatic trifluoroacetylacetonato ring systems formed by covalent bonds, consistent with the
weaker intermolecular bonds involved in the rings round RCP125 and RCP129. In molecular pair 2
(Figure 8b) one intra- (F'6---F'l, the same as obtained in molecular pair 1) and one intermolecular
BCP (F6....F'l) were obtained, both non-covalent F---F bonds involving F'l, in agreement with
experimental observation (Table 3, Figure 4, Figure 8b). In molecular pair 3 (Figure 8c) one intra-
(F'6---F'1, the same as obtained in molecular pair 1 and 2) and five intermolecular BCP (F3---F'7,
F4--F'7, F6---F'7, C5---F'7, F3---H'8) were obtained. The F---F' intermolecular BCP’s all involve F'7,
of which F3---F'7 is the strongest. The F3---F'7, F4--F'7, F6---F'7 and F3--H'8 intermolecular
interactions were also experimentally observed (Table 3, Figure 4, Figure 8c). The three additional
RCP’s (103, 144 and 157 in Figure 8c) obtained by the QTAIM analysis for molecular pair 3, are
related to the rings formed by the three inter- molecular BCP’s involving F'7. Similar to that of
molecular pair 1, the p and its V2p of RCP103, RCP144 and RCP157 are much lower than that of the
six RCP’s of the pseudo aromatic trifluoroacetylacetonato ring systems formed by covalent bonds,
consistent with the weaker intermolecular bonds involved in the rings round RCP103, RCP144 and

RCP157.

The obtained values of p (c.a. 0.0051) and its V?p (0.027 — 0.029) of the BCP related to the strongest
intermolecular BCP involving fluorines, F8---F'3 and F7---F'3 (molecular pair 1), F6---F'l (molecular
pair 2), and F3---F'7 (molecular pair 3), fall well into the range proposed for p and its V?p for a
hydrogen bond to exist, namely 0.002-0.035 e a0 and 0.016-0.139 e a0~ [39]. Intermolecular bond
with p of ¢.a. 0.004 — 0.02 e ao™ is considered weak (van der Waals) hydrogen bonds [33]. The values
of p (c.a. 0.0051) obtained for the F---F inter- molecular interaction in this study, is slightly higher
than the reported p values for F---F interactions in a number of molecules optimized at the RI-
MP2/def2-TZVPD level of theory, that range from 0.0027 — 0.0036 [40]. It can thus be concluded
that the QTAIM study agrees with experimental observation in that the different [Mn(tfaa)s]

molecules are connected by weak intermolecular halogen bonds.
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(a) Molecular pair 1

(b) Molecular pair 2

Figure 8: QTAIM determined intermolecular bond-paths (BP), bond critical points (BCP in red) and

ring critical points (RCP in green) between three pairs of [Mn(tfaa)s] molecules. Selected atom

numbers, according to the numbering scheme in Figure 2, are shown in black font. The numbers of

selected intra- and intermolecular bond paths (magenta) and ring critical points (blue) are also shown.

Left are the three molecular pairs from the crystal and right, QTAIM results on the same three

molecular pairs. The colour of the bond-paths changes according to electron density, from blue (high

density) to green to red (low density).

Table 5: Topological parameters of the QTAIM calculated intermolecular bonds between three
[Mn(tfaa)s] pairs. The numbers of selected critical points (CP) are shown in Figure 8.

Bond path Atoml Atom2  Inter-atomic BP Electron Laplacian of
(BP) number involved involved distance length  density  electron density
/A /A pleay® Vpleay?s

Molecular pair 1 (94 BCP, 8 RCP, 86 ACP)
intramolecular BCP 139* F'6 F'l 3.3927 3.3993  0.0018  0.0086
intermolecular BCP 122 H8 F'3 3.082 3.4388 0.0029  0.0117

123 F7 F'3 2.9487 29518 0.0051  0.0273

124 F8 F'3 2.923 2.927 0.0048  0.0274
ring critical point (RCP) 92 0.0147  0.0821

97 0.0152  0.0843

111 0.0160  0.0907

113 0.0155  0.0868
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125 0.0027  0.0120

