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Abstract  Anionic  complexes  having  vapochromic  behavior are  investigated:
[K(H20)][M(ppy)(CN)2], [K(H20)][M(bzq)(CN)2] and [Li(H20)n][Pt(bzq)(CN)2] where ppy=2-
phenylpyridinate and bzq=7,8-benzoquinolate and M=Pt(Il) or Pd(I[). These hydrated
potassium/lithium salts exhibit a change in color upon heating to 110° C, and they transform back
into the original color upon absorption of water molecules from the environment. These compounds
were characterized by using thermogravimetric analysis to investigate the dehydration process, and
high-resolution X-ray-based measurements to gain static and dynamical structural information.
Single crystals were used to determine the crystal structure of the compounds in their initial state,
while powder samples were used to investigate the kinetics of the structural changes induced by
temperature variations. X-ray absorption spectroscopy and X-ray diffraction with pair distribution
function setup allowed studying the local structure even in samples lacking long-range order. The
main trends in data were promptly extracted without any prior knowledge on the static crystal
structure of the compounds by a multivariate approach, while structural refinement against individual
profiles was attempted for compounds with higher crystallinity. Order parameters of the vapochromic
transition were determined, as derived by principal component analysis and crystallinity estimations,
and the kinetic model best describing the transition, together with its kinetics parameters, was
determined for each of the compounds. The challenging task of determining the structural changes
involved in the vapochromic transition even in the presence of partially ordered and impure
crystalline material has been tackled by pushing the limits of X-ray data analysis.

1. Introduction

Vapochromic materials can detect volatile organic compounds (VOCs) below the ppm level. Of
particular interest are stimuli-responsible compounds that show dramatic and reversible color changes
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upon exposure to VOCs. They allow detection of VOCs even by the naked eye as an effect of
structural changes in the solid state, triggered by vapor uptake. These properties are typically showed
by metal compounds such as Pt(Il)- or Pd(II)- containing cyclometalated complexes, which can be
assembled by using coordination polymerization reactions and by tuning the bond strength with an
appropriate assembly of metal ions and coordinating Pt(I) and Pd(II) metalloligands [1,2,3.,4].
Coordination polymers [K(H20)][M(ppy)(CN)2] and [K(H20)][M(bzq)(CN):], with ppy=2-
phenylpyridinate, bzq=7,8-benzoquinolate, and M=Pt or Pd (Figure 1), are examples of anionic
complexes exhibiting vapochromism. Upon heating to 110° C, these compounds lose the crystal water
and experience a change in color from red or purple to yellow (Pt) or from yellow to white (Pd).
When the anhydrous species are exposed to air, they undergo inverse changes of color within seconds
due to water-molecules uptake. The origin of this vapochromic behavior is thought to be related to
the altered metallophilic M-M interactions upon solvent absorption. However, so far only the
[K(H20)][Pt(ppy)(CN)2] precursor complex has been structurally characterized [5] and in-depth
investigations of the structural changes related to the vapochromic transition were never attempted.
A preliminary characterization of the vapochromic behavior of compounds [K(H20)][Pt(bzq)(CN)2]
and [K(H20)][Pt(ppy)(CN)2] by X-ray diffraction is reported in [6].

In this study, the structural features of the four compounds are investigated. In addition
[Li(H2O)n][Pt(bzq)(CN)2] is also examined to evaluate the influence of the counterion. Their
vapochromic transition is characterized in the solid state by using high-resolution X-ray
measurements. X-ray absorption spectroscopy and pair distribution function are used to study short-
range changes, while X-ray diffraction is used to investigate the long-range order. Besides static
measurements, aimed at determining the crystal packing and the 3D atomic arrangement, in situ
measurements are performed while varying the temperature on the sample, to investigate the
structural dynamics underlying the vapochromic transition. The large amount of data collected has
been first processed by multivariate analysis, to capture main trends in data without any a priori
structural knowledge. Then individual profiles have been structurally interpreted for compounds
showing the highest crystalline order. Further insight into the dehydration process was gained using
thermogravimetric analysis (TGA).

Ab initio phasing methods from single-crystal data and direct space methods based on simulated
annealing [7] from X-ray powder diffraction (XRPD) data, coupled with DFT calculations and PDF
refinements, allow to obtain static structural models of the compounds in their initial and final states.
The structural information obtained provides further insight into strategies to achieve engineered
vapochromic complexes, which selectively and rapidly respond to specific vapors in small quantities.

2. Materials and Methods
2.1. Sample preparation

Compounds considered in this study are summarized in Table 1. Vapochromic transitions
manifest themselves with dramatic color changes and can be achieved by heating the samples or
putting them in vacuum. Reverse transitions are obtained by allowing water molecules in the air to
interact with the powder sample. The ppy/bzq ligands (Figure 1) exhibit a very similar structure, with
only two added carbon atoms present in bzq, which complete a third aromatic ring.

2.1.1 Compounds Pt(ppy)K and Pt(bzq)K
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Compounds Pt(ppy)K and Pt(bzq)K were prepared according to what is reported in Forniés et
al., [5], and characterized by IR, 1H NMR and UV-vis spectroscopy. Especially significant is the
presence in their IR spectra of two VCN absorptions around 2100 cm™ and 2120 cm™!, corresponding
to two terminal CN ligands in a cis arrangement and a strong absorption at 3400 cm™! indicative of
the presence of water in the solid [5]. The amount of water can be determined from their IH NMR
spectra in non-water containing acetone-d6. In addition to the signals corresponding to the bzq or ppy
group, one signal at about 2.9 ppm is assigned to one molecule of water [5].

The UV-vis. spectra in the solid state show intense absorptions at A < 450 nm assigned to
IL/MLCT transitions and further absorption maxima at A = 564 nm and 548 nm for Pt(ppy)K and
Pt(bzq)K, respectively [5]. These latter are assigned to metal-metal-to-ligand charge transfer
'MMLCT [do*(Pt) — n*(bzq/ppy)] transitions, and are responsible for the intense color showed by
these compounds; they are also considered the fingerprint of the existence of short Pt - Pt contacts
(3.0-3.5 A), since stronger M-M interactions lead to shorter M-M distance and lower energy
absorption. Upon heating in the oven at 110° C, the lowest energy absorption band assigned to the
'MMLCT transitions disappears from UV-vis spectra, which evidences the profound structural
changes operating in the solids by the loss of the water molecules.

