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ABSTRACT: Two photoswitchable nickel(II) nitro coordination com- o 8 o

. Ni: nitro == nitrito
pounds and their copper(II) analogues are reported. In all these systems, -3 3 S
the metal center is chelated by (N,N,0)-donor ligands containing either 2- = CU:RItrito == nitro 7\
picolylamine or 8-aminoquinoline fragments. The studied compounds were = IO.
thoroughly investigated using crystallographic and spectroscopic techniques
supplemented by computational analysis. They are easy to synthesize and

stable, and all compounds undergo the nitro group isomerization reaction.

Nevertheless, there are significant differences between the copper and nickel adl \/

systems regarding their structural and switchable properties. According to the U
M0,

solid-state IR spectroscopy results, 400—660 nm light irradiation of the
ground-state (7*-0,0’)-k-nitrito copper(II) complexes at 10 K induces a IA l |
rather moderate conversion to a metastable linkage isomer, which is visible Vi
only up to approximately 60—80 K. In turn, upon visible light irradiation (ca.

530 nm excitation wavelength), the ground-state nitro isomers of the examined nickel(II) complexes transform into the endo-nitrito
forms. It was possible to achieve about 35% conversion for both nickel(II) systems and to determine the resulting crystal structures
at 160 K in the case of single crystals after 30—4S min of exposure to LED light (crystals decayed with longer irradiation), and
roughly 95% conversion was achieved for thin-film samples as indicated by the IR spectroscopy results. Traces of the endo-nitrito
linkage isomers remained up to 200—220 K, and the isomerization reaction was proven to be fully reversible.

AL AL

1. INTRODUCTION In view of the above, two new nitro Ni"" complexes and their
Cu" analogues, namely 2a ((N,N,0)-(2-methyl-1-phenyl-3-(2"-
pikoliloamido)prop-2-en-1-one) nickel(II)/copper(II) nitrite
complex) and 2b ((N,N,0)-(2-methyl-1-phenyl-3-(8'-
(quinolin)ami-do)methylene)-prop-2-en-1-one) nickel(II)/
copper(II) nitrite complex), were designed and synthesized
(Scheme 1). The metal centers in these compounds are
chelated by (N,N,0)-donor ligands and the ambidentate nitro
moiety.

Their structural and switchable properties in the solid state,
including the effects of the metal centers and modifications of

Molecular switches triggered by UV—vis light may find wide
applications in high-capacity storage devices, optoelectronics,”
medicine,” as color-changing materials, etc.” Therefore, the
importance of studies dedicated to the conscious design of new
functional photoswitchable systems with the desired properties
cannot be overestimated.””'" Transition-metal complexes in
which the metal center is coordinated by molecular fragments
that can exist in multiple isomeric forms are among the
potential functional materials of this kind.'” Examples of
ambidentate ligands known to display solid-state linkage

isomerism include NO,'>'* NO,,¥1>15725 g0, 26=2% gCN, thed aronllatlcd hganfi fragmhents, were };chor(;lug}gy 1nve;‘3gated

and N,’*' Transition-metal complexes containing nick- and anafyzed. It 1s.wort notmg. that _t € rst soll —sFate

e 12222425 (b1 32734 40035 thenium, 3¢ osmium, experiments confirming the photoisomerization of the nitro

palladium, or platinum'®~>"*® centers are the most represen- group in copper systems are reported in this contribution. The
)

tative examples of such systems. Light-induced structural
changes in crystals can be investigated using photocrystallo- Received: February 15, 2022 organc i
graphic methods.”**™*° As far as copper complexes are Published: April 16, 2022
concerned, to date, no multi-temperature X-ray diffraction or i
photocrystallographic studies of the ONO isomerization

reaction have been reported; however, mixtures of various
41,42

linkage isomers were observed in the solid state.
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Scheme 1. Schematic Representation of the Studied
Nickel(IT) and Copper(II) Complexes (M = Cu or Ni)

o S

M-2a M-2b

current study constitutes a part of our wider project dedicated
to photoswitchable fourth-row transition-metal nitro com-
plexes.'>'¢

2. EXPERIMENTAL SECTION

2.1. Synthesis. All solvents and substrates were purchased from
chemical companies and used without further purification. The
synthesis is analogous to that described in our previous contribution"®
(the reaction scheme is shown in Scheme 1S). To a mixture of 1.0
mmol propiophenone in 2.0 mmol ethyl formate was added 1.0 mmol
sodium in 20 mL of Et,O, and the reaction mixture was stirred for 12
h. After solvent evaporation, the obtained hydroxymethyleneketone
sodium salt was dissolved in 30 mL of AcOH. To the solution was
then added 1.0 mmol 2-picolylamine or 8- ammoqumohne in 10 mL of
AcOH. The obtained intermediate product 1a or 1b* (Supporting
Information) was not isolated; after the solution was brought to a
boil, 1.2 mmol Ni(OAc), or Cu(OAc), in 10 mL of MeOH,
respectively, was added. Then, the solution was stirred for 2 h without
heating. The dark brown mixture was purified by filtration. To the
mixture was then added ca. 2.0 mmol LiNO, in MeOH. The resulting
mixture containing the final product (M-2a or M-2b, M = Ni or Cu)
was cooled using an ice bath, and the product was filtered. Small
brownish crystals, in the case of nickel(II) compounds, and green
crystals, in the case of the copper(II) analogues, suitable for single-
crystal X-ray diffraction experiments were grown via the vapor
diffusion crystallization method using n-hexane and MeOH as
solvents.

Nuclear magnetic resonance (NMR) spectra (collected only for the
nickel complexes) were recorded with an Agilent NMR 400 MHz
Varian spectrometer; 'H chemical shifts are given relative to TMS
using residual solvent resonances. The '"H NMR spectra in CDCl,
show broadened signals, which may attributed to a reversible NO,
group dissociation in the presence of small amounts of water.
Elemental analyses were carried out with an Elementar Vario EL III
analyzer.

2.1.1. Ni-2a. Yield: 0.228 g (64%). '"H NMR (CDCl,, 400 MHz): &
7.75 (m, 2H), 7.31 (m, 6H), 7.15 (m, 1H), 7.01 (m, 1H), 4.79 (bs,
2H, NCH,), 1.93 (bs, 3H, CH;) ppm. Elemental analysis:
C1gHsN3Ni;O; (356.00). Calculated: C 53.98%, H 4.25%, N
11.80%. Found: C 54.22%, H 4.40%, N 11.70%.

2.1.2. Ni-2b. Yield: 0.231 g (59%). "H NMR (CDCl,, 400 MHz): &
8.29 (m, 1H), 8.02 (m, 1H), 7.65 (bd, ] = 8.0 Hz, 2H), 7.55 (t, ] = 8.0
Hz, 1H), 7.49—7.29 (m, 8H), 2.08 (bs, 3H, CHj). Elemental analysis:
C1oH;sN;Ni; 05 (392.04). Calculated: C 58.21%, H 3.86%, N 10.72%.
Found: C 58.30%, H 3.99%, N 10.59%.

2.1.3. Cu-2a. Yield: 0.209 g (58%). Elemental analysis:
C1H sN;Cu 05 (360.86). Calculated: C 53.26%, H 4.19%, N
11.64%. Found: C 53.11%, H 4.37%, N 11.44%.

2.1.4. Cu-2b. Yield: 0.206 g (52%). Elemental analysis:
C1oH;sN;Cu;0; (396.89). Calculated: C 57.50%, H 3.81%, N
10.59%. Found: C 57.91%, H 3.98%, N 10.41%.

