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ABSTRACT: Nitro—nitrito isomerization is a well-known photoreaction exhibited by metal complexes
in the solid state. We previously reported that the isomerization ratio in the salts of a cationic
platinum(Il) nitrito complex [Pt(L)(NO2)]* (L = N!-(2-(dimethylamino)ethyl)-N? N?-dimethyl-N*-
pentyl-1,2-ethanediamine) is correlated to the reaction cavity surrounding the nitrito ligand. In this
study, to further elucidate the effect of the packing structure on the reaction, we investigated the
photoisomerization of the same cation in different packing environments. The salt of the cationic
complex with the PFg anion gave three polymorphs (a-, f-, and j~forms) and a pseudopolymorph (&
form, acetonitrile solvate), of which the yform is formed from the &form upon desorption of
acetonitrile. These polymorphs exhibited 36-100% conversions at 180 K depending on the reaction
cavity. In addition, the g-form exhibited a space group change upon photoirradiation. The salt with the
(CF3S0O2)2N" anion was an ionic liquid, taking both the crystalline and glassy states at low temperature.
The crystalline state exhibited approximately 30% conversion at 100 K, whereas photoisomerization
was not observed in its glassy state as investigated by IR spectroscopy. In these salts, less densely

packed crystals deteriorated upon photoirradiation.
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INTRODUCTION

Photochemical reactions of molecular compounds in the solid state have attracted considerable
attention for several years.'® Nitro—nitrito photoisomerization is one of the most well-known solid-state
photoreactions of metal complexes with nitrito ligands.®’ In this linkage isomerization reaction, the
thermodynamically stable nitro isomer (nitrito-xN) isomerizes to the nitrito isomer (nitrito-xO) upon
ultraviolet (UV) photoirradiation (Figure 1). The endo isomer is usually observed, whereas the exo
isomer is observed at an intermediate stage. Such photo-switching phenomena are important in terms of
application to energy conversion, optical memory, electronic devices, etc., and the photoisomerization
mechanism is under active investigation. Recently, Hatcher and Raithby investigated the nitro-nitrito
photoisomerization of a number of metal complexes in detail using in situ photocrystallography,
revealing varying degrees of conversion > with only a few complexes exhibiting 100%
conversion.'®*? Furthermore, Boldyreva and Naumov revealed that the photoisomerization of cobalt
complexes leads to photomechanical properties.’*> Studies on the photoisomerization of several
ammine®®1® and organometallic®® complexes have suggested that the conversion is related to the
reaction cavity surrounding the NO. ligands. However, despite the long history of its investigation, the
factors governing the photoreaction have not been well understood.

In our previous study, we quantitatively demonstrated that the nitro-nitrito conversion in crystals was
governed by the reaction cavity surrounding the nitrito ligand.?® We investigated the
photoisomerization of salts of a cationic chelate Pt" complex [Pt(L)(NO2)]* (L = N-(2-
(dimethylamino)ethyl)-N? N2-dimethyl-N*-pentyl-1,2-ethanediamine) with Pt(NO2)s>~ and FSA anions
(1-Pt(NO2)4 and 1-FSA, Figure 2) by in situ photocrystallography and found a correlation between the
conversion and reaction cavity volume. Correlation between the reactivity and reaction cavity has also
been found for various reactions in molecular crystals.?>?

In this study, to further elucidate the effect of the packing structure on the reaction, we synthesized
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salts of the Pt'" complex with PFs and (CF3SO2)2N anions (1-PFs and 1-Tf2N, Figure 2). 1-PFs formed
three polymorphs and a pseudopolymorph, whereas 1-Tf2N was an ionic liquid exhibiting both
crystalline and glassy states at low temperature. These features enabled investigation of the
photoisomerization of the same complex in different packing environments. Tf2N is a bulky low-
symmetry anion often used as a component of ionic liquids,?®® which we have used to synthesize a
number of metal-containing ionic liquids.?”~*° In addition, less densely packed crystals were found to
exhibit crystal deterioration upon photoirradiation. Comparison of these and previously reported salts

elucidated the effect of the crystal environment on the photoisomerization reaction.
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Figure 1. Nitro—nitrito linkage isomerization of metal complexes with a nitrito auxiliary ligand.
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Figure 2. Structures of the (a) cation and (b) anions used in our study. The Pt(NO2)s>~ and FSA™ anions

were used in the previous study.?

RESULTS AND DISCUSSION
Synthesis and Thermal Properties. The obtained solid forms of 1-PFes and 1-Tf2N are summarized

in Figure 3. 1-PFs gave three polymorphs, which are designated here as o-, f-, and y~forms, of which
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the o-form was dominantly obtained. The jform was obtained from a pseudopolymorph of an
acetonitrile solvate (o-form) by the loss of solvent in a few days when left in air. 1-Tf2N was obtained
as a colorless ionic liquid, which formed a glassy state at a low temperature, but single crystals were
also obtained by recrystallization from ethanol-diethyl ether. The thermal properties of a-1-PFs and 1-
Tf2N were investigated by differential scanning calorimetry (DSC) and thermogravimetry-differential
thermal analysis (TG-DTA). The thermodynamic data are summarized in Table 1 along with those of 1-
Pt(NOz2)s and 1-FSA reported previously.?