2.1.2 Compounds Pd(ppy)K, Pd(bzq)K and Pt(bzq)Li

[Pd(bzq)(NCMe)2]ClIO4[8], [Pd(ppy)(NCMe);]ClO4 [8] and NBu4[Pt(bzq)(CN),] [5] were prepared
according to the literature procedures.

Synthesis of Pd(bzq)K: KCN (70.0 mg, 1.075 mmol) was added to a stirred suspension of
[Pd(bzg)(NCMe),]Cl04(250.0 mg, 0.536 mmol) in MeOH (60 mL) at rt. After 1h the mixture was
concentrated to 10 mL, kept at —302C for 2 h, and filtered through celite. The resulting solution was
evaporated to dryness and diethyl ether (20 mL) was added to the residue to give a yellow solid. Yield:
161.0 mg, 76%. IR: ¥ (cm™): 3499, 3390 (vs, H20), 2123(vs, C=N), 2112 (vs, C=N). 1624 (m, H,0), 1570 (m),
823 (vs), 815 (vs), 749 (s). Negative FAB-MS (m/z): 336 [Pd(bzq)(CN),]. *H NMR (acetone-ds, 300 MHz, §
(ppm), J (HZ)) 61 9.37 (dd, Hz, 3JH2.H3 = 5.1, 4JH2.H4: 1.5), 8.53 (dd, H4, 3JH4.|-|3 = 8.0, 4JH4.H2: 1.5), 8.20 (d, H9, 3JH9_
H8 = 7.0), 7.82 (HS, VA), 7.71 (HG, Vs, 3-/H5—H6= 8.7), 7.69 (dd, H3, 3-/H3-H4= 8.1, 4-/H3-H2= 5.1, H3), 7.60 (d, H7, 3-/H7-H8=
8.0), 7.45 (t, Hg, 3Jpn=7.0).

Synthesis of Pd(ppy)K: It was prepared following the same method for [K(H,0)][Pd(bzq)(CN)2]. KCN
(56.5 mg, 0.868 mmol) and [Pd(ppy)(NCMe),]Cl04(192.0 mg, 0.434 mmol). Yield: 129.1 mg, 80%. IR: ¥ (cm"
1): 3466 (vs, H,0), 2115(vs, C=N), 2104 (vs, C=N). 1630 (m, H,0), 1606 (s), 1582 (m), 785 (vs), 743 (vs).
Negative FAB-MS (m/z): 312 [Pd(ppy)(CN).]". *H NMR (acetone-ds, 300 MHz, & (ppm), J (Hz)) 6: 9.15 (d, H,,
3Jpam3 = 5.1), 8.05 (M, Hs), [8.00-7.90] (m, 2H, Ha, Hs), 7.61 (m, Hg), 7.29 (t, Hs, uu= 6.1), [6.97-7.05] (m, 2 H,
H;, Hs).

Synthesis of Pt(bzq)Li: LiBr (78.1 mg, 0.898 mmol) was added to a yellow solution of NBus[Pt(bzq)(CN):]
(600.0 mg, 0.897 mmol) in anhydrous MeOH (20 mL) at r. t.. After stirring the reaction mixture for 4h under
Ar atmosphere, the resulting solution was evaporated to dryness. The residue was treated with three
fractions of CH,Cl, (5 mL) and evaporated to dryness after each addition. Then, 20 mL of CH,Cl, were added
and the resulting solid was filtered. The solid was recrystallized with acetone (30 mL) / CH,Cl, (20 mL) to
give a yellow solid. Yield: 356.6 mg, 78% (n = 4). IR: ¥ (cm™): 3380 (vs, H,0), 2131(vs, C=N), 2105 (vs, C=N).
1636 (m, H,0), 1619 (s), 822 (vs), 816 (vs), 749 (s). Negative FAB-MS (m/z): 425 [Pt(bzq)(CN).]". *H NMR
(293K, acetone—dg, 400 MHZ, o (ppm), J (HZ)) 9:9.60 (dd, Hz, 3-/H2—H3 = 5.2, 4-/H2—H4= 1.6, 3-/Pt-H2= 32.0), 8.60 (dd,
H4, 3J|-|4.|-|3 = 8.0, 4JH4.H2 = 1.4), 8.23 (dd, H9, 3JH9-H8= 7.0, 4JH9.H7: 1.2, 3th.Hg: 46.0), 7.84 (HS, VA), 7.70 (He, Vs, 3JH5_
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H6 = 8.8), 7.72 (dd, H3, 3-/H3—H4= 8.0, 3-/H3—H2= 5.2), 7.62 (dd, H7, 3-/H7-H8= 8.0, 4-/H7-H9= 1.2), 7.50 (dd, Hg, 3-/H8-H7=
8.0, 3-/H8—H9= 70)

The UV-vis. spectra in the solid state are shown in Figure S1. The lowest energy absorptions
assigned to the '"MMLCT transitions have maxima at A ~ 420 nm for the hydrated Pd(ppy)K and
Pd(bzq)K, and at ~ 550 nm for Pt(bzq)Li, appearing just as a shoulder in the two later ones. These
facts are in agreement with the yellow color of the powdered samples, and indicate less significant
variation of M-M interactions between hydrated and anhydrous forms of Pd(bzq)K and Pt(bzq)Li.

The amount of water molecules determined from 1H NMR is 1 for Pd(bzq)K and Pd(ppy)K
(Figures S2, S3), and 4 for Pt(bzq)Li (Figure S4). This latter determination is in agreement with
elemental analysis: CHN Analysis calculated for Ci1sHisLiN3O4Pt (%): C, 35.72; H, 3.20; N, 8.33.
Found: 35.74; H, 2.93; N, 8.16.

Figure 1. Scheme of the two ligands of metal ion M=Pt/Pd considered in this study. Numerical scheme for NMR purposes.

Table 1. Compounds considered in this study.

Formula Short name
[K(H20)][Pt(bzq)(CN)] Pt(bzq)K
[K(H20)][Pt(ppy)(CN):] Pt(ppy)K
[K(H20)][Pd(bzq)(CN).] Pd(bzq)K
[K(H20)][Pd(ppy)(CN):] Pd(ppy)K
[Li(H20)n][Pt(bzq)(CN)2] Pt(bzq)Li

bzq = 7,8-benzoquinolate

ppy = 2-phenylpyridinate
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2.2. Thermogravimetric analysis

Thermogravimetric measurements were performed using a Perkin Elmer TGA7 in the
temperature range 35-300° C under N> gas flow. Heating was carried out at 5° C min™.