2.2. X-ray Diffraction. All X-ray diffraction experiments
(including the preliminary ones) were carried out on a Rigaku
Oxford Diffraction SuperNova single-crystal diffractometer equipped
with a CCD detector, a copper microfocus X-ray source, a low-
temperature nitrogen gas flow Oxford Cryosystems device, and our
homemade light-delivery device,** which allows in situ photocrystallo-
graphic experiments. The optimal data-collection strategy took into
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account the mounted light-delivery device and was prepared using the
native diffractometer software. For photocrystallographic experiments,
the same strategy (in which only the exposure time was adjusted for
various temperatures) was used for all data collected for a given
crystal. All data collections were carried out in complete darkness (the
sample mounting and centering was done at room temperature prior
to any further data collection, and all experiments were performed
with all the diffractometer lights permanently switched off). The
overall procedure used during photocrystallographic experiments for
the Ni-2a and Ni-2b crystals was as follows: (i) The crystal was
mounted at room temperature and cooled to 140 or 160 K at 360 K-
s\ (ii) Light irradiation (45 and 30 min for Ni-2a and Ni-2b,
respectively) was performed using the previously selected LED with
central wavelengths of 590 and 530 nm, respectively (Thorlabs fiber-
coupled LEDs MS590F2 and MS30F2, respectively; light was delivered
through the 400 ym core multimode solarization-resistant fiber
optics); during light irradiation, the crystal was continuously rotated
to ensure the most uniform exposure. (iii) X-ray diffraction
experiments were performed at various temperatures; the Ni-2a
data sets were collected at temperatures ranging from 140 to 200 K
with steps of 20 K, and the Ni-2b data sets were collected only at 160
and 240 K due to crystal degradation upon temperature changes. No
color changes were observed for crystals upon exposure to LED light.
For exact photocrystallographic data collection codes and the
measurement sequence for each sample, see the Supporting
Information (Table 1S). Further data processing (e, unit-cell
determination, raw diffraction-frame integration, absorption correc-
tion, and scaling) was the same for all data collected. All structures
were solved usmg an intrinsic phasing method as 1mplemented in the
SHELXT program*’ and refined with the JANA package*® within the
independent atom model (IAM) approximation.””*® The disordered
structures were modeled using a standard splitting model in which the
initial positions of the metastable linkage isomer atoms were
determined from the residual or photodifference maps.*”** All the
final refinement statistics are summarized in Table 2S. The CIF files
can be retrieved from the Cambridge Structural Database (CSD)
(deposition numbers CCDC 2110808—2110835).*°

All powder X-ray diffraction (PXRD) measurements were carried
out on a Bruker AXS D8 Discover powder diffractometer equipped
with a VANTEC detector and a copper X-ray tube. All data were
collected in a parallel-beam geometry (locked-couple experiment
mode) in the 20 range from 3 to 40° with scan speed set to 1°min~".
Le Bail refinements®" of the unit-cell and powder-profile parameters
were accomplished with the JANA program.*>

2.3. Spectroscopy. All infrared (IR) measurements were
performed using a Nicolet 5700 FT-IR spectrometer (spectral
resolution of 2 cm™ in the range of 360—4000 cm™) equipped
with a closed-cycle cryostat (Oxford Optistat VO1). The sample was
ground, mixed with spectroscopic-grade KBr, pressed into pellets, and
glued to the coldfinger of the cryostat using a silver-paste thermal
adhesive. During measurements, the sample was kept in a vacuum
inside the cryostat. Irradiation of the sample was achieved through the
cryostat window using various LEDs (Thorlabs L and LP series), the
central wavelengths of which covered the range from violet to red
(from 38S to 735 nm).

Room-temperature UV—vis spectroscopic measurements were
performed with a Shimadzu UV-2600i spectrometer (300—800 nm
wavelength range in 0.5 nm intervals) in the transmission mode. The
KBr pellets were prepared in the same way as those used for the solid-
state IR measurements. The obtained spectra are presented in Figure
20S in the Supporting Information.

2.4. Computational Analysis. All computations were carried out
using the GAUSSIAN package (GAUSSIAN 16).> In the case of the
quantum mechanics—molecular mechanics (QM/MM) method, the
crystal environment was modeled by cutting out a shell with a radius
of 15 A around the central molecule from the examined experimental
crystal structure,”* the C—H distances of which were set to the
neutron-normalized values.***° Density functional theory (DFT) at
the DFT(B3LYP)/6-311++G** level of theory was applied for the

optimization of the central molecule,’’~®* whereas the molecular shell

https://doi.org/10.1021/acs.inorgchem.2c00526
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Table 1. Selected Crystal Structure Parameters for All Studied Complexes”

compound

moiety formula

moiety formula mass, M, (a.u.)

Ni-2a”
CléHISNSNilOS
356.00

Ni-2b (monoclinic, high T)

Ci9H sN;3Ni, O
392.04

crystal system triclinic monoclinic
space group P1 (no. 2) P2,/c (no. 14)
V4 2 4

Fono 368 808

crystal color and shape orange plate brown plate
T (K) 100 290

a (A) 7.4023(7) 14.1406(7)
b (A) 8.1523(7) 6.8044(3)

¢ (A) 13.6139(12) 17.9675(7)
a (°) 100.305(7) 90

B(°) 101.078(8) 103.816(4)
6 102.856(8) 90

vV (A%) 764.64(13) 1678.78(13)
d e (grem™) 1.5462 1.5511

R[F] (I > 306(I)) 5.07% 4.36%

R[F] (all data) 8.09% 6.54%
Qmin/max (0. 3=3) —0.47/+0.65 —0.53/+0.42
CCDC code 2110815 2110827

Ni-2b? (triclinic, low T)

C1oH sN3Ni, Oy
392.04

Cu-2a
Ci6HsN3Cu, 05
360.86

Cu-2b
CioH,sN3Cu, 05
396.89

triclinic triclinic triclinic

P1 (no. 2) P1 (no. 2) P1 (no. 2)
4 2 2

808 370 406

brown plate brown plate green plate
160 100 100
14.1083(10) 8.435(2) 6.804(2)
6.7505(3) 9.513(2) 9.088(2)
17.8681(8) 10.739(2) 13.866(3)
88.724(3) 69.07(3) 75.87(3)
104.156(5) 69.65(3) 83.43(3)
94.061(4) 72.48(3) 84.76(3)
1645.88(16) 739.0(3) 824.2(4)
1.5821 1.6216 1.5992
11.73% 3.33% 5.46%
17.23% 3.60% 6.43%
—1.15/+3.36 —0.38/+0.48 —0.78/+0.98
2110828 2110808 2110809

“For more details, see the Supporting Information. From the Ni-2a-100 K-dark-cooling-xtal-1 data set. “From the Ni-2b-RT-dark-xtal-2 data set.

9From the Ni-2b-160 K-dark-xtal-2 data set.

was kept fixed and approximated with the Universal Force Field
(UFF)* using Hirshfeld atomic charges®* initially derived at the same
level of theory, including both the functional and the basis set. Dimer
interaction energies, isolated-molecule geometry optimizations, and
normal-mode frequencies were also calculated at the DFT(B3LYP)/
6-311++G** level of theory. For harmonic-mode computations, no
imaginary frequencies were found. In the case of interaction energy
calculations, the Grimme empirical dispersion correction®®
modified by the Becke—Johnson dampiné% 7gunction67’68 and a

correction for basis set superposition error’ " were applied. The
automatic generation of input files was accomplished with the
CLUSTERGEN program.”"

2.5. Calorimetry. The differential scanning calorimetry (DSC)
measurements were performed using a Mettler-Toledo DSC1 STAR®
system at a heating rate of 10 °C-min~" under a dry N, atmosphere at
a constant flow rate (50 mL-min~') over temperature ranges from
+25 to —150, —150 to +25, and +25 to +500 °C. The obtained data
were analyzed using the STAR® software provided by Mettler Toledo.
The total weight of a sample was accurately evaluated in a standard 40
uL aluminum crucible using a Mettler-Toledo XS105 DualRange
balance.