The melting points of the crystals of a-1-PFs and 1-Tf2N were 462.5 and 363.5 K, respectively. No
phase transitions were observed down to 150 K in either salt. Upon cooling from the melt, o-1-PFs
exhibited crystallization, but 1-Tf2N exhibited a glass transition at 272 K. The DSC trace of 1-Tf2N is
shown in Figure 4. The ratio of the glass transition temperature to the melting point (T¢/Tm) of 1-Tf2N
was 0.75, which is comparable to the typical values for molecular liquids (Tg¢/Tm = 2/3).3t Pd'l-
containing ionic liquids with the TH2N anion exhibiting similar thermal behavior have been reported
previously.®2

The TG-DTA traces of these salts are shown in Figure 5. The decomposition temperatures of a-1-
PFs and 1-Tf2N (Taec, 3 Wt% weight loss temperature) were 519 and 517 K, respectively, which were
similar to that of 1-FSA (Teec = 523 K). In the DTA trace of each salt, a large exothermic peak was
observed around the decomposition temperatures, which is ascribed to the decomposition of the NO>
ligand. a-1-PFs exhibited a two-step weight loss similar to 1-FSA,? the first (~10 wt%, 510-530 K)
and the second step (~40 wt%, 530-560 K) correspond to the losses of NO> (calculated value: 8 wt%)

and chelate ligand (37 wt%), respectively. In contrast, 1-Tf2N exhibited a gradual weight loss.



Different solid forms of 1-PFs and 1-Tf,N
a-form (82%)
p-form (36%, 100%)
y-form (40%, deterioration)

o-form [MeCN solvate]
Crystal state (28%, deterioration)

[A-Tf:N] -[
: Glassy state (0%)

Figure 3. Summary of the solid forms of the salts investigated in this study, with their

photoisomerization ratios shown in parentheses.

Table 1. Melting Points (Tm), Melting Enthalpies (AHm),
Glass Transition Temperatures (Tg), and Decomposition

Temperatures (Tqec) of the Synthesized Salts

complex Tw/K  AHwkI-mol?t Ty/K ToTm  Tae/K
a-1-PFg 462.5 27.0 - - 519
1-Tf:N 363.5 205 272 0.75 517
1-FSAP 392.6 29.6 280 0.71 523
1-Pt(NO2)>  459.5 68.1 333 0.72 496
4Determined by TG analysis (3 wt% weight loss temperature).
"Ref. 21.
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Figure 4. DSC traces of 1-Tf2N measured at 10 K min™%, where cr., lig., and gl. stand for the crystal,

liquid, and glassy states, respectively.
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Figure 5. TG-DTA traces of a-1-PFs (blue line) and 1-Tf2N (green line) measured under a nitrogen

atmosphere at 3 K mint. The TG and DTA curves are represented by solid and dashed lines,

respectively.

Crystal Structures of the 1-PFs Polymorphs. The crystal structures of the three polymorphs of 1-
PFs (-, f-, and y~forms) were determined at 180 K. The structures determined at 100 K were almost
identical to those at 180 K. The pseudopolymorph (5-form) containing acetonitrile was also structurally
characterized, which was isomorphous to the y~form.

The packing diagrams of the o, /-, and - forms are shown in Figure 6a—c. Their space groups
were P21, Pccn, and P2i/c, respectively. The cation structures in these crystals were almost the same,
comprising a planar four-coordinate structure with a nitrito—xN coordination. The pentyl substituent in
each cation adopted the all-trans conformation without disorder, except for the y~form, as shown below.
The anions were located near the coordination plane of the cation in each salt. The asymmetric units in
the o~ and »~ forms contain two crystallographically independent pairs of cations and anions (Figure 6a
and c), whereas, that in the g-form, contains only one. Their packing efficiencies varied, as discussed
later.

The packing structure of the o-form (acetonitrile solvate) is shown in Figure 6d. The crystal was



isomorphous to the y~form (Figure 6c¢); hence, the packing structure was maintained after the loss of the
solvate molecule. The occupancy of the solvate molecule was 0.5, and the molecules were
accommodated in a one-dimensional channel running along the a-axis, which accounts for its easy loss.
The unit cell volumes at 180 K before and after the solvent loss were 4540.8(8) A% and 4503.9(4) A3,
respectively, reduced by only 0.8%. Therefore, the crystal contains large voids after solvent loss. The
molecular structures of the cation before and after solvent loss were almost identical. The alkyl chain in
cation A exhibited an all-trans conformation, whereas, that in cation B, surrounding the solvate
molecule channel and thereby thermally mobile, exhibited a partial cis conformation with larger

thermal ellipsoids.

a) a-form b) g-form

Figure 6. Packing diagrams of (a) a-, (b) /-, (c) -, and (d) oforms of 1-PFs at 180 K. The solvate

molecule in (d) is displayed in the CPK model. The hydrogen atoms have been omitted for clarity.