2.3. X-ray absorption spectroscopy

XAS measurements were performed at the European Synchrotron Radiation Facility (ESRF),
beamline ID26 on compound Pt(bzq)K. Two capillaries filled by powder sample were attached to a
sample holder, one of them was heated to 100° C before being sealed (Figure S22a). To reduce
photodegradation, successive measurements of a few seconds were performed within liquid He by
shifting the sample in the primary X-ray. Data analysis was performed by using the program
ATHENA and ARTEMIS [9]. The signal-to-noise ratio was improved by merging four to eight scans
of the same sample. Small energy shifts between scans of the same sample were corrected with the
ATHENA alignment procedure.

2.4. Static powder X-ray diffraction

X-ray powder diffractions were collected at room temperature using Panalytical X’Pert PRO
diffractometer operating at 40 kV and 40 mA, equipped with a focusing mirror and a Pixel detector.
Measurements were executed in transmission mode, by placing the sample in a 0.3 mm glass
capillary, and by using Cu—K/[ radiation (A = 1.54056 A) without a monochromator. The angular
range 3-85° (29) was spanned with a step size of 0.013° and a time/step of 200 s. In order to reduce
possible preferred orientation effects, the capillary was rotated during measurement to improve the
randomization of individual crystallites orientations. Qualitative analysis by powder diffraction data
of Pt(ppy)K collected at room temperature was executed by QUALX2.0 software using the
POW_COD database [10]. Structure solution by powder diffraction data of Pd(ppy)K collected at
room temperature was carried out by the EXP0O2014 software [11].

2.5. Single-crystal X-ray diffraction

Diffraction data from a single crystal of Pt(ppy)K were collected at room temperature on an
Oxford Xcalibur S instrument with Mo—Ko radiation (A =0.71073 A) and a graphite monochromator.
Data were reduced with the Rigaku CrysAlisPro program [12]. Absorption correction was done by
the multi-scan method using the SCALE3 ABSPACK scaling algorithm. SIR2019 [13] was used for
structure solution and SHELXL [14] for the refinement based on F2. The non-hydrogen atoms were
treated anisotropically. The O-bounded H atoms (H2a and H2b) that are responsible for water bonding
to the framework were pre-located at calculated positions and constrained to a bond distance of 0.947
A. The other hydrogen atoms were refined using a riding model with d(C—H) = 0.99 A and Uiso(H)
= 1.2 Ueq(C) for -CH- hydrogen atoms. The Mercury software package [15] and Ortep program [16]
were used to prepare molecular graphics and materials for publication.

2.6. In situ powder X-ray diffraction
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Variable temperature X-ray powder diffraction (VIXRPD) analyses were performed on a
PANalytical X Pert Pro automated diffractometer with an X’Celerator detector in Bragg—Brentano
geometry, using Cu—Ka radiation (A = 1.5418 A) without monochromator in the 29 range between
3.5° and 40.0° (continuous scan mode, step size 0.0167°, counting time 19.685 s, Soller slit 0.04 rad,
antiscatter slit 0.76 mm, divergence slit 0.38 mm, 40 mA x 40 kV) equipped with an Anton Paar TTK
450 system for measurements at a controlled temperature.

2.7. In situ pair distribution function

X-ray data were collected at the X17A beamline of the National Synchrotron Light Source
(NSLS) of the Brookhaven National Laboratory with an X-ray energy of 66.7 keV (0.18597 A) and
a 0.5 mm x 0.5 mm beam size. A Perkin Elmer large area detector (2048 x 2048 pixels and 200 x 200
um pixel size) was mounted orthogonal to the beam path, 202 mm downstream from the sample.
Lanthanum hexaboride (LaB6) was measured as a standard material to calibrate the detector
geometry, including the sample-to-detector distance. The temperature was first increased from 20° C
to 150° C and then decreased to 20° C by using a cryo-cooler. A step of 5° C was done every 10
minutes, during which a complete measurement and a monochromator realignment were
automatically performed. Each data collection lasted about 2 minutes, and in the remaining 8 minutes
the X-ray shutter was closed to avoid radiation damage of the sample. An empty capillary was
measured for background estimation. Diffraction images data were azimuthally integrated and
converted into intensity profiles versus 29 and versus momentum transfer Q = 4zsin $/4 by using the

FIT2D program [17]. PDF profiles were calculated up to interatomic distances » of 40 A from the O
profiles by the program PDFGetX3 [18]. The parameters for PDF calculation (background subtraction
scale factor, minimum and maximum values of Q, degree of data-correction polynomial) were
optimized on individual PDF profiles, such as to avoid large termination effects and to preserve the
signal to noise ratio. A different setting of parameter was chosen when calculating PDF profiles for
multivariate analysis. In this case, the parameters were kept constant among the profiles of the same
compound, as they are all processed at the same time.

PDF data were refined against the crystal structure solution of the same compound determined
by single-crystal X-ray diffraction in the case of the Pt(ppy)K compound. For the other compounds,
the initial model was obtained by properly modifying the metal atom and the ligand, keeping constant
the crystal symmetry and the position of the molecule in the crystal cell. Individual profiles were
refined independently, starting from that collected at room temperature, by using the program DiffPy-
CMI [19]. The fit has been executed for interatomic distances comprised between 1.5 A and 28 A, to
avoid finite-size artifacts in the low » range and to reduce noise contribution in the high  range. As a
first step of the refinement procedure, the following parameters are refined separately, i.e. by keeping
constant all the others: scale factor, free lattice parameters, position and orientation of the molecule,
atomic displacement parameters and peak shape parameters broad, (peak broadening from increased
intensity noise at high Q) and deltal (coefficient for 1/ contribution to the peak sharpening). As a
second step, atomic positions are varied, with bond lengths, angles and torsions restrained during the
fitting. The refined structure obtained from a given profile, together with the scale factor and broad
and deltal parameters, is used as the starting model to the next profile.