3. RESULTS AND DISCUSSION

3.1. Crystal Structures of Ni and Cu Complexes. Three
crystal structures of the studied coordination compounds
exhibit the triclinic P1 space group symmetry, with one
molecule comprising the asymmetric unit (ASU) in the 100—
300 K temperature range. The Ni-2b crystals constitute an
exception. At room temperature (RT), it appears that the
crystal structure of Ni-2b belongs to the P2,/c space group
with one molecule in the ASU, whereas at 160 K it is described
by the P1 space group with two symmetry-independent species
comprising the ASU. Further DSC analysis (Figure 1S) and
multi-temperature structural studies revealed that this system
indeed undergoes a monoclinic-to-triclinic phase transition at
around 275 K, while the crystals degrade notably along with
temperature decrease (the crystal diffraction becomes very
poor below 160 K despite the cooling rate applied). Selected
crystal-structure parameters and data collection and refinement
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details are summarized in Table 1 and in the Supporting
Information (Table 2S).

Molecular structures of the studied compounds are
illustrated in Figure 1. Both the 2-picolylamine-based (P)
and 8-aminoquinoline-based (Q) ligands coordinate to the
metal center via all the electron-donating atoms they possess,
i.e, the N3 and bridging N2 nitrogen atoms and the O3
oxygen atom from the carbonyl group. The main difference
between the Ni and Cu analogues that is due to the metal
center type is the preferred binding mode of the nitro group.
The analyzed nickel complexes exist majorly as the nitro form
(7*-N(0O),), whereas their copper equivalents exist exclusively
as the k-nitrito linkage isomer (7-O,0N) in the ground-state
crystal structure. These findings are in agreement with the
previous literature reports.'>>>*"">”% It should also be noted
here that solely in the case of the Ni-2a crystal structure do
two isomeric forms, namely nitro and endo-nitrito (17'-ONO),
coexist with 92(1)% and 8(1)% occupancies at 100 K,
respectively (keeping in mind that no 100 K data were
collected for Ni-2b due to crystal degradation). In order to
verify the impact of temperature on the relative populations of
both linkage isomers, multi-temperature X-ray diffraction
experiments were performed. The obtained results are
gathered in Table 2. It appears that the endo-nitrito form is
detectable at 180 K and below, while its population reaches a
maximum (ca. 11—12%) around 120—160 K. Comparable
results were obtained while both cooling and heating the
crystal. The presence of the endo-nitrito isomer at some range
of low temperatures was already observed by us for some other
nickel nitro complexes.'>'®

In general, analogous molecules of Ni and Cu are similar in
terms of their geometries, as indicated by the overlay of the
respective moieties presented in Figure 2. Despite the NO,
group’s different ground-state binding modes characteristic of
the Ni and Cu metal centers and its possible different
orientation with respect to the stiff amine fragment’s plane, the
only significant geometrical changes concern the angle between

https://doi.org/10.1021/acs.inorgchem.2c00526
Inorg. Chem. 2022, 61, 6624—6640


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110815&id=doi:10.1021/acs.inorgchem.2c00526
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110827&id=doi:10.1021/acs.inorgchem.2c00526
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110828&id=doi:10.1021/acs.inorgchem.2c00526
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110808&id=doi:10.1021/acs.inorgchem.2c00526
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110809&id=doi:10.1021/acs.inorgchem.2c00526
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
c19' <1
co' & c17'
lecule B vy &
moiltecule & 2@ e
C16 c11' ch cs Q3
cw@ % o o
%
Ola 02a & c1z 03 o C2
Oz e Ne & o2  molecule A
CZG~»8 Nta c1z @13 o 04 01?
."E Ni1 03 @’%c“ 8 N1 12 c13 s
" c2 03
c3Q (@7 o @ clu Qd
C10 c15 N2 Ni1 % c15
C4<bc5 cg,hg @ c16 3® o c10 C16
Aol W L O o
O 7 c7 &
. c17 o ©
Ni-2a ©@ B c19
c18
Ni-2b
(triclinic, low T)
N1
01 c13 N1
02{\.
) cz O 1 01./.'*02
a1 L 03 | c13
o cul__@ c11 . c S o3 Cl12 Qg
g 'Nz 30 O “ “s @ cul "' @ 3
c16 .Ni " ° 15
C11
@ g o o 0 60 . €10 16
%) C6 & +] .N3 8
c4 QQL ’ c96~(; c4® 0 - D
- o 8 e “] cqéjo
c17 v) O O
- Q
Cu-2a o
Cu-2b

Figure 1. Molecular structures of all studied compounds derived from the X-ray diffraction data collected in complete darkness. Atomic thermal
motion is represented as ellipsoids at the 50% probability level, selected hydrogen atoms are omitted for clarity, and the disorder is shown as a
semitransparent fragment. For the Ni-2a complex, only the nitro isomer is labeled for clarity; for the Ni-2b complex, the atom labeling is shown for
the low-temperature triclinic structure (the labeling of the high-temperature monoclinic structure follows that of the molecule A).

Table 2. endo-Nitrito Isomer Populations (P) and Reaction-
Cavity Volumes (V,,) per Complex Molecule Calculated for
the Ni-2a Crystal Structure during Cooling and Heating
Experiments”

T (K) P (%) Ve (A9
cooling 290 0.0 424
240 0.0 41.0
200 0.0 39.8
160 8(1) 40.0
140 11(1) 40.1
120 11(1) 38.0
100 8(1) 38.4
heating 120 12(1) 38.1
140 11(1) 39.3
160 12(1) 40.7
180 10(1) 40.0
200 0.0 40.3

“Cavity volumes were computed with the MERCURY program’*
(probe radius of 1.2 A and grid spacing of 0.1 A). Note that the
standard deviation on V,,, was estimated to be ca. 0.5 A%.'

cav

the planes based on the rotated six-membered aromatic ring of
the aldehyde fragment and the amine moiety. For the Ni-2a
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and Cu-2a pair of compounds, the angle values are significantly
different (43.37 versus 57.54°, respectively), whereas they are
much more comparable for Ni-2b and Cu-2b, i.e,, they adopt
values between 61 and 65° for Cu-2b, the RT Ni-2b
polymorph, and molecule B from the low-temperature Ni-2b
form. In the latter case, molecule A differs the most from the
2b group, with the discussed angle being equal to 70.04°.
Nevertheless, it seems that the rotation of the phenyl ring is
mainly governed by the presence of the methyl substituent and
secondarily affected by the confining forces of the crystal.

In three of the examined crystal structures, it appears that
molecules with alternating orientations form characteristic
ladder-like patterns. Solely in the Cu-2a crystal structure in
which there are strongly bound centrosymmetric molecular
dimers, molecules pack somewhat differently. Nevertheless, in
all the systems molecules are arranged parallel one to another,
as shown schematically in Figure 3. They interact mainly via
effective 7---7 stacking interactions formed between either the
Q or P aromatic rings (the distance between the ring centroids
ranges from 3.6 to 3.8 A) as well as through hydrogen-bond-
like C—H--O interactions involving the NO, moiety or,
specific for the Cu compounds, C—H---N contacts of this kind.
Additionally, some weaker 77 interactions between phenyl
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Figure 2. Overlay of selected experimental molecular geometries taken from (a) the crystal structures of Ni-2a at 100 K (green) and Cu-2a at 100
K (red) and (b) the crystal structures of Ni-2b at 290 K (green) and Cu-2b at 100 K (red). Hydrogen atoms and the disorder of the nitro group in
the crystal structure of Ni-2a have been omitted for clarity. The N2, N3, O3, and metal atoms were superimposed using the least-squares procedure

implemented in the MERCURY program.
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Figure 3. Schematic representation of the ladder-like patterns in the crystal structures of (a) Ni-2b (viewed along the z-axis), (b) Cu-2b (viewed

along the y-axis), and (c) Cu-2a (viewed along the x-axis).