Photoisomerization of the 1-PFs Polymorphs. The polymorphs of the PFe salts exhibited different
photoisomerization behaviors, as examined by X-ray crystallography. The photoirradiation was
conducted at 180 K to suppress thermal relaxation. After photoirradiation for 13 h, the a-form
exhibited 82% conversion, whereas the pg-form exhibited a space group change, giving two

crystallographically independent cations with 36% and 100% conversion. The j-form exhibited 40%
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conversion, followed by crystal deterioration.

The unit cell of the a-form contains two crystallographically independent cations (cations A and B,
Figure 6a). The structures of cation A before and after photoirradiation (365 nm) for 13 h at 180 K are
shown in Figure 7a. Cation B exhibited almost the same structural change (Figure S1 in the Supporting
Information). After photoirradiation, the nitrito ligands exhibited disorder and the population of the
endo-nitrito-xO isomer increased. The conversion of cations A and B after 13 h of photoirradiation was
81% and 83%, respectively, which are within experimental error. The time course of the
photoisomerization was almost the same as that of 1-FSA and 1-Pt(NO2)s,2* reaching almost constant
after 4 h. After photoirradiation, anion B exhibited a two-fold rotational disorder (0.72:0.28), whereas
anion A remained ordered. This cation—anion distance is longer for anion B (Pt—Pers) = 6.0 A) than for
anion A (Pt—Persa) = 4.9 A), which may cause less efficient electrostatic interactions, allowing disorder.
Slight expansion of the unit cell was observed after photoirradiation (+1.3%), which is ascribed to the
larger size of the nitrito-kO isomer.>® To examine the thermal relaxation effect, after 13 h data
collection, the sample was left in darkness at 180 K for 4 h, and the structure determination was then
performed again. The isomer population decreased by only a few percent, similar to 1-Pt(NO2)as,
indicating that the thermal reverse reaction was not significant at this temperature. Photoisomerization
was not crystallographically observed after photoirradiation at 293 K, owing to thermal relaxation.

The photoisomerization of the a-form was also detected using IR spectroscopy. After
photoirradiation for 1 h at 180 K, peaks appeared at 1080 and 1425 cm™, associated with the
decreasing intensity of the peak at 1370 cm™ (Figure S2 in the Supporting Information). The spectrum
before photoirradiation was recovered when the sample was heated to 300 K owing to thermal
relaxation. The nitrito—«O and nitrito—xN stretching frequencies estimated by density functional theory
(DFT) calculations were 1043 and 1368 cm™, respectively, consistent with the spectral changes, which

are similar to those of 1-Pt(NO2)s, 1-FSA?! and related compounds.?



Photoisomerization of the p-form accompanied a space group change from orthorhombic Pccn to
monoclinic P2:/c, although the unit cells were almost identical. This structural transformation is
unprecedented, but there are examples of space group changes upon nitro-nitrito and other
photoisomerization reactions.®% In the current case, the packing structure was essentially unchanged
upon photoirradiation, but the number of crystallographically independent cations doubled (Figure 7Db).
The resulting two cations with different environments exhibited different conversions after 13 h of
photoirradiation: 36% for cation A (only the exo-nitrito-kO isomer) and 100% for cation B (a mixture
of 42% exo and 58% endo nitrito-kO isomers). The unit cell volume increased by only 0.6%.

Photoirradiation of the y~form for several hours resulted in the deterioration of the crystal, although
structural analysis after 1 h of photoirradiation at 180 K was possible. The pentyl substituents in the
cations and anions exhibited disordered structures, and the conversion was 39% and 40% for molecules
A and B, respectively, which are within experimental error (Figure S3 in the Supporting Information).
No further discussion is given owing to the low data quality. Structure determination after
photoirradiation at 100 K failed. The deterioration of the crystals is ascribed to the porosity of the

crystal, as discussed later.

a)

O
~

Cation A Cation B



Figure 7. Molecular structures of the cations in (a) a-1-PFs (cation A) and (b) f-1-PFs at 180 K before
and after photoirradiation for 13 h. The lower occupancy moieties in the disordered parts are shown in
gray. Reaction cavity surrounding the NO> ligand is also shown in (a). The hydrogen atoms have been

omitted for clarity.

Correlation between Reaction Cavity Volume and Conversion. As reported in our previous
study,?! the nitro-nitrito photoisomerization reaction is governed by the reaction cavity surrounding the
NO: ligand. The reaction cavity also accounts for the observed difference in the photoreactions of the
polymorphs of 1-PFe.

The reaction cavity surrounding the nitrito ligand in each salt was calculated for the 180 K structure
before photoirradiation. The reaction cavity is defined as the space surrounded by the spheres of atoms
surrounding the ligand, and the radius of the sphere is larger by 1.2 A than the van der Waals radii of
the corresponding atom.?® The reaction cavity volumes are listed in Table 2 along with the conversion
in each salt. The reaction cavities of cations A and B in the a-form are shown in Figure 7a and Figure
S1 in the Supporting Information, respectively. They have relatively large reaction cavities of 3.77 and
3.44 A3, respectively. The reaction cavities for the - and 5 forms are shown in Figure 7b and Figure
S4 in the Supporting Information, respectively. The g-form has a smaller reaction cavity (2.74 A®) than
the a~form, whereas the j<form has the smallest cavity (1.50 A® for cation A and 1.48 A3 for cation B).
The reaction cavity volumes at 100 K were also calculated (Table 2), which are generally smaller than
those at 180 K owing to thermal contraction.