2.8. Multivariate analysis of X-ray diffraction data
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Time-dependent PDF profiles were processed by the program RootProf [20] to perform
qualitative analysis through principal component analysis (PCA). It is a projection method [21],
which can be used to reduce the dimensionality of the data set constituted by the measured profiles.
Principal components (PCs) are calculated as eigenvectors of the covariance matrix of the data, whose
eigenvalues represent the variance of the data along the eigenvector directions. The initial
dimensionality of the data set, equal to the number of 29 values used to describe the diffraction
profiles, is reduced to a small number (typically 2) of PCs used to describe the data. Score and loading
vectors are two alternative representations of the data matrix: the former carries information about
samples (measurements) in variable 23 space, the latter about variables in crystal space.

2.9. Crystallinity and average crystallite size

The crystallinity fraction in the XRPD profiles has been determined in the 29 range between 7°
and 31°, which includes the highest peaks in the profiles. It has been calculated as the area above the
background divided by the total area under the diffraction peaks, where the background was estimated
by using the SNIP algorithm [22]. The average crystallite size has been estimated by fitting the highest
peak in the XRPD profiles with a pseudo-Voigt function and by using the Scherrer equation [23]. The
highest peak is located at nearly the same angular position for all compounds (25=10.0° for Pt(bzq)Li,
29=9.9 for the others), and represents diffraction from the family of planes (102) for Pt(ppy)K and
Pd(ppy)K. Structure is assumed to be essentially strain-free. The LaB6 standard was used to estimate

the instrumental peak broadening. All calculations have been performed by the RootProf program
[20].

2.10. Kinetic analysis

When PCA is applied to in situ XRPD or PDF data, the scores of the first principal component
(PC1) capture the main trend in data as a function of the temperature. Thus they can be considered as
a reaction coordinate, i.e. an abstract one-dimensional coordinate that represents progress along a
reaction pathway. A kinetic analysis has been applied to the reaction coordinate by using the
algorithms described in [24] and included in the RootProf program [20]. In brief, the kinetic equation

L =fla)-A-exp(—22) (1)

is approximated by the Coats and Redfern-Coats equation [25]:

log[g;“)]:mg/l_% )

2

where a is the reaction coordinate, f{a) and g(a) = f 0 7@ ( )

model, T is the temperature in Kelvin, R is the universal gas constant, 4 is the frequency factor and
E. is the activation energy. The frequency factor can be interpreted as the frequency of molecules that
collide in the correct orientation and with enough energy to initiate the reaction, while the activation
energy is the threshold energy that the reactant(s) must acquire before reaching the transition state.
The best kinetic model describing the data is selected among those commonly used for solid-state

are functions describing the kinetic
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reactions by using the Masterplot technique [26]. The formula of g(a) for the Avrami-Eroféev kinetic
model is [26]:
1
9(@ = [-ln(1 - )] /n 3)

where 7 is the parameter defining the reaction order. It is determined by a fitting procedure based
on the Materplot technique [24]. The parameters 4 and E, are then determined by fitting data with
eq. (2), with the function g(a) identified by the selected kinetic model.

3. Results and discussion
3.1. Single-crystal structure solution

Recrystallization experiments were attempted aiming at growing larger crystals of all compounds.
Crystals with dimensions suitable for single-crystal X-ray diffraction experiments (>50 um) were
obtained only for Pt(ppy)K. The summary of the crystallographic data and structure refinement details
for this compound are given in Table 2.

Table 2 Crystallographic data and structure refinement details for Pt(ppy)K.

Empirical Formula Ci3H10KN;OPt
Formula Weight 458.43
Temperature (K) 293

Crystal system orthorhombic
Space group Pbca
a(A) 9.9886 (5)
b (A) 6.7941 (4)
c(A) 38.6467 (4)
Volume (A%) 2622.7 (2)
zZ 8
Peale (g/cm?) 2.322
p (mm) 11.01
F(000) 1712
Crystal size (mm?) 0.0002567
Radiation Cu
Reflections collected 3231
Independent reflections 1972
Data/restraints/parameters 1972/8/172
Final R indexes [/ > 20(])] 0.1087
Final R indexes [all data] 0.1613
Highest difference peak/hole (eA) 6.497/-4.001

The evidence of the space group was not immediate: two plausible solutions were obtained in Pca2;
and Pbca, respectively. The space group of Pt(ppy)K was assessed by DFT calculations (see §3.1.1).

The structure solution and refinement processes were carried out with difficulties, providing
questionable results. The use of restraints on bond lengths (C20-C11, C11-C2, C13-C11, C18-C13,
C24-C21, C18-C21, O2-H2A, O2-H2B), in the refinement process, was necessary for reaching the
convergence. The refined structure has a high residual electron density outside the metal ion location;
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the highest difference peak and the deepest hole are 6.497 and -4.001 eA™, respectively. Attempts to
account for possible model errors were considered, but they did not improve the refinement process.
The poor quality of diffraction data could be ascribed to the slightly poor quality of the crystal The
Ortep plot, showing the asymmetric unit of the structure with 50% probability level and its numbering
scheme, is illustrated in Figure 2. The asymmetric unit of Pt(ppy)K contains one atom of platinum,
coordinated with a square planar geometry by a pyridine ring, a phenyl ring and two cyano groups
(Fig. 1a). The asymmetric unit presents also a potassium atom coordinated by the two cyano groups
and one molecule of water forming a hydrogen bridge (H2a) with N22 (bond distance 1.945 A). The
crystal packing, shown in Figure S5, is dominated by n-n staking among ppy ligands, with molecules
arranged parallel to the (ab) plane. The intermolecular Pt-Pt distance is 3.395 A. Further details about
the crystal structure investigation may be obtained free of charge from The Cambridge
Crystallographic Data Centre www.ccdc.cam.ac.uk/data_request/cif, by quoting the deposition
number (CCDC)-2033576.

K1

Figure 2. Ortep plot of the asymmetric unit of Pt(ppy)K.