rings may appear. Overall, it seems that varying the metal atom
type (Cu versus Ni) or the amine ligand (P versus Q) does not
affect the crystal packing much. General features are very much
alike, whereas the more remarkable differences are visible at
the level of formed dimeric motifs and the nitro group
interactions that result from the adopted binding modes.
Hence, the most significant dimeric motifs present in the
analyzed crystal structures were selected, and their structures
are shown in Figures 4 and 6. The corresponding geometrical
parameters and interaction energy values are gathered in Table
3. As far as the Ni-2a crystal structure is concerned, in the case
of the dominating nitro isomer, the C1—H1---Ola, C2—H2--
Ola, and C7—H7---O2a hydrogen-bond-like interactions can
be distinguished. The interaction energies stabilizing the
corresponding molecular motifs amount to —61.0 kJ-mol™
for Nig;, which is held by the first two of the mentioned
interactions, and —22.8 kJ-mol™* for the Nig, motif, which is
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linked by the last contact (Figure 3). In the case of the endo-
nitrito isomer, the nitro group coordinates to the metallic
center through the O2b atom. Hence, the ONO moiety forms
hydrogen-bond-like interactions mainly via the Olb atom
(corresponding to the Ola atom) and N1b (new interactions
C1—H1-N1b and C2—H2---N1b), which is more exposed in
the endo-nitrito binding mode. The resulting Nig,; motif is thus
characterized by the relatively less beneficial interaction energy
value when compared to that of its nitro analogue (Table 3).
In turn, in the case of the less-populated linkage isomer, the
respective dimer stabilization energy is reduced only by 3 kJ-
mol ™" despite the fact that the C7—H?7---O2a hydrogen-bond-
like interaction in the N, motif is not formed. Otherwise, the
crystal structure is stabilized by the previously mentioned 77
interactions, which lead to the most energetically stable dimers
Nig, and Nig, (interaction energies exceeding —118 and —136
kJ-mol™!, respectively) and the well-stabilized Nig, motif

https://doi.org/10.1021/acs.inorgchem.2c00526
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Figure 4. Main structural motifs encountered in the Ni-2a and Ni-2b crystal structures (for clarity, only the nitro isomer is shown).

Table 3. Selected Dimeric Motifs Present in the Examined Crystal Structures: Geometrical Parameters and Interaction Energy

Values (E,,,)”

Ni-2a” Ni-2b"? (triclinic, low T)
selected dy.a  dp.aorde, Opga E;. selected dy.n  dp.aorde, Opga
motif E. (kJ-mol™") interactions® (A) A ©) motif  (kJ-mol™') interactions® (A) A ©)
Nig, —-61.0//-540°  C1-HI1--Ola' 2.5 3.196(5) 12465  Nig, —39.6  C2—H2--O4 2.74 3.233(12) 11270
C2-H2--Ola* 266 3.237(6) 118.93 C2'—H2'--02 2.64 3.139(15) 112.80
Nio, —22.8//-19.6%" C7-H7--02a>  2.55 3.180(6) 12297 Nig; —449  CI3-HI13- 2.73 3.575(13)  146.41
03’
Nig, —46.4//—41.5¢  Cl4—HI4-- 2.60 4.059(7) 156.88 C15—H15- 2.76 3.586(18)  143.92
O1a° 04°
C11(z)-- 3.838(7) Nigy —446  C13'—HI13/-- 2.90 3.638(16)  134.86
Cl14(xn)? 037
Nis,  —126.07/-1189% C4-H4--Ola* 270 3.143(6) 108.70 CIS'~HI1§" 2.55 3.414(18) 14891
02
C6—P£6b~-- 2.39 3.265(5) 151.32  Nig, -95.1 C5(x)--C6(x)® 3.362(12)
Ola
C1(x)--Cl1(n)* 3.561 Nig,/ -948  C5'(n)- 3.373(12)
Cce6'(n)®
Nigy  —136.8//-143.5% C6—H6a-02a° 254 3.315(6) 137.36
Cl1(n)--C8(x)® 3.561(6)
Cu-2a Cu-2b
Epe selected dg.n  dp.aOrdi.. b A B selected dyg.a  dp.aord.. Oppa
motif  (kJ-mol™") interactions® (A) A °) motif  (kJ-mol™") interactions® (A) A ©)
Cuy, —350  C4-H4-NI° 2.72 3.574(4) 14878  Cugy —344  Cl1-HI--02° 3.02 3.210(5) 92.33
Cug, —61.7  C7—-H7--HI12'° 2.89° Cug, —461  C2—-H2--0O1* 2.70 3.381(5) 128.67
Cug, =300  CI2-HI2-- 2.84 Cuy, —259  C7-H7--NI? 2.75 3.686(5) 164.51
HI12
Cug; —602  C3—-H3.-N1? 2.74 3.465(3) 13297  Cug -384  Cl4-Hl4- 2.70 3.511(6) 142.06
02
Cl1(z)--Cl1(m)" 3.284(3) Cug, -1002  Cé6(n)--C6(x)® 3.213(5)
Cug, -1109  Cu—Ol--N1" 2.582(2) Cug, -51.9  C16(x)- 3.694(7)
Cc17(n)?

“Calculated at the DFT(B3LYP)/6-311++G** level of theory with the Grimme dispersion correction applied. Geometries with the X—H neutron-
normalized distances were used for computations. “From the Ni-2a-100 K-dark-cooling-xtal-1 data set. “From the Ni-2b-160 K-dark-xtal-2 data
set. “The A—B dimers are referred to with the base symbols, while the respective B—A dimers are referred to with the primed symbols. “It should
be noted that the given interaction energy values describe the total interaction between the two molecules comprising the structural motif, i.e., they
include not only the presented hydrogen-bond(-like) contacts but also some other weak interactions that stabilize the system. HValues for
homodimers consisting of both molecules in the nitro form. #Values for homodimers consisting of both molecules in the endo-nitro form. hThe
same motif consisting of two MS (metastable state) linkage isomers, though in this case the C7—H?7---O2a interaction is not present. ‘H--H
contact.”The Cu—O coordination bond length. Symmetry operations are indicated as superscripts and defined as follows: (1) —x + 2, —y + 3, —z +
L2)xy—1,z03)—x+1,—y+2,—2z (4) —x+2,—y+2,—z+ 1;(S) —x+ 1, —y+2,—z+ L; (6) x+ Ly+ L, z; (7) x+ 1,,2; (8) —x + 1, —y
+1,-z+1;(9)x— 1,92 (10) —x+ 1, —y+ 1, —z; (11) —x, =y + 1, —2; (12) —x, =y + 2, —z + 1; (13) —x, =y + 1, —z + 1; and (14) x, y, 2 — 1.

6629

https://doi.org/10.1021/acs.inorgchem.2c00526
Inorg. Chem. 2022, 61, 6624—6640


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
d [ T d.| } d [
28 |0 [160K-A] | 25 |-° [160K-B]-| s |-© 290K ]

2.6

24

22

2.6

24

22

2.0

di

di di

A) 14 16 18 20 22 24 26 28 (A) 12 14 16

1.8 20 22 24 26 28

A 10 12 14 16 18 20 22 24 26 28

Figure §. Hirshfeld surface fingerprint plots’® generated for both the 160 K Ni-2b crystal structure for molecules A (left 6panel) and B (middle
panel) and the RT Ni-2b crystal structure (right panel). Plots were generated using the CRYSTALEXPLORER software.”

(Figure 3), which are additionally supported by lateral C—H---
O contacts. Similar to the case of Nig; and Ng,, these dimers,
apart from Nig,, are less energetically advantageous for the
endo-nitrito form (Table 3). Overall, as expected, the
dominating nitro isomer seems to be interact more effectively
in the crystal structure than its endo-nitrito equivalent. Despite
the limitations of the computational method used, it should
also be noted that due to the moderate population of the latter
linkage isomer its geometry is evaluated less reliably than that
of the nitro form, which may to some extent affect the
computational results.