The conversion after 13 h of photoirradiation in these salts is plotted in Figure 8 versus the reaction
cavity volume at 180 K, including the data for 1-Pt(NO2)s and 1-FSA.?! The plot indicates that the
conversion increases with an increase in reaction cavity volume, though the conversion may be also

affected by the reaction cavity shape. The higher conversion of 1-FSA than the overall trend might thus
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be ascribed to its cavity shape. The 1 h photoirradiation data are plotted for the yform, which may be
regarded as an approximate value because approximately 90% of the saturation value is reached in 1 h
in other salts. The p-form crystal exhibits a space group change upon photoirradiation, doubling the
number of crystallographically independent cations. Therefore, the average conversion (68%) of
cations A (36%) and B (100%) is plotted for this form, which agrees with the overall trend. Because the
unit cell volume was almost identical (+0.6%) after photoirradiation, the different conversions for the
two cations are ascribed to their reaction cavities becoming smaller and larger, respectively, with
respect to the original cavity. To examine the origin of the complete conversion of cation B, the
reaction cavity for the exo isomer of this molecule after photoirradiation was calculated (Figure S3 in
the Supporting Information). The obtained cavity does not sterically allow the nitro isomer, which
accounts for the high conversion. This result demonstrates the importance of the cavity shape, but the
effect could not be quantitatively taken into account for the current discussion. The conversions at 180

K were compared in this study, but these may vary at different temperatures.22°

100

80

60

Conversion (%)

40

20 . L . . .
1.0 15 20 25 30 35 40
Reaction cavity volume (A?)

Figure 8. Conversion plotted as a function of reaction cavity volume. The data after photoirradiation

for 13 hat 180 K (@), 1 hat 180 K (O), and 1 h at 100 K (A) are plotted. The average conversion is
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plotted for S-1-PFe. The line represents the trend.

Table 2. Volume of Reaction Cavity Surrounding the
Nitro Ligand (A%) and Conversion (%) in Each Salt

cavity volume/A3 conv.?/%
complex 100K 180K
a-1-PFg (cation A) 3.58 3.77 81(2)
(cation B) 3.46 3.44 83(3)
S-1-PFs (cation A) 2.27 2.74 36(3)
(cation B®)  2.27 2.74 100(3)
7-1-PFs (cation A) 1.37 1.50 39(2)°
(cation B) 1.35 1.48 40(2)°
1-Tf:N 1.87 2.42 28(1)%¢
1-FSA® 2.43 2.52 80(1)
1-[Pt(NO2)4]° 1.63 1.52 49(1)

4After 13 h of photoirradiation at 180 K, unless otherwise
noted. Estimated standard deviations are shown in
parentheses. "Cation B occurs after photoirradiation.
°After 1 h of photoirradiation. ®Photoirradiation at 100 K.
°Ref. 21.

Crystal Structures of 1-Tf2N. The crystal structure of 1-Tf2N was determined at 100 K and 180 K,

and a disordered, less efficiently packed structure was observed at 180 K.

The packing diagram of 1-Tf2N is shown in Figure 9a. This salt crystallized in the space group

P21/c, and the packing structure closely resembles that of 1-FSA?! (Figure 9b) owing to the similar

anion shapes. The molecular structures at 100 and 180 K are shown in Figures 10a and 10b,

respectively. The thermal ellipsoids at 180 K were much larger than those at 100 K, and they were even

larger than those of the cations in 1-PFs and other salts at the same temperature. Although there was no

disorder at 100 K, both the cation and anion exhibited disorder at 180 K. The -CH>CH3z moiety in the

cation exhibited a two-fold disorder (occupancy 0.82:0.18). One of the two CFs groups in the anion
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exhibited a two-fold rotational disorder (0.5:0.5). The SO> moiety adjacent to the other CFs group in
the anion also exhibited a two-fold disorder (0.79:0.21). Although the order—disorder of the Tf.N anion
often occurs through a phase transition, no phase transition was detected by DSC measurements down
to 120 K. The dihedral angle in the cation between the coordination plane and NO ligand changed
significantly with temperature, increasing from 44° at 100 K to 71° at 180 K. This is exceptional
because the angles in the other salts were in the range of 72-83°, exhibiting almost no change with

temperature (Table S1 in the Supporting Information).

a) 1-Tf;N b) 1-FSA

Figure 9. Packing diagrams of (a) 1-Tf2N and (b) 1-FSA?! at 100 K. The hydrogen atoms have been

omitted for clarity.

a) 100 K b) 180 K c) 100 K (after 1 h irradiation)
o~

Figure 10. Molecular structures of the cation and anion in 1-Tf2N determined at (a) 100 K, (b) 180 K,
and (c) after photoirradiation for 1 h at 100 K. The lower occupancy moieties in the disordered parts are

13



shown in gray. The reaction cavity surrounding the NO> ligand and its volume are also shown in (a) and

(b). The hydrogen atoms have been omitted for clarity.

Photoisomerization of 1-Tf2N. Photoirradiation of 1-Tf2N at 180 K resulted in severe deterioration
of the crystal, whereas isomerization was observed at 100 K before deterioration.