3.1.2. DFT calculations

DFT calculations were conducted to help discriminating between two different structure solutions of Pt(ppy)K,
namely one with the Pca2; symmetry and the other one with the Pbca symmetry. Using QUANTUM ESPRESSO
[27], hence in a plane wave basis setup, the energy of both systems was minimized, first holding the cell
geometry fixed and secondly relaxing also the cell stress. To this purpose, the PBE density functional with
Grimme VdW correction was adopted. The integration grid in the reciprocal space had a resolution better
than 0.11 A in all directions and was made approximately equal for both systems doubling the number of k
points along the shortest direction of the Pca2; cell compared to the Pbca one. The computational
parameters and the list of adopted core pseudopotentials are reported in Table S1. In both cases, the Pbca
system proved to be more stable than the Pca2; one. In fact, after stress relief, Pbca was more stable than
Pca2,by 0.27 eV/minimal formula, which is about 26 kJ/mol. The maximum deviation of the atomic positions
in the computed structure compared to the structure derived from the diffraction data was 1.1 A in the

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

symmetrical unit. The root-mean-square deviation of the non-hydrogen atoms in the Pbca symmetry between
the experimental and DFT-optimized structures is 0.47 A.

3.2. Static XRPD measurements

The static powder X-ray diffraction patterns (paragraph 2.4) of the vapochromic compounds listed in
Table 1 are compared in Figure 3. The high similarity between powder profiles of Pt(bzq)K and
Pd(bzq)K and of Pt(ppy)K and Pd(ppy)K indicates that the two compounds sharing the same ligand
and counterion are isomorphic. As a consequence, it could be argued that a change of metal ion from
Pt to Pd has a negligible effect on the crystal structure of the compounds. Instead a change of the
ligand (from bzq to ppy) clearly affects the powder pattern, hence introduces modifications in the
crystal structure. A similar, although greater, effect is observed for a change of the counterion (from
K to Li), keeping constant the ligand and metal ion. In particular, a broadening of the diffraction
peaks can be noted in Pt(bzq)Li compared with Pt(bzq)K, which points to a lower coherence length
in the Li compound.
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Figure 3 Comparison of X-ray powder diffraction patterns of the vapochromic compounds considered in this study. Data
are shown up to 23=70°, but were collected up to 23=85°.

To quantify the above observations, we have assessed the crystallinity fraction and the average
crystallite size. Results, shown in Figure 4, indicate that (i) the compounds with the ppy ligand have
higher crystallinity than those with the bzq ligand; (ii) the Pt compounds exhibit a slightly higher
crystallinity than Pd compounds with the same ligand; (iii) the crystallinity and crystallite size of the
lithium compound is lower than those of the potassioum compounds. These evidences explains the
successful re-crystallization of Pd(ppy)K, which is the most crystalline compounds, and the
hygroscopic behaviour of Pt(bzq)Li, which has crystallites with smallest size, hence largest specific
area.
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Figure 4 Crystallinity (circles, right axis) and average crystallite size (squares, left axis) estimated from the static X-ray
powder diffraction profiles shown in Figure 5.

3.2.1 Pawley refinement

The cell parameters of Pt(ppy)K determined by single-crystal X-ray diffraction, collected at room
temperature, were used in a profile-fitting procedure applied to its static powder X-ray diffraction
pattern, also collected at room temperature (Figure 5a). The Pawley refinement converged to Rwp 8.91
and R 5.47 with the cell parameters reported in Table 3.
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Figure 5. Pawley refinement of Pt(ppy)K (a) and Pd(ppy)K (b). The two peaks at 23.5° and 30.1° of 20 are used to
describe the capillary contribution. Data are shown up to 23=60°, but were collected up to 23=85°.

Few extra peaks at low 23 angles are present in the pattern, which cannot be assigned to the cell.
They were identified by qualitative analysis executed at the borderline condition of using only three
experimental diffraction peaks (at 11.19, 13.25 and 18.09° 20) in the search-match process. The extra
peaks can be attributed to the K2(Pt(CN)4)(H20)0.713 compound [30], which is considered a secondary
synthesis product. In fact, the positions of the highest diffraction peaks of Ka(Pt(CN)4)(H20)0.713
(from the database) match the positions of the observed spurious peaks.

The powder patterns of Pt(ppy)K and Pd(ppy)K suggest isomorphism (Figure 3), hence the
orthrombic cell parameters of Pt(ppy)K were used for the Pawley refinement of the Pd(ppy)K pattern
(Figure 5b), which converged to Ryp 9.60 and R, 13.13 with the cell parameters listed in Table 3.

Table 3. Cell parameters and agreement factors determined by using the Pawley refinement of the Pt(ppy)K structural
model obtained by single-crystal X-ray diffraction on high-resolution powder diffraction data.

Pt(ppy)K Pd(ppy)K
Powder Powder
a (A) 10.0088(6) 10.0336(6)
b (A) 6.8053(8) 6.8499(8)
c(A) 38.719(1) 38.767(1)
Volume (A3) 2637.3(3) 2664.5(3)
Rwp 8.91 9.60
Ro 5.47 13.13

3.2.2 Crystal structure determination for Pd(ppy)K

The crystal structure determination of Pd(ppy)K was based on the assumption that the compound is
isostructural to Pt(ppy)K. Because of the availability of only microcrystalline powder for Pd(ppy)K,
two approaches can be followed: 1) the crystal structure of Pt(ppy)K, in which the Pt atom is replaced
by Pd, is refined by the Rietveld method; 2) the structure is solved by using a real-space method that
starts from a structure model compatible with the expected geometry. We used the second approach
which, starting from a structure model similar to the Pt(ppy)K one and introducing degrees of freedom
that are varied, permits to confirm the assumption of isostructurality. The crystal structure of
Pd(ppy)K was solved using EXPO2014 by the real-space method (Simulated Annealing) in the same
space group of Pt(ppy)K. The starting expected model of the Pd(ppy)K compound was assembled
using two molecules: Pd(ppy)(CN), and a biatomic fragment K-O. The geometry of Pd(ppy)(CN)2
was optimized by using NWCHEM employing DFT with B3LYP functional [31]. The method is
based on the minimization of the difference between observed and calculated intensities moving,
within the unit cell, an expected molecular model by varying its position, orientation and
conformation. For the structure solution, the angular range 3.0°< 29 < 45.30° was used. A total of 9
parameters were optimized by EXPO2014 during the minimization process: three coordinates to
describe the position of the centre of mass, three angles describing the orientation and three torsion
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angles to describe the conformation, for each molecular fragment. In a preliminary step the lattice
constants of Pt(ppy)K were refined with the background and the peak shape parameters by the Le
Bail strategy [32]. Finally, the global optimization algorithm was run 20 times in a default mode and
the best solution with the lowest cost function Rwp = 19.92 was selected. Hydrogen atoms were not
included in the optimization. Anti-bumping restraints (directive bump in EXPO2014) were used for
avoiding unreliable conformations. The final large Ry, discrepancy factor value confirms the
difficulty to recover the crystal structure also in the case of the Pd compound by using powder
diffraction data. It is relevant that the structure model corresponding to the lowest cost function value
is superimposable with the Pt(ppy)K model (Figure 6), so strenghtening the isomorphism hypothesis.