In turn, in the Ni-2b crystal structure, the nitro group adopts
only the nitro binding mode throughout the 160—290 K
temperature range. Furthermore, it should be noted that no
significant differences were observed between various contact
types and their percentage contributions when both molecules
in the asymmetric unit of the Ni-2b structure were compared
(Tables 3 and 6S) in addition to the two Ni-2b polymorphs
(Table 6S), which is well illustrated by the very similar
interatomic contact patterns in the respective fingerprint plots
in Figure S (Table 7S). This shows that the phase transition
does not change the nature and number of the interatomic
contacts in the crystal structure very much and thus should not
affect the NO, isomerization potential. The crystal structure is
again stabilized by effective 77 interactions (motifs Nig, and
Nig,’) encountered for both molecules in the ASU (the
stabilization energies amount to —95.1 and —94.8 kJ-mol ™",
respectively). Regarding the nitro moiety, the centrosymmetric
Nig, motif (—39.6 kJ-mol™") linked via the C2—H2---O4 and
C2'=H2'---:02 hydrogen-bond-like interactions should be
distinguished. In this view, it is also worth mentioning that
the Nig, motif is not formed in the Ni-2b crystal structure and
the the 7---7 stacking contacts between the phenyl rings are not
observed (Nig, in Ni-2a). Instead, the Nig; motif, which is
stabilized by the C15—-HI15---O4 and C13'—H13’---O3
interactions, and its Nig; analogue are created. Nigz, Nigg,
and Nig; are characterized by very comparable interaction
energy values (around —45 kJ-mol™'). Nonetheless, it seems
that the nitro group in Ni-2b forms somewhat weaker
intermolecular interactions than that in Ni-2a.

Although the intermolecular interactions in the crystal
structures seem to be rather similar for all the studied
compounds, several remarkable differences were noticed for
the Cu-2a complex. First, the complex molecules here form a
strongly stabilized Cu, dimeric motif (Figure 6) in which the
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two moieties are bound together via the Cul---O1 coordina-
tion-bond-like interactions. The dimer stabilization energy
reaches —110.9 kJ-mol™". Other than that, the crystal structure
of Cu-2a is stabilized mainly by multiple weak hydrogen-bond-
like interactions, such as C4—H4---N1 (Cuy,; motif), and a
centrosymmetric pair of C3—H3---N1 (Cug;, motif) contacts;
the total interaction energies of the components of the motifs
are —35.0 and —60.2 kJ-mol ™", respectively. Interestingly, the
Cu-2a complex is distinguished by having the highest
percentage contribution of C—H contacts to the Hirshfeld
surface (Table 6S) among the studied systems. This is a result
of the mutual orientation of the complex molecules leading to
favorable edge-to-face-like interactions (C—H--7) between the
C7—H7 bond dipole and the phenyl ring. Such interactions
link the complex molecules in the Cug, centrosymmetric
motif, which is characterized by a stabilization energy of —61.7
kJ-mol™". Finally, it is worth mentioning that the remaining
motif, Cuc,, with the total interaction energy of —30.0 kJ-
mol™" is stabilized mainly by weak dispersive interactions
between the phenyl rings.

In turn, concerning the Cu-2b system, the C1—-H1--02,
C2—H2--01, and C7—H7--N1 hydrogen-bond-like interac-
tions involving the nitro group should be noted. The total
interaction energies of motifs stabilized mainly by these
contacts amount to —34.4 (Cug, motif), —46.1 (Cug; motif),
and —25.9 kJ-mol™" (Cuy, motif). The Cug, motif constitutes
the most energetically stable dimer (—51.9 kJ-mol™") among
those supported by interactions engaging the NO, group. It is
stabilized by a centrosymmetric pair of C14—H14---02
interactions along with the 7w stacking contacts between
the phenyl rings. It is also worth considering the best-stabilized
Cug, motif (—100.0 kJ-mol™" total energy) with a significant
contribution of the 7---7 stacking interaction between the Q
ligand rings. Here, no edge-to-face-like interactions were
identified.

As far as the photoactivity of the nitro group is concerned,
two factors regarding the crystal packing are of great
importance. These are the cavity volume and the intermo-
lecular interactions involving the ambidentate ligand. Indeed, it
is essential to ensure the space necessary for the NO, group to
undergo light-induced linkage isomerization.”'>™'®** Natu-
rally, not only the size of the cavity but also its shape are
relevant so as to ensure the smallest possible changes in the
unit cell upon the molecular transformation.'” Hence, the
reaction cavity volumes were calculated for all examined crystal
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structures using the MERCURY software (with the rolling-
probe method with a probe radius of 1.2 A and a grid spacing
of 0.1 A)”* and analyzed. The respective results are shown in
Table 4. It appears that there is no strict correlation between

Table 4. Reaction-Cavity Volumes (V_,,) per Complex
Molecule Calculated for the Ground-State Crystal
Structures”

compound Ve (A%)
Ni-2a 38.4°
Ni-2b 27.7°/32.7%/34.9¢
Cu-2a 37.1°
Cu-2b 33.6”

“Computed with the MERCURY program (probe radius of 1.2 A and
grid spacing of 0.1 A). Note that the standard deviation on V,, was
estimated to be ca. 0.5 A'® "Data were collected at 100 K.
“Symmetry-independent molecule A (data were collected at 160 K).
dSyrnmetry—independent molecule B (data were collected at 160 K).
“Data were collected at room temperature (only one molecule in the

ASU).

the metallic center type and reaction cavity volume. The largest
values were obtained for the Ni-2a crystal structure in which
two isomers are already present at 100 K and for the Cu-2a
system, which forms a strongly stabilized dimer in the crystal
structure via interactions between two ONO species (Figure
6). Provided that in the case of Ni-2a a mixture of the nitro
and endo-nitrito forms exists at temperatures below 200 K, it is
highly probably that this system is converted to the nitrito
linkage isomer upon light irradiation to a higher degree.
Importantly, all the obtained values are comparable to those
derived for the previously reported crystal structures of nickel
complexes exhibiting nitro-to-nitrito photoisomerism.'>' '
Concerning the interactions involving the nitro moiety, to
facilitate the desired chemical transformation, they should

contribute to the crystal stability but should not be too strong.
This can be to some extent resolved using relatively bulky
chelating ligands, which should not form strong hydrogen
bonds with the ambidentate species.””””” In the studied case,
the developed amine fragment seems to fulfill such criteria,
whereas the ONO group is usually involved in a few medium-
strength hydrogen-bond-like interactions. For the examined
nickel coordination compounds, these are solely the C—H:--O
type contacts, whereas C—H-N interactions additionally
appear in the case of the x-nitrito copper complexes. As
described above, and indicated in Table 3, these hydrogen-
bond-like interactions are in general characterized by the
energy values ranging from about —25 to about —30 kJ-mol ",
which on average are slightly less advantageous for copper
systems. Additionally, it should be noted here that the more
volumetric Q_ ligands in the case of the 2b systems indeed
contribute to some weakening of the interactions involving the
ONO fragment with respect to their 2a analogues.

Overall, it seems that the 2a group is characterized by
greater cavity volumes but slightly stronger interactions
engaging the ONO moiety in the crystal structure compared
to those of the 2b anaolgues. Nevertheless, based on these
findings, all the examined compounds have the potential to
give a positive response to the laser light and undergo the
isomerization reaction under some specific conditions.