Photoirradiation of the crystal at 180 K for 1 h caused a loss of crystallinity, observed as a gradual
disappearance of diffraction spots. However, the structure could be determined after photoirradiation at
100 K for 1 h (Figure 10c), although longer photoirradiation again led to a loss of crystallinity. The
NO- ligand exhibited 28% conversion to the exo-nitrito-kN isomer. In addition, both the cation and
anion exhibited extensive disorder, though there was no disorder at 100 K before photoirradiation. The
-CH2CHs moiety and the metal center in the cation exhibited two-fold disorder (0.71:0.29 and
0.45:0.55, respectively), and the anion exhibited a severe two-fold rotational disorder.

The reaction cavities surrounding the NO> ligand of this salt are also shown in Figure 10a and b.
The conversion in this salt (28%) is reasonable for the reaction volume of 1.9 A% at 100 K, as plotted in
Figure 8, considering the short photoirradiation time. The reaction cavity in 1-Tf2N expanded from
1.87 A% at 100 K to 2.42 A3 at 180 K (+29%, Table 2), which is exceptional because the temperature
variation of the reaction cavity volume is much smaller in the other salts (1-21%).

The photoisomerization of 1-Tf2N in the glassy state formed upon cooling from the liquid state was
investigated by IR spectroscopy. In contrast to the case of a-1-PFs, no spectral change was observed
upon photoirradiation for 1 h at 180 K, which indicates the absence of photoisomers. This is reasonable
because the glassy state has high enthalpy and a less densely packed structure, allowing an efficient
thermal relaxation. The IR spectrum of the 1-TfoN crystal also exhibited no change after

photoirradiation at 180 K, ascribed to the loss of crystallinity upon photoirradiation.
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Comparison of Packing Efficiency. To compare the packing features of these salts qualitatively,
their packing coefficients at 100 K and thermal expansion rates, defined here as the ratio of the unit cell
volumes at 180 K vs 100 K, were calculated (Table 3). The data indicate that the observed
photodeterioration tendency is correlated with the packing efficiency.

As seen in Table 3, »~1-PFs and 1-Tf2N have small packing coefficients (64.4% and 68.1%,
respectively) compared with the other salts. The loss of crystallinity of these crystals upon
photoirradiation at 180 K is probably due to the less densely packed, fragile structures, which are
susceptible to local strain caused by photoisomerization. The small packing coefficient of y-1-PFs is
ascribed to its porous structure formed by the loss of solvate molecules from the channel. This salt has
an exceptionally small thermal expansion (0.8%) because the change in channel size compensates for
the thermal expansion. The thermal expansion rate (2.9%) of 1-Tf.N was exceptionally large compared
with those of the other salts (< 1.7%), which is ascribed to the development of disorder, as shown in the
previous section. Therefore, the packing efficiency of this salt at 180 K is much lower than at 100 K,
which is responsible for the crystal deterioration. The Tf.N anion often exhibits disorder in the solid
state with increasing temperature, causing less efficient packing.?®*® Therefore, the observed
crystallographic features of 1-Tf:N, such as large thermal expansion of the reaction cavity, large
thermal ellipsoids at 180 K, and a less efficient packing with disorder, are the consequences of using
the TfoN anion. Notably, 1-Tf2N and 1-FSA exhibited different photoreactivities despite their close
structural resemblance, as seen in Figure 9.

1-Pt(NO2)4 is the only divalent salt in Table 3, having the largest packing coefficient (71.7%) and a
much smaller thermal expansion rate (0.1%) than the other salts (1.5-2.9%). This tendency is
consistent with the stronger cation—-anion Coulomb interactions in the divalent salt. There was no
correlation between the packing coefficient and reaction cavity size, indicating that the cavity size is

governed by the local environment, not directly correlated with the overall packing efficiency.
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Moreover, the unit cell volume, and therefore the packing efficiency, were almost unchanged after
photoisomerization. The unit cell volumes of a-1-PFs and 1-FSA, which exhibited high conversion

rates (~80%), increased by 1.3% and 1.8%,% respectively, after 13 h of photoirradiation at 180 K.

Table 3. Packing Coefficients and Thermal Expansion

Rates Calculated from Crystal Structures

complex packing coefficient ~ thermal expansion

at 100 K (%) (Vigok/Viook—1, %)
a-1-PFs 69.4 15
S-1-PFg 67.9 2.0
»1-PF 64.4 0.8
1-TE,N 68.1 2.9
1-FSA? 70.2 1.7
1-Pt(NO2)4 71.7 0.1
Ref. 21.