Figure 6. The best solution of Pd(ppy)K (blue) obtained from powder diffraction data by simulated annealing overlaid
on the single-crystal structure of Pt(ppy)K (red), showing a good agreement. H atoms have been omitted for clarity.

3.3. Thermogravimetric analysis

A TGA was carried out to verify the actual loss of water from the material. The TGA curves of
Pt(bzq)K (Figure S6) Pt(ppy)K (Figure S7) and Pd(ppy)K (Figure S8) show a weight loss of 4.1%,
3.9% and 5.2% respectively, which corresponds to one water molecule per molecule. Hence these
compounds are monohydrate, as confirmed by the crystal structure of Pt(ppy)K. For Pt(bzq)K and
Pt(ppy)K two well-separated stages of water loss occur just before and after the critical temperature
for the vapochromic transition (see Figure 10. This is in agreement with what is reported in the
literature [5] and indicates that the first water loss precedes the onset of the transition, and the second
one continues just after it. A different behavior was observed for Pd(ppy), where the two stages of
water loss are almost superposed and both occur before the critical temperature. This indicates that
the type of metal ion strongly affects the mechanism of water loss. The weight loss observed for
Pt(bzq)Li is 9.5% (Figure S9), which corresponds to 2.5 water molecules. Thus the exact formula of
this compound is [Li(H20)25][Pt(bzq)(CN)2]. The higher degree of hydration and the higher
hygroscopicity of this lithium salt compared to the potassium salts with the same ligand might be due
to the lithium ion itself. A single, wide step of water loss can be identified in this case, which is
centered at 50 °C and tails up to 140 °C. Thus both the total amount of water loss and its temperature
dependence are highly influenced by the counterion.

3.4. In situ X-ray powder diffraction
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Since these materials dehydrate upon heating, the structural changes that follow the dehydration
transition were characterized by VIXRPD limited to compounds Pt(bzq)K, Pt(ppy)K and Pd(ppy)K.
The occurrence of color and diffraction pattern variations as a function of temperature are
schematized graphically in Figure S10.

Figure 7 reports the diffraction patterns collected for Pt(bzq)K: structural changes together with a
change of color from dark red to yellow are observed between 70° C and 80° C then no further
modifications in the diffraction patterns are detected, up to 135° C. Cooling from 135° C to room
temperature, the color returns red when the temperature was around 50° C and the diffraction pattern
collected is consistent with hydrate form.

For Pt(ppy)K (Figure 8) structural changes are observed between 80° C and 95° C and then no further
modification in the diffraction pattern is observed up to 145° C. The change of color from dark violet
to yellow starts together with the structural changes, however this change of color is complete only
around 135° C. As for Pt(bzq)K, Pt(ppy)K returns dark violet upon cooling, at about 60° C and the
diffraction pattern at room temperature corresponds to that of the hydrate form (Figure S11).

For Pd(ppy)K (Figure 9) structural changes together with change of color from yellow to white are
observed between 75° C and 95° C. No further modification in the diffraction pattern was observed
up to 105° C. Upon cooling, color and powder pattern of the hydrate form are restored (Figure S12).
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Figure 7. Varied-temperature X-ray diffraction analysis of compound Pt(bzq)K. Powder X-ray diffraction profiles
measured in situ during heating.
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Figure 8. Varied-temperature X-ray diffraction analysis of compound Pt(ppy)K. Powder X-ray diffraction profiles
measured in situ during heating (left) and color changes of the sample heated at 27° C, 105° C and 145° C (right).
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Figure 9. Varied-temperature X-ray diffraction analysis of compound Pd(ppy)K. Powder X-ray diffraction profiles
measured in situ during heating (left) and color changes of the sample heated at 26° C and 105° C (right).
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PCA applied to VTXRPD data matrices allows estimating the reaction coordinate, represented
by the scores of the first principal component (PC1). They capture the trend of the global changes in
the diffraction profiles as a function of temperature, and clearly represent an order parameter for the
vapochromic transition (Figure 10). The reaction coordinate was used to perform a complete kinetic
analysis (Figure S13). The most appropriate kinetic model to describe the vapochromic transitions of
the three compounds was identified as the Avrami-Eroféev model, described by eq. (3). The kinetic
parameters n, Ea and log(A), together with the critical temperature, i.e. the temperature at which the
reaction coordinate shows a flex, are reported in Table 4. It can be noted that compound Pt(bzq)K has
a lower critical temperature than Pt(ppy)K and Pd(ppy)K, confirming the strong dependence of the
vapochromic properties on the ligand already observed in [6]. Regarding the reaction order, it results
that it is lower for Pt(ppy)K than for Pt(bzq)K, and it is lower for Pt(ppy)K than for Pd(ppy)K.
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Figure 10. Reaction coordinate for the heating process of the vapochromic compounds, as determined by PCA applied
to variable-temperature X-ray powder diffraction patterns. PC1 scores of the three compounds have been rescaled so that
they span the values between 0 and 1, as they are calculated in arbitrary units.

Table 4. Results of kinetics analysis performed on VTXRPD measurements.

Critical Critical . Activation Frequency
Reaction order
Compound temperature T  temperature T n Energy Ea factor Log(A)
(°C) (K) (k3/mol) (s)
Pt(bzq)K 80 353 3.6:0.6 64+4 19+1
Pt(ppy)K 94 367 3.3+0.3 60+6 16+2
Pd(ppy)K 91 364 4.5+0.2 52+4 14+1
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A characteristic feature of the VTXRPD profiles of the three compounds is an overall decrease of
peak height with temperature. Quantitative estimation of the crystallinity of the samples, performed
on each individual profile of the three compounds, are reported in Figure 11. It can be noted that the
crystallinity fraction follows a trend very similar to that of the reaction coordinate (Figure 10). It is
high at room temperature, has an abrupt decrease at a critical temperature, which for the three
compounds corresponds to that reported in Table 4, and then remain constant to roughly the same
value for each compound (20%). Pt(ppy)K has the highest crystallinity and the highest decrease upon
the vapochromic transition.
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Figure 11. Crystallinity fraction determined from X-ray powder diffraction profiles as a function of the temperature on
the sample.