3.2. Solid-State IR Spectroscopy. Solid-state infrared
(IR) multi-temperature spectroscopic experiments, also
performed after the sample was irradiated with LED light,
were conducted to determine the optimal isomerization
reaction conditions for each of the four systems under
consideration and to estimate the achievable conversion in
the case of thin-film samples (their purity and composition
were confirmed by elemental analyses and PXRD patterns; for
the latter, see the Supporting Information). Special attention
was paid to vibrational bands present in the 500—850 and

< \
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Figure 6. Main structural motifs encountered in the Cu-2a and Cu-2b crystal structures.
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Figure 7. IR absorption spectra for all studied complexes in the solid state. Black lines denote the ground-state spectra, while red lines denote
spectra recorded after 10 min of LED irradiation. For more information and difference spectra, see the Supporting Information.

1000—1500 cm™" spectral ranges, as according to literature
crucial vibrations of the ONO species should appear in these
regions.”>”>7*7* The obtained experimental results were
supported by theoretically predicted normal-mode frequencies
computed at the DFT(B3LYP)/6-311++G** level of theory
(Figures 6S and 7S and Table 8S).

When the temperature was decreased from RT to 10 K, only
some minor spectral changes were detected for the examined
samples (Figures 8S and 9S), indicating the low efficiency of
the thermally induced nitro-to-nitrito isomerization reaction.
As expected, the most visible, but still rather moderate,
temperature effects were noted for the Ni-2a thin-film sample,
which is in agreement with the single-crystal X-ray diffraction
experimental findings.

In turn, significant spectral changes were observed upon
UV—vis light irradiation, as illustrated in Figure 7, and in the
difference spectra in the Supporting Information (Figures
125—198). As far as the nickel systems are concerned, the most
noticeable effects in the IR spectrum were generated by the
LED light in the 405—530 nm wavelength range (at 10—200
K) for Ni-2a, while for Ni-2b the effective wavelength range
was red-shifted. After the sample was exposed to the 530 nm
LED light at 140 K, the 569—578 cm™' band for Ni-2a (553
cm™' for Ni-2b at 180 K, in parentheses hereafter) assigned to
the w(NO,) wagging vibration mode almost completely
disappeared. Furthermore, the intensity of the 822 (824)
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cm ™' band, which can be attributed to the §(NO,) scissoring
vibration, decreases for Ni-2a (the band remains almost
unshifted at 826 cm™") and nearly vanishes for Ni-2b. In the
case of Ni-2a, however, a further band at 870 cm™ almost
disappears upon irradiation, so it is not obvious which of the
822 and 870 cm™! bands corresponds to the §(NO,) mode.
The identification of new bands that arise along with the
generation of the endo-nitrito form in the 400—1000 cm™*
spectral region is not unambiguous either due to the significant
shifts of several bands. These shifts are caused by the overall
structural adaptation of the molecules induced by the NO,
isomerization. In the spectral 1000—1550 cm™" spectral region,
one can observe the intensity decrease of the symmetric
V((NO,) and asymmetric v,(NO,) stretching vibrations,
located at 1342 (1333) and 1378 (1384) cm™, respectively,
upon isomerization. In turn, new bands arise at 1104 (1102)
and around 1408 (1416) cm™" that correspond to the v(N—O)
and v(N=O0) stretching vibrations of the nitrito binding
mode, respectively. Such spectral behavior is characteristic of
the nitro-to-nitrito transformation,"¥*™®” which has been
confirmed by the theoretical computation of vibrational
frequencies for the respective linkage isomers (Table 8S).
On the basis of the observed spectral changes, the highest
achieved level of conversion for the Ni-2a and Ni-2b
complexes can be estimated to about 95—100% and 90%,
respectively, whereas the nitrito form was present in the

https://doi.org/10.1021/acs.inorgchem.2c00526
Inorg. Chem. 2022, 61, 6624—6640


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00526/suppl_file/ic2c00526_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00526?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

samples below 220 K. The optimal isomerization reaction
conditions are presented in Table S.

Table S. Optimal Isomerization Reaction Conditions for the
Studied Systems in the Solid State Based On the IR
Spectroscopy Results”

compound Air (nm) T,, (K) T,y (K)
Ni-2a 470-530 10—140 220
Ni-2b 530 180 220
Cu-2a 590 10 60
Cu-2b 405 10 80

“Symbols are defined as follows: A, the most efficient LED central
wavelength regarding the generation of the metastable linkage isomer;
Ty, the temperature at which the metastable linkage isomer’s
population is the highest; and T, the temperature at which the
system reverts back to the ground state.

In the case of the copper complexes, after the 405—660 nm
LED light irradiation at 10 K, the 837—854 cm™! bands for the
Cu-2a complex (405—590 nm LED light; 837 cm™" band for
Cu-2b, in parentheses hereafter) partially disappear. This band
is assigned to the 5(ONO) mode of the xk-nitrito configuration.
Furthermore, a new band emerges around 820 (815) cm™,
which is associated with the scissoring 6(NO,) vibration
characteristic of the nitro binding mode. Additionally, some
shifts and intensity decreases of the bands located at 1118
(1135) and 1402 (1380—1400 range) cm™’, corresponding to
the v(N—O) and v(N=O0) stretching vibrations, respectively,
were observed. This may result from the decrease of the
population of the ground-state x-nitrito isomer for the benefit
of the light-induced nitro linkage isomer. The presumed partial
nitrito-to-nitro transformation is supported by the theoretical
computations (Table 8S). The effect seems to be rather
moderate yet visible. A stronger light-induced effect was
observed for the Cu-2a thin-film sample, indicating its more
efficient isomerization when compared to that of Cu-2b. The
generated metastable linkage isomer was present up to about
60—80 K.

Importantly, no noticeable sample fatigue was observed and
all important spectroscopic features were reproducible,

confirming the reversibility of the transformation. The
experimentally determined optimal conditions for further
photocrystallographic investigations are indicated in Table S.

3.3. Photocrystallography. Since the copper systems
work moderately and only below 80 K, while nickel complexes
in the solid state are more effective and undergo the
isomerization reaction above 100 K, only the nickel
compounds were further investigated photocrystallographi-
cally. Irradiation wavelengths were initially set to 530 nm
(LED central wavelength), and the photoisomerization
reaction temperature was set to 140 K for Ni-2a and 160 K
for Ni-2b based on the IR spectroscopy and multi-temperature
X-ray diffraction results. However, preliminary photocrystallo-
graphic experiments showed that single crystals of Ni-2a
degraded rather easily under such conditions. It appeared that
changing the excitation wavelength to 590 nm facilitates full
data collection. Importantly, using the respective LED,
relatively efficient photoisomerization was also observed by
the solid-state IR spectroscopy technique (conversion at the
70% level versus 95% at 10 K for the 590 and 530 nm LED
light irradiation, respectively; based on data from solid-state
UV—vis spectroscopy performed at RT, the 590 nm wave-
length matches well with the absorption tail of the Ni-2a
sample). In turn, in the case of Ni-2b, the photocrystallo-
graphic experiment was conducted at 160 K rather than 180 K
to better facilitate disorder-model refinement. It should be
stressed here that the IR spectroscopy results show only minor
differences in the photoisomerization reaction efliciency
between 140 and 180 K. Detailed information on the
photocrystallographic experiment strategy is given in the
section 2.

In the cases of both Ni-2a and Ni-2b, when the target
temperature was reached before irradiation, only the nitro
isomer was present in the crystal structure (for Ni-2a a
“frozen” ambient structure was obtained due to faster cooling).
However, exposing the single crystals of Ni-2a and Ni-2b to
the specified LED light for about 30 and 45 min, respectively,
caused a partial transformation from the nitro binding mode to
endo-nitrito binding mode as shown in Figure 8, which
contains the respective photodifference Fourier maps (they
show the electron density difference betweenthe light-ON and

Figure 8. Photodifference Fourier maps (FON—F°) indicating the coexistence of both nitro (—=N(Q),) and endo-nitrito (—ONO) linkage isomers
for (a) Ni-2a and two symmetry-independent molecules of Ni-2b, namely (b) molecule A and (c) molecule B. Solid blue lines represent positive
values, dashed red lines represent negative values, and contours are at +0.2 e-A™>.
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light-OFF crystal structures). It should be noted that the
longer irradiation of both samples caused their degradation.
Presumably, non-uniform metastable-state (MS) population
build-up leads to significant tensions, thus resulting in the
sample decay. Furthermore, no traces of the exo-nitrito isomer
(7'-ONO) reported for similar nickel(II) nitro complexes were
detected.'®”””® The population evolution of the linkage isomer
along with temperature increase for Ni-2a is shown in Figure 9.
Additionally, Table 6 gathers the corresponding numerical
data, including also the cavity volume changes during the
whole experiment for both Ni-2a and Ni-2b.