CONCLUSIONS

Salts of a cationic platinum chelate complex bearing a nitrito auxiliary ligand were synthesized, and
their nitro—nitrito photoisomerization behavior was investigated by in situ X-ray photocrystallography.
The PFe salt gave several polymorphs, and their conversion varied at 36-100% depending on the
reaction cavity surrounding the NO2 ligand. In addition, the S-form exhibited a space group change
upon photoirradiation. Their packing efficiency differed from each other, and the polymorph with a less
efficiently packed structure exhibited crystal deterioration upon photoirradiation. The Tf2N salt was an
ionic liquid, taking both crystalline and glassy states at low temperature. The crystalline state exhibited
isomerization, but deterioration occurred upon photoirradiation, ascribed to the tendency of the TN
anion to form a disordered, less efficiently packed structure. Photoisomerization was not observed in

the glassy state of the TfoN salt, which suggests efficient thermal relaxation of the photoexcited isomer
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in the high enthalpy state. Thus, the photoisomerization of the same complex in different packing
environments was investigated. In agreement with our previous results on the photoisomerization of
salts with different anions, the reactivity of these salts correlated with the reaction cavity size, even
though the reactivity was also affected by the cavity shape. Although the reaction cavity volume before
photoirradiation was used in the current analysis, monitoring the change in the reaction cavity volume
and shape during photoisomerization would provide a better understanding of the isomerization
behavior in future analysis. Exploration of such photo-switching phenomena may also be important for

potential applications.

EXPERIMENTAL SECTION

General Considerations. The ligand (L) 1,1,7,7-tetramethyl-4-pentyldiethylenetriamine was
prepared according to the literature.?* *H NMR spectra were recorded using a Bruker Avance 400
instrument. Room-temperature FT-IR spectra were measured using a Thermo Scientific Nicolet iS5 FT-
IR spectrometer attached to an ATR unit (diamond). Variable-temperature IR spectra were recorded for
samples sandwiched between CaF> plates using a JASCO FT/IR-4700 spectrometer. Temperature
control was performed using a UNISOKU cryostat CoolSpeK UV USP-203-A. DSC measurements
were performed using a TA Q100 differential scanning calorimeter at a scan rate of 10 K mint. TG-
DSC measurements were performed using a Rigaku TG8120 thermal analyzer at a scan rate of 3 K
min~t under a nitrogen atmosphere. DFT calculations were performed using the Spartan '18
(Wavefunction Inc.) at the ®B97-D/LanL2DZ level (frequency scale factor: 0.942).

Synthesis of [Pt(L)(NO2)]PFs (1-PFs). An aqueous solution (0.7 mL) of K2[Pt(NO2)s] (89 mg,
0.20 mmol) was added to an acetone solution (0.5 mL) of 1,1,7,7-tetramethyl-4-
pentyldiethylenetriamine (41 mg, 0.18 mmol), and the solution was refluxed for 17 h. After evaporation

of the solvent, the residue was dissolved in an aqueous solution (5 mL) of KPFs (130 mg, 0.70 mmol).
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The solution was extracted with dichloromethane (5 mL x 4), and the organic layer was dried over
MgSOs before being evaporated. The resulting orange oil was dissolved in ethanol, and a white
precipitate was formed. The precipitate was collected by filtration and dried under vacuum, the
resulting powder was dissolved in a small amount of acetonitrile in a test tube, and diethyl ether was
slowly layered onto the solution. Storing the solution at —4 °C for 3 days gave colorless block crystals
of the a-1-PFs (25 mg, 38% yield).!H NMR (400 MHz, CD3sCN): 6= 3.44-3.25 (m, 4H, H2s1), 3.05-
2.92 (m, 10H, Has7), 2.81-2.72 (m, 6H, H1), 1.55-1.47 (m, 2H, Hy), 1.42-1.28 (m, 2H, Hz4), 0.95 (t, J
= 0.71 Hz, 3H, Hs). FT-IR (ATR, cm™1): 2960, 2868 (C-H), 1377, 1328 (NO,), 556 (PFs). Anal. Calcd.
for C13H31FsN4O2PPt: C, 25.37; H, 5.08; N, 9.10. Found: C, 25.84; H, 5.49; N, 9.17.

Synthesis of [Pt(L)(NO2)]Tf2N (1-Tf2N). An aqueous solution (0.3 mL) of LiTf2N (52 mg, 0.18
mmol) was added to an acetone solution (0.6 mL) of 1-PFs (62 mg, 0.10 mmol), and the mixture was
stirred at room temperature for 2 h. After evaporation of acetone, the solution was extracted with
dichloromethane (5 mL x 6). The organic layer was washed with water (10 mL x 2) and evaporated.
The anion exchange procedure was repeated again, when the complete disappearance of the PFs anion
was confirmed by °F NMR spectra (CDsCN). The resulting oil was dried under vacuum at 60 °C for
14 h. The product was obtained as a colorless, highly viscous liquid (48 mg, 64% vyield), and the liquid
solidified upon repeated application of physical stimuli with a spatula. *H NMR (400 MHz, CDsCN): &
= 3.44-3.25 (M, 4H, Ha,1), 3.05-2.92 (m, 10H, Hzs7), 2.80-2.72 (m, 6H, H1), 1.55-1.47 (m, 2H, H»),
1.42-1.28 (m, 2H, H34), 0.95 (t, J = 0.71 Hz, 3H, Hs). F NMR (400 MHz, CD3sCN): 6= —80.24 (s, 6F,
C-F). FT-IR (ATR, cm™): 2934, 2860 (C-H), 1385, 1333 (NO2). Anal. Calcd. for C15Hz1FsNsOgPtS2: C,
24.00; H, 4.16; N, 9.33. Found: C, 24.31; H, 3.97; N, 9.19.