3.5. In situ pair distribution function

PDF profiles obtained at different temperatures for samples with potassium as counterion are
superimposed in Figure 12. As a common feature, abrupt changes in the PDF G(7) profiles occur at
interatomic distances larger than 8 A, indicating the occurrence of substantial structural changes upon
heating. Smaller variations among profiles are present at interatomic distances between 3.0 and 8.0
A, and profiles remain almost constant for interatomic distances lower than 3.0 A. Rademacher et al.
[28] suggested that PDF profiles can be ideally divided into three regions: below 3 A, where only
intramolecular distances are present; between 3 and 8 A, where intramolecular and intermolecular
distances overlap, and beyond 8 A, where only longer intermolecular distances are present. Not
unexpectedly, this indicates that the molecule itself does not change its conformation upon heating,
while crystal packing is strongly influenced by the vapochromic transition, so that the mutual position
of different molecules in the crystal is varied. It can be also noticed that PDF curves tend to flatten in
the intermolecular distances region as the temperature is increased, remaining almost constant for
higher temperatures. This indicates a decrease of the long-range structural order, due to the
deterioration of the crystal lattice, which has been also assessed by the crystallinity analysis of
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VTXPRD data. Another feature arising from the analysis of Figure 12 is the similarity between PDF
profiles at 7 >3 A of compounds, suggesting a similar local crystal packing.
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Figure 12. Overlap of in situ PDF profiles obtained while heating the vapochromic samples. Only the part with
interatomic distance r <15 A is shown. Three regions are highlighted, involving only intra-molecular distances (cyan),
intra-molecular and inter-molecular distances (yellow) and only inter-molecular distances (brown).

Variations of PDF profiles as a function of temperature can be conveniently investigated by using a
multivariate approach. For each compound, the PDF data matrix made of a set of 42 PDF profiles collected
during heating (300 to 450 K) and cooling (450 to 350 K) steps constitutes the input for the principal
component analysis (PCA). As a result, PCA scores and loadings are obtained for each compound as a
function of the measurement number and of the interatomic distance, respectively. They are reported in
Figures S15-S18, the interpretation of which should take into account a sigh ambiguity in both PCA scores
and loadings. The main features of the PDF profiles are captured by the first principal component (PC1),
which explains more than 80% of the total data variance for all compounds. PC1 scores describe how
structural variations evolve during measurements: for all compounds, they exhibit an abrupt change during
the heating step and a constant trend while the temperature is ramped down. This implies a non-reversible
vapochromic transition, contrary to evidences gathered from optical experiments [5], which could be due
to an uneven air flow within the capillary preventing water molecules to get back to the region of the
capillary hit by the X-ray beam during the cooling step. In fact, we noticed that only the part of the sample
reached by the cryostream flux changed the color during the heating step, it remained unchanged during
the cooling step, and returned to the original color long after the end of the experiment.

A PCA applied to different ranges of interatomic distances (Figure S19) indicates that the main contribution
to the kinetic trend captured by PC1 comes from intra-molecular distances (r >3 A). Nevertheless, a residual
contribution arises from inter-molecular distances. In fact, the PC1 scores calculated by considering
interatomic distances < 3 A, while noisy, have the same main characteristics of those calculated from the
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whole range. This implies that structural rearrangements related to the vapochromic transition mainly
affect crystal packing, but have an effect also on the molecular units.

PC1 loadings represent the PDF signal associated to the kinetic behavior captured by the PC1 scores. For all
compounds, they satisfy the basic expectations for typical PDF profiles listed by Chapman et al. [29],
namely envelope with decreasing peak amplitude at high interatomic distances and limited presence of
high-frequency components (v = 27/O.x , Which is the characteristic frequency in r space of ripple
artefacts arising from the Fourier transform of scattering factors measured up to Q. ). Thus, PC1 loadings

most likely contain information from the part of the crystal structure that is involved in changes related to
the vapochromic transition.

Interestingly, the sharp peaks of the PC1 loadings for all the compounds have the same positions,
taking into consideration the above mentioned sign ambiguity (Figures S15-S18 and Figure 13),
indicating similar structural changes triggered by temperature variations. The first peak occurs at an
interatomic distance of about 3.2 A, which is consistent with the typical Pt-Pt or Pd-Pd bond distance.
Thus it is reasonable to assign such peaks to variations of metal-metal inter-molecular distances,
which hence represent the main structural variations related to vapochromic transitions. Such
evidence is in agreement with previous investigations about the optical properties of these compounds

[5].

Higher-order principal components shown in Figures S15-S18 (PC2 and PC3) have scores that are
strictly related to the PC1 scores. In fact, PC2 and PC3 scores do not follow the trend of temperature
variations exerted on the sample during the experiment, instead they reproduce approximatively the
first and second derivative of the PC1 scores, respectively. Interestingly, the same result is obtained
for PCA applied to VTXPD data (Figure S14). Therefore structural changes captured by second-order
principal components are not due to crystal lattice variations, rather they reflect second-order
structural changes, different from those involving metal-metal distances within the crystal. For
example, they could be related to changes in the orientation of molecules in the crystal.

PC2 and PC3 loadings in Figures S14-S17 reveal that compounds containing the bzq ligand are less
affected by second-order structural rearrangements than those containing the ppy ligand. Whether a
principal component hold significant signal or just noise depends on the features of their loadings. In
particular, noise is dominant when loadings deviate from typical experimentally-derived PDF curves
and hold high-frequency signals, close to v ~27/0,,, . With this criterion the following significative

components can be recognized: PC2 for Pd(bzq)K; PC2 and PC3 for Pt(ppy)K and Pd(ppy)K. In fact,
they have the typical envelope of experimentally derived PDF curves, with peak intensity decreasing
with the interatomic distance, and lack of high-frequency components.