50 4 @ cooling cycle (15t crystal)
(2 heating cycle (1% crystal)
@) irradiation and heating (2" crystal)
40 L
endo-nitrito
g\‘i *
: 1 ®
S *
©
> . .
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o
i 8——8 —
104 g— é =
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0 (o] [+
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100 120 140 160 180 200
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Figure 9. Populations (P) of the metastable linkage isomer (endo-
nitrito form) for the Ni-2a complex observed during the multi-
temperature (cooling and heating) and photocrystallographic experi-
ments. Blue circles denote data from the cooling experiment, red
squares denote data from the heating experiment, and green stars
denote data from the heating experiment after LED irradiation
(denoted schematically with a thick green arrow; the 140 K structure
before irradiation is shown as a green circle). Note that a different
crystal was used for the photocrystallographic experiment than that
used in the multi-temperature measurements.

Table 6. endo-Nitrito Linkage Isomer Populations (P) and
Reaction-Cavity Volumes (V,,) per Complex Molecule
Calculated for the Ni-2a Complex during
Photocrystallographic Experiments®

compound T (K) P (%) Ve (A%)
Ni-2a 140° 0.0 39.4
140 262(2) 38.8
160 34.3(3) 335
180 ~3° 317
200 0.0 41.09
Ni-2b” 160" 0.0 27.7%/32.7°
160 36(1)4/37(1)¢ 28.19/30.9¢
240 0.0 30.57/34.4°

“Calculated before and after irradiation during structure thermal
relaxation. Cavity volumes were computed with the MERCURY
program (probe radius of 1.2 A and grid spacing of 0.1 A). Note that
several values are provided for the Ni-2b crystal structure. Note that
the standard deviation on V,,, was estimated to be ca. 0.5 A3'
Before irradiation. “Roughly estimated based on the generated
residual density maps. dSymmetry—independent molecule A. “Sym-
metry-independent molecule B.
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Based on the refinement of the observed structural disorder,
the isomerization reaction conversion level was determined to
be ca. 26% for Ni-2a and around 36% for both symmetry-
independent molecules A and B in Ni-2b, respectively.
Interestingly, it appeared that in the case of Ni-2a it was
possible to further increase the population of the endo-nitrito
form to around 34% by increasing the temperature of the
system by 20 to 160 K. The temperature effect is much more
pronounced in the photocrystallographic data when compared
to that in the multi-temperature results. As far as the Ni-2a
crystal structure is concerned, the photoinduced isomer was
observed below 200 K. Such a result is in agreement with the
multi-temperature experiments, which also indicated the full
relaxation of the isomerization reaction product at 200 K
(Table 6). Similarly, the solid-state IR spectra showed some
traces of the metastable isomer up to 220 K at best. The
changes of the endo-nitrito isomer population with temperature
may also suggest that the effect of irradiation vanishes between
160—180 K and solely the temperature effect is further
observed. Otherwise, these findings and our further tests show
that the process is fully reversible and repeatable.

In the case of the Ni-2b crystal structure, the endo-nitrito
state population achieved after irradiation of the sample at 160
K is comparable to that obtained for Ni-2a at the same
temperature. Full relaxation of the Ni-2b sample to the
ground-state (GS) nitro isomer at 240 K was confirmed
crystallographically. A detailed examination of the crystal was
not possible due to its degradation due to temperature changes
and irradiation.

As far as the cavity volume is concerned, there is no strict
correlation between its size and the level of conversion. In the
case of Ni-2a, a decrease in the cavity volume occurs when the
metastable form appears. Although this change just after crystal
irradiation at 140 K is rather moderate, when the temperature
is elevated to 160 K, a significant shrinking of the cavity
volume is noted, i.e., from around 39 to 33.5 A3, along with a
further 8% increase of the population of the endo-nitrito form.
The cavity size remains small at 180 K (taking into account
both its absolute volume and the size of the unit cell), at which
point only the residual metastable state population can be
detected. In turn, at 200 K, where the system reverts fully back
to the nitro form, the cavity volume expands again, reaching 41
A% The observed changes seem somewhat delayed with
respect to the endo-nitrito isomer (MS) population and
temperature changes, which might be attributed to the
isomerization reaction kinetics and slower geometrical changes
of the whole system toward achieving the thermodynamic
equilibrium, among others. The shrinkage of the reaction
cavity volume with the generation of the MS linkage isomer
species constitutes behavior opposite of that earlier reported in
the literature.”>~'®*° Importantly, in these previous studies,
the exo-nitrito form was observed prior to the endo-nitrito
isomer. Since the two isomers have different shapes, they pack
in the cavity in different ways; thus, they may impose some
different structural response when they form. The formation of
the more spatially extended exo-nitro binding mode may
require some more significant structural changes or more space
in its closest environment than is the case for a more compact
endo-nitrito linkage isomer, which further affects the size of the
reaction cavity. It should also be noted that for Ni-2a the
reaction cavity volume changes are much more pronounced
after single-crystal sample irradiation than during the multi-
temperature X-ray diffraction experiments. It seems that in the
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(a)

(b)

Figure 10. Overlay of molecular geometries obtained from the experiment at 140 K (red), isolated-molecule calculations (blue), and QM/MM
calculations (green) for the (a) nitro and (b) endo-nitrito isomers of the Ni-2a complex. Hydrogen atoms have been omitted for clarity. The N2,
N3, 03, and metal atoms have been superimposed using the least-squares procedure implemented in the MERCURY program.

latter case the temperature has the primary effect on the
reaction cavity volume changes, as these are strongly correlated
with thermal changes (expansion and contraction) of the size
of the unit cell as a whole (thus, the MS linkage isomer
population increase has almost no impact).

In the case of the very alike A and B molecules (both
regarding their geometry and intermolecular interactions) in
Ni-2b, although their respective cavity sizes are different
(greater by a few angstroms cubed for molecule B), the
increased metastable linkage isomer populations are statisti-
cally equal. It should be noted that the cavity volume changes
are in general less notable for Ni-2b than those observed for
Ni-2a. After the irradiation of the sample at 160 K, the cavity
volume at the A site almost does not change (it moderately
increases by about 0.5 A% which is within the estimated
errorm), while that at the B site decreases by 1.75 A3, which is
similar to the cavity volume change noted for Ni-2a upon
irradiation at 140 K. At 240 K, at which no metastable state is
present, the cavity volume is again greater but not to such an
extent as that in Ni-2a.

3.4. Computational Analysis of Nickel(ll) Systems. To
gain some more insights into the examined processes and
support the experimental observations, theoretical computa-
tions were conducted. Therefore, geometry optimizations of
the nitro and endo-nitrito isomers of Ni-2a and Ni-2b were
performed both for the isolated molecules and using the QM/
MM approach, which reflects crystal confining effects
well. 19588792 The latter optimizations were based on the
crystal structures after irradiation (collected at 140 K for Ni-2a
and at 160 K for Ni-2b). A comparison of the experimental
and optimized molecular geometries is presented in Figure 10,
whereas the molecular energy values computed for each
geometry complemented by the hypothetical exo-nitrito isomer
are gathered in Table 7.