X-ray Crystallography. Single crystals of o-1-PFe suitable for X-ray crystallography were
obtained by diffusion of diethyl ether into an acetonitrile solution at —4 °C. Single crystals of the - and

o~ forms were obtained under the same conditions on a few occasions. Each batch consisted of a single
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form only. Leaving the oform under air resulted in the loss of the solvate molecule in a few days to
give the y-form. Single crystals of 1-Tf2N were obtained by the diffusion of diethyl ether into an
ethanol solution.

The diffraction data were collected on a Bruker APEX Il Ultra diffractometer using MoK radiation
at 100 K and 180 K. The structures were solved by direct methods using SHELXL,*” and the
crystallographic parameters are provided in Tables S2-S5 in the Supporting Information. The in situ
photocrystallography was conducted at 180 K, using a Hamamatsu LC-L1 V3 lightningcure UV-LED
(365 nm) as the light source. The effect of surface absorption is insignificant owing to the small
absorption coefficient of the cation (37 M~cm™)?! at 365 nm. The LED was positioned 3.3 cm from
the sample (power density 55 mW/cm?), and the crystal was rotated by 90° every 15 min during
photoirradiation. The diffraction data were collected over 2 h, in darkness, following periods of 1, 4,
and 13 h of photoirradiation. p-1-PFs exhibited slight crystal deterioration upon photoirradiation due to
structural transformation. The unit cell could not be determined after 1 h of photoirradiation owing to
diffraction spot overlap, while the transformation was complete after 4 h of photoirradiation. The
experiments for »-1-PFs and 1-Tf2N were also conducted at 100 K because crystal deterioration
occurred after photoirradiation at 180 K, though the data quality obtained from »-1-PFs was still low
due to crystal deterioration (one alert A and one alert B). Therefore, the ~1-PFs data are in the
Supporting Information. The reaction cavities were calculated using the Cavity v5.0 program.?* The

packing indices were calculated using PLATON.%®
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Molecular structures, IR spectra, bond lengths and angles, and crystallographic parameters (PDF).

Accession Codes

CCDC 1900144-1900145, 1922722-1922724, and 2052758-2052764 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44

1223 336033.
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The nitro—nitrito photoisomerization of a series of cationic Pt complexes has been investigated

crystallographically. Polymorphic crystals exhibited varying conversions depending on the reaction

cavity, and the glassy state exhibited no photoisomerization. Photoirradiation caused crystal

deterioration in less efficiently packed crystals.
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Figure S1. Molecular structures of cation B in a-1-PF¢ before and after photoirradiation for 13 h at 180 K. The
lower occupancy moieties in the disordered parts are shown in gray. The reaction cavity surrounding the

nitrito ligand is shown on the right.
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Figure S2. FT-IR spectra of a-1-PFg (a) before photoirradiation at 180 K, (b) after photoirradiation at 180 K

for 1 h, and (c) after raising the temperature to 300 K. The nitrito—xO stretching peaks are indicated by triangles

in (b).
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Figure S3. Molecular structure of cation B in S-1-PFs after photoirradiation for 13 h at 180 K. The reaction

cavity surrounding the nitrito ligand is shown in the right figure.
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Figure S4. Molecular structures of (a) cation A and (b) cation B in -1-PF¢ before and after photoirradiation for

1 h at 180 K. The reaction cavity surrounding the nitrito ligand are shown below.

Table S1. Pt—Nno. distances and dihedral angles between the Pt coordination

plane and nitrito ligand.

Pt—Nno> distances (A) Dihedral angle (°)

Complex 100 K 180 K 100 K 180 K
a-1-PFs  Cation A 2.026(4) 2.024(5) 71.5 69.7

Cation B 2.019(5) 2.015(5) 79.3 80.8
S-1-PFs 2.0219(18)  2.019(4) 82.1 85.7
7-1-PFs Cation A 2.012(2) 2.011(3) 71.2 70.8

Cation B 2.007(2) 2.005(3) 63.5 67.8
o-1-PFs Cation A 2.022(5) 70.6

Cation B 2.016(6) 69.2
1-Tf;N 2.013(2) 1.987(5) 44.0 70.8
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Table S2. Crystallographic parameters of o-1-PFs

a-1-PFs_100K a-1-PF,_180K a-1-PF,_180K_13h

Empirical formula  Ci3H3FsN4+O,PPt
Formula weight 615.48

Crystal system Monoclinic Monoclinic Monoclinic
Space group P2, P2, P2,

a[A] 8.9363(6) 8.9852(12) 9.0850(11)
b[A] 19.3540(12) 19.423(3) 19.525(2)
c[A] 12.5405(8) 12.7082(18) 12.7139(15)
£1°] 106.2750(10) 106.836(2) 107.4700(10)
VA3 2082.0(2) 2122.8(5) 2151.2(4)

VA 4 4 4

Pealed [g cM] 1.964 1.926 1.900

F(000) 1200 1200 1200
Temperature [K] 100 180 180

Reflns collected 11660 11782 12157
Independent reflns 7983 7632 7750
Parameters 498 498 609