126 0.0151 0.0854
129 0.0042  0.0236
133 0.0157  0.0887
Molecular pair 2 (92 BCP, 6 RCP, 86 ACP)
intramolecular BCP 1092 F'l F'6 3.3927 3.3993  0.0018  0.0086
intermolecular BCP 101 F'l F6 2.8817 2.888 0.0045  0.0272
ring critical point (RCP) 89 0.1548  0.0868
91 0.0151 0.0854
106 0.0147  0.0822
110 0.0152  0.0843
113 0.0160  0.0907
134 0.0157  0.0887
Molecular pair 3 (96 BCP, 9 RCP, 86 ACP)
intramolecular BCP 109° F'6 F'1 3.3927 3.3994 0.0018  0.0086
intermolecular BCP 102 F3 F'7 2.8981 2.9034 0.0051  0.0287
117 (65 F'7 3.4663 3.5239 0.0029  0.0116
141 F3 H'8 2.6616 2.713  0.0045  0.0211
143 F4 F'7 3.1328 3.1355 0.0037  0.0180
149 F6 F'7 3.2336 3.2368 0.0030  0.0149
ring critical point (RCP) 90 0.0155  0.0869
94 0.0160  0.0908
101 0.0147  0.0821
103 0.0034  0.0167
106 0.0157  0.0887
107 0.0152  0.0843
108 0.0151 0.0853
144 0.0023  0.0106
157 0.0029  0.0147

a The intramolecular BCP refers to the same atoms (F'6 and F'1) in molecular pair 1, 2 and 3

3 Experimental Section

3.1 Synthesis

The [Mn(tfaa)s] complex was synthesized by a procedure adapted from literature [41] according

to a published method [42]. [Mn(tfaa)s] is a high spin paramagnetic complex [10].

Characterization data for tris(trifluoroacetylacetonato)-manganese(l1l), [Mn(tfaa)s]

Yield 69 %. Colour: Dark brown-black. Melting point 116.7 °C. MS The calculated value for
MnCisH1206F9 = 514.18 g/mol, Found: 514.50 g/mol. Elemental analysis; Calculated for
MnCi5H1206F9: C, 35.0; H, 2.4 Found: C, 33.6; H, 2.3.
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3.2 Crystal structure analysis

Data for tris(trifluoroacetylacetonato)-manganese(Ill), [Mn(tfaa)s] was collected at 150 K on a
Bruker D8 Venture kappa geometry diffractometer, with duo Ius sources, a Photon 100 CMOS
detector and APEX II [43] control software, using Quazar multi-layer optics, monochromated Mo-
Ka radiation, by means of a combination of ¢ and o scans. Data reduction was performed using
SAINT+ [43] and the intensities were corrected for absorption, using SADABS [43]. The structure
was solved by intrinsic phasing, using SHELXTS, and refined by full-matrix least squares, using both
SHELXTL+ [44] and SHELXL-2017+ [44]. In the structure refinement, all hydrogen atoms were
added in the calculated positions and treated as riding on the atom to which they are attached. All
non-hydrogen atoms were refined with anisotropic displacement parameters; all isotropic
displacement parameters for hydrogen atoms were calculated as (X x Ueq) of the atom to which they
are attached, where X = 1.2 for all hydrogen atoms. Crystal data, data collection, structure solution

and refinement details are available in the CIF (CCDC deposit number 1828317).

3.3 DFT calculations

Density functional theory (DFT) calculations were conducted with the Amsterdam Density
Functional (ADF 2016 and updates) programme [45,46,47] with hybrid functional B3LYP [48,49]
(20% Hartree-Fock exchange) in combination with the Grimme empirical dispersion correction D3
[50], with an all-electron TZP (Triple £ polarised) basis set, while spin-unrestricted open shell
calculations were used for geometry optimisation. The B3LYP functional proved to correctly
calculate the high spin (S = 2) ground state of [Mn(B-diketonato)s] [20,25,31]. The analysis of the
noncovalent interactions involved in the complexes were done with Bader’s quantum theory of atoms

in molecules (QTAIM) [51,52,53] as implemented in ADF.

4  Conclusions

Various intermolecular F---F and F---H interactions, with lengths shorter than the sum of the van der
Waals radii of the atoms involved, are identified in the experimental solid state crystal of [Mn(tfaa)s].
A Quantum Theory of Atoms in Molecules study on selected molecular pairs of [Mn(tfaa)s], confirms
the existence of the experimentally identified intermolecular halogen bonds with QTAIM calculated
topological descriptors in agreement with criteria for hydrogen bonds and non-covalent
intermolecular F---F interactions. The various intermolecular F---F and F---H interactions between
the [Mn(tfaa)s;] molecules in the solid crystalline state, contribute to the distortion of the coordination

polyhedron of [Mn(tfaa)3] from the expected °B electronic state with elongation Jahn-Teller, to the
17



observed higher energy °A electronic state with compression Jahn-Teller distortion (molecule B) and

the distorted octahedron (molecule A).
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