Based on the computational results, the nitro isomer
constitutes the most energetically stable form in the case of
the studied nickel(II) complexes. In contrast, the exo-nitrito
isomer is generally the least energetically favorable one. It
should be stressed here that, considering solely the isolated-
molecule optimization results, it appears that the endo- and exo-
nitrito forms in Ni-2b are characterized by almost the same
molecular energies. In Ni-2a, the difference is more
pronounced, but it still does not exceed 10 kJ-mol™'. The
situation looks diametrically different when the crystal
environment is considered. As far as the QM/MM modeling
is concerned, the exo-nitrito form is less energetically
advantageous by ca. 40—75 kJ-mol™" when compared to its
nitro equivalent in the crystal structure and by at least 20 kJ-
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Table 7. Energy Differences (AE,,) between the Ground
(Nitro) and Metastable (endo-Nitrito) Linkage Isomers
Computed Using the QM/MM Approach and the
Optimized Isolated-Molecule Geometries”

AE,,/kJ-mol ™
complex form QM/MM isolated molecule
Ni-2a nitro 0.0 0.0
endo-nitrito 48.4 5.9
exo-nitrito 73.8 143
Ni-2b (molecule A) nitro 0.0 0.0
endo-nitrito 15.5 8.2
exo-nitrito 60.3 8.6
Ni-2b (molecule B) nitro 0.0 0.0
endo-nitrito 212 8.2
exo-nitrito 41.2 8.6

“Computations were performed at the DFT(B3LYP)/6-311++G**
level of theory.

mol™' when compared to the endo-nitrito analogue. Such
results justify the absence of the exo-nitrito species in the
crystal structure under the examined conditions.

Apart from the advantageous energies calculated for the
respective molecules, intermolecular interactions formed by
the GS and MS species are also very important. Those formed
by GS species break during the isomerization process, whereas
those formed by MS speciesstabilize the final product. Thus,
various types of dimers consisting of the endo-nitrito
metastable state or the nitro ground-state form were
considered and subjected to interaction-energy calculations.
Figure 11 shows the interaction energy trends when the nitro
isomers are substituted with their endo-nitrito equivalents for
the selected representative dimers. In the case of Ni-2a, it
appears that dimers formed by the nitro and endo-nitrito
isomers are characterized by rather comparable stabilization
energy values. As shown in Figure 11a, it seems that the Nig,;
and Nig, motifs are best stabilized when both components
exist in the nitro form (GS—GS-type dimers), whereas the
least-stabilized motif is composed of two endo-nitrito isomers
(MS—MS-type dimers). The differences between the extreme
values do not exceed 20% of the GS—GS interaction energy.
The opposite trend is present for the Nig-type motifs
dominated by the -7 stacking interactions. However, in
this case the differences between the extreme interaction
energy values are significantly smaller (reaching a few percent
at maximum). These results show that the nitro isomer is
indeed better stabilized on average in the Ni-2a crystal
structure than the endo-nitrito form, but the difference is rather
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Figure 11. Motif interaction energies for selected (a) Ni-2a and (b) Ni-2b dimers containing one or two metastable (MS) endo-nitrito forms
compared with ground-state (GS) dimers. For numerical data, see the Supporting Information. GS-MS means that the first molecule is in the
ground state and the second molecule in the excited state; in the case of asymmetric motifs, the first molecule is always the left one, as shown in

Figure 4.

moderate. In turn, for Ni-2b, changing the nitro form to the its
endo-nitrito linkage isomer weakens the dimer stabilization
energy in all the cases, but the energy differences are less
pronounced than those in the case of Ni-2a. Considering solely
the molecular energies of various analyzed isomers and the
strengths of the intermolecular interaction they form in the
crystal structure, Ni-2b should be slightly more eager to
undergo the isomerization reaction. On the other hand, the
reaction cavity volume is significantly greater for Ni-2a, which
is beneficial regarding potential chemical transformations.

4. SUMMARY AND CONCLUSIONS

In the current contribution, two promising photoswitchable
nickel(II) nitro coordination compounds and their copper(II)
analogues were synthesized and comprehensively investigated
using (photo)crystallographic, spectroscopic, and computa-
tional techniques. In all these systems, the metal center is
chelated by (N,N,0)-donor ligands containing either 2-
picolylamine or 8-aminoquinoline fragments and coordinated
by the nitro group as an ambidentate photoactive moiety. The
obtained compounds are easy to synthesize and stable under
ambient conditions. The main difference between the nickel
complexes and the analogous copper systems is the preferred
binding mode of the NO, fragment. The nickel systems exist
preferably in the nitro form, whereas the obtained copper
compounds exist as the x-nitrito linkage isomers. Otherwise,
the crystal packing is, in general, similar in all the studied
crystal structures. It seems that the nitro group has slightly
stronger interactions with the surrounding species in the case
of the 2a complexes than in the case of 2b, which possess
larger (N,N,0O)-donor ligands. In all the systems, the reaction
cavity volumes are comparable to the literature-reported values
for photoswitchable systems of these kinds.

Two facts are worth mentioning regarding the behavior of
the samples regarding the temperature changes in the 100—300
K range. First, the monoclinic-to-triclinic transition of Ni-2b
single crystals was observed at ca. 275 K. Second, the thermally
governed partial transformation of the nitro isomer to its endo-
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nitrito equivalent takes place in Ni-2a. In the former case, the
phase transition has only a minor influence on the crystal
packing and almost does not affect the type and strength of the
interatomic interactions. In the latter case, the endo-nitrito
isomer appears in the crystal structure at temperatures between
100 and 180 K (upon both the cooling and the heating of the
crystal); however, its population does not exceed 12%.
Regarding the reaction cavity volume, its changes are caused
mainly by the temperature factor and the effect of the
increased population of the endo-nitrito linkage isomer can be
neglected.

The solid-state IR spectroscopy results indicated that close
to 100% LED-light-induced (530 nm) isomerization of the
thin-film samples of nickel compounds was achieved at 10—
140 K for Ni-2a and 140—180 K for Ni-2b. The metastable
linkage isomer was present up to 220 K, which is still a
relatively high temperature compared to the most effectively
workin$ nitro complexes of transition met-
als, > >19101972123,24959% e experiments also confirmed
the full reversibility of the process. In turn, as far as the
copper complexes are concerned, they are active only at very
low temperatures and the best results are achieved at 10 K.
The light-induced changes are rather moderate in this case,
while some traces of the metastable forms last until 60—80 K at
best. IR experiments suggest that the initial x-nitrito isomer
transforms partially to the nitro form. Such a switching could
be expected, since the nitro binding mode is the second most
common linkage isomer as far as the copper complexes are
concerned. Regarding the thermally induced isomerization, it
should be noted that for all the samples the temperature effect
itself is rather small. The most visible changes were observed
for Ni-2a, which is in agreement with the multi-temperature X-
ray diffraction results.

The conducted photocrystallographic experiments con-
firmed the photoswitching properties of the studied nickel
complexes. However, the achieved maximum light-induced
metastable state populations in the single crystals reached
about 35% in both cases. As indicated by the IR experiments
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on thin films, the achievable conversion could potentially be
higher; however, longer irradiation caused the single crystal to
decay. Another interesting observation, not reported before, is
the fact that the cavity volume shrinks along with the
photogeneration of the endo-nitrito isomer. Nevertheless, it
should be noted that in all the other cases in which cavity
volume changes due to crystal irradiation were reported, the
exo-nitrito binding mode was formed prior to the endo-nitrito
species. In both the Ni-2a and Ni-2b crystal structures, no
traces of this former isomer were detected. This could be the
explanation for the trend, as the exo-nitrito linkage isomer may
cause more significant structural changes in its closest
surroundings due to its shape. The reluctance of the examined
systems to exist in the exo-nitrito form was supported by the
computational analysis. Computations also showed that the
endo-nitrito isomer is well-stabilized in the analyzed crystal
structures.
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