R (int) 0.0202 0.0207 0.0373

R“ R’ (I>20) 0.0182, 0.0409 0.0299, 0.0665 0.0358, 0.0927
R, Ry’ (all data)  0.0188, 0.0411 0.0313, 0.0670 0.0375, 0.0935
Goodness of fit 0.830 1.128 1.098

Aprax.min [€ A7 2.063,-1.337 2.208,-1.259 2.261,-1.284

“Ri=X||Fo| — |Fe|| / Z|Fo|. "R = [Ew (Fo* —F )Y Zw (Fo2)*]"?
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Table S3. Crystallographic parameters of 5-1-PFs

F-1-PFs_100K F-1-PFs_180K S-1-PFs_180K_13h
Empirical formula  Ci3H3FsN4+O,PPt
Formula weight 615.48
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pccn Pccn P2i/c
a[A] 17.4388(14) 17.6257(10) 17.755(4)
b[A] 18.6569(16) 18.6823(10) 18.578(4)
c[A] 13.0238(11) 13.1228(7) 13.178(3)
£1°] 90 90 91.354(3)
VA3 4237.3(6) 4321.2(4) 4345.6(14)
VA 8 8 8
Pealed [g cM] 1.930 1.892 1.881
F(000) 2400 2400 2400
Temperature [K] 100 180 180
Reflns collected 23257 23888 21433
Independent reflns 4859 4960 8211
Parameters 249 249 554
R (int) 0.0215 0.0330 0.0413

R\, Ry (I>20)

R:%, R, (all data)

Goodness of fit
Apmax,min [e A_3]

0.0166, 0.0378
0.0191, 0.0387
1.086
0.685,-0.784

0.0278, 0.0651
0.0347, 0.0680
1.108
1.747,-0.603

0.0786, 0.1745
0.1205, 0.1984
1.119
4.086,-3.189

“Ri = Z[[Fo| — [Fell | ZIFo|. "R = [Zw (Fo> —FP 2w (F]™.
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Table S4. Crystallographic parameters of ~1-PF¢ and 5-1-PF

#1-PFs_100K

»-1-PFs_180K  -1-PFs_180K_1h’

51-PF¢_180K

Empirical formula

Formula weight
Crystal system
Space group

Pealed [g M)
F(000)
Temperature [K]
Reflns collected
Independent reflns
Parameters

R (int)

Ri%, R’ (I>20)
Ri“, R, (all data)
Goodness of fit
Apmas.min [€ A7

Ci3H3,FsN4O,PPt

615.48
Monoclinic
P2i/c
12.3102(10)
12.4943(10)
29.055(2)
92.0630(10)
4466.0(6)

8

1.831

2400

100

24968

9815

497

0.0181

0.0185, 0.0379
0.0208, 0.0384
1.130

1.160, —0.648

Monoclinic
P2i/c
12.4109(7)
12.4489(7)
29.1607(17)
91.4980(10)
4503.9(4)

8

1.815

2400

180

25143

9895

497

0.0239
0.0242, 0.0525
0.0289, 0.0539
1.077
1.167,-0.596

Monoclinic
P2i/c
12.6135(16)
12.2111(16)
28.987(4)
90.196(2)
4464.7(10)

8

1.831

2400

180

25242

10179

718

0.0438
0.0749, 0.1990
0.1286, 0.2305
1.021
3.856,-1.096

Ci5H31F¢N4O,PPt-
0.25 (CH3CN)

625.74
Monoclinic
P2i/c
12.5100(12)
12.4582(12)
29.139(3)
91.6770(10)
4539.4(8)

2

1.831

2444

180

20876

7991

524

0.0438
0.0404, 0.0996
0.0422, 0.1005
1.136
2.136,-1.696

Ry = 3||Fo| — |Fel| / ZFo|- "Ry = [Zw (Fo2 —F2)YZw (F2)2]"2. "Low quality data.
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Table S5. Crystallographic parameters of 1-Tf,N

1-Tf:N_100K 1-Tf:N_100K_1h 1-Tf:N_180K
Empirical formula  C;sH31FsNsOsPtS,
Formula weight 750.66
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/c P2i/c P2i/c
a[A] 12.2283(12) 12.1488(14) 12.1398(16)
b[A] 13.0239(13) 13.1394(15) 13.1382(18)
c[A] 16.6075(16) 16.809(2) 16.978(2)
£1°] 103.4780(10) 103.397(2) 102.167(2)
VA3 2572.1(4) 2610.2(5) 2647.1(6)
VA 4 4 4
Pealed [g cm™?] 1.939 1.910 1.884
F(000) 1472 1472 1472
Temperature [K] 100 100 180
Reflns collected 14308 14593 14813
Independent reflns 5671 5754 5828
Parameters 321 507 397
R (int) 0.0172 0.0323 0.0229

R%, Ry’ (I>20)
R/%, R, (all data)
Goodness of fit
Aprmax.min [€ A7]

0.0160, 0.0404
0.0172, 0.0410
1.036
1.566,-0.799

0.0390, 0.1002
0.0521, 0.1100
1.011
2.044,-0.777

0.0308, 0.0827
0.0349, 0.0859
1.060
1.752,-0.883

“Ri=3||Fo| — |Fe|| / Z|Fo|. "Ry = [Ew (Fo* —F )Y Zw (F2)*]"?

S7
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