3.5.1. Comparative analysis based on PDF loadings

A way to compare vapochromic compounds based on their dynamical properties is to perform a
comparative analysis taking PC1 loadings as representative of the behavior of each compound. In
fact, PCA applied to in situ PDF data has shown that PC1 captures most of the data variance, and its
loadings contain the structural information behind this variance, which is closely related to the
vapochromic transition. The PC1 loadings are shown in Figure 13a. They have been used as input for
a further PCA step (PCA’), which generated a PC2’ vs PC1’ score plot (Figure 13b) and PC1’ and
PC2’ loadings (Figure 13c). From inspection of the score plot, it can be noted that the compounds are
separated in PC1’ (which accounts for 73.9% of the total data variance) according to the type of
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ligand, while they are separated in PC2’ (which accounts for 20.2% of the total data variance)
according to the type of metal atom. This result confirms the relevance of the ligand in determining
the behavior of the phase transition. The inspection of the PC1° and PC2’ loadings suggests the short-
range effect of variations of metal-metal distances during the vapochromic phase transition. In fact,
PC2’ loadings have a large contribution only for » < 20 A. Conversely, the long-range effect of the
ligand is dictated by PC1’ loadings, whose amplitude increases for interatomic distances > 20 A.
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Figure 13. Comparison of vapochromic compounds based on PC1 loadings of their in situ PDF data. PC1 loadings (a)
have been processed by a second step of PCA (P CA’), generating the PC2’ vs PC1’ score plot (b) and the PC1‘and PC2’
loadings (c).

3.5.2. Kinetic analysis of PDF data

The reaction coordinate for each compound during the heating process has been determined in the
same way as done for the in situ X-ray powder diffraction data, i.e. by considering the PC1 scores
versus the temperature values associated to the different measurements (Figure 14). They represent
the kinetics of the main structural variations involved in the vapochromic transitions. From Figure 14
it can be seen that the critical temperature of the Pt(bzq)K and Pd(bzq)K compounds are lower than
those of the Pt(ppy)K and Pd(ppy)K compounds, in agreement with what is reported in [6] and
consistent with Figure 10. In addition, the slope of the reaction coordinate around the critical
temperature (see inset of Figure 10) suggests that the transition of Pt(bzq)K and Pt(ppy)K compounds
is sharper, i.e. the vapochromic transition occurs abruptly, than the transition of the corresponding
compounds: Pd(bzq)K and Pd(ppy)K.
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Figure 14. Reaction coordinate for the heating process of the vapochromic compounds, as determined by PCA applied
to PDF profiles. PC1 scores of the three compounds have been rescaled so that they span the values between 0 and 1, as
they are calculated in arbitrary units. Their first derivatives are shown in the inset.

A kinetic analysis of the reaction coordinate produces the results shown in Figure 15 and Table 5.
Data are compatible with the kinetic model of Avrami-Eroféev for the four compounds, in agreement
with what was found from VTXRPD data. Considering the same metal ion, the reaction order () is
higher for the benzoquinolinato (bzq) than for the phenylpyridinato (ppy); considering the same
ligand it is higher for Pd than for Pt. This reflects the above-mentioned trend of the reaction coordinate
(Figure 14), as the reaction order is related to the slope of the transition curve at the critical
temperature (lower-order transitions are steeper). Therefore, results from the kinetic analysis are
consistent with the steeper rise of the reaction coordinate with temperature of the compunds with the
ppy ligand with respect to those with the bzq ligand, and for compounds with the Pt metal ion with
respect to those with the Pd one. The dependence of the reaction order on the ligand and on the metal
ion agrees with that obtained from VTXPRD data, however the absolute values of the kinetic
parameters are not compatible for the two experiments. Such discrepancies could be due to the
different sample holders used (capillary versus flat holder) and to the different rate of temperature
changes.
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Figure 15. Results of the kinetic analysis performed on PDF data.

Table 5. Results of kinetics analysis performed on PDF measurements.

Critical . Activation Frequency
Reaction order
Compound temperature T n Energy Ea factor Log(A)
(K) (kJ/mol) (s?)
Pt(bzq)K 340 3.4+0.3 30+3 3+1
Pd(bzq)K 350 3.7£0.2 1843 -2+1
Pt(ppy)K 380 3.240.1 23+2 -1.1+0.7
Pd(ppy)K 380 3.620.2 21+1 -1.7+0.3

3.5.3. Structural investigation of the vapochromic transition by PDF fitting

The crystal structure solution obtained for Pt(ppy)K was used to fit the PDF data of the same
compound, and of the isomorphic compound Pd(ppy)K. By properly modifying the ligand structure,
it was also used to fit Pt(bzq)K and Pd(bzq)K, assuming the same crystal symmetry and initial crystal
cell. For all compounds, a good agreement between the fitted model and PDF data was reached at all
temperatures spanned by the in situ experiments (Figures S20 and S21). As a result, for each
vapochromic compound, we obtained an approximated solution for each step of the vapochromic
transition, under the hypothesis that the crystal symmetry does not change in the process. The
structural changes involved in the phase transition can be then inspected considering the structural
parameters variations with temperature. The trend of the metal-metal distance and of the cell
parameters, shown in Figure 16, reveals the following common features for all compounds. The
metal-metal distance is about 3.4 A at room temperature and increases up to about 3.9 A after the
phase transition. The molecular distancing is due to an increase of the » axis upon vapochromic
transition, however this is not accompanied by a crystal cell expansion as it could be expected, but
on the contrary by its contraction. In fact, the a cell parameter for Pt(ppy)K and Pd(ppy)K and the ¢
cell parameter for Pt(bzq)K and Pd(bzq)K decrease upon the transition, in both cases determining a
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comparable overall decrease of the crystal cell volume. The volume contraction is larger than what
expected from the loss of one or two water molecules, thus necessarily involves rearrangements of
molecular packing. Structural changes involving the metal ion and those involving crystal packing
occur at the same critical temperature, which notably are systematically higher of about 10 K than
those obtained from PC1 scores. This could be interpreted by considering that variations of cell
parameters and metal-metal distances are preceded by second-order variations (local distortions,
increased thermal motion) that are hidden when considering only the coordinates of the average
structure.
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Figure 16. Structural parameters derived from the refinement of in situ PDF data. Metal-metal distance (a, b) and cell
parameters (c,d) as a function of temperature for compounds Pt(ppy)K (full circles, full lines) and Pd(ppy) (open circles,
dashed lines) (a,c), and Pt(bzq)K) (full circles, full lines) and Pd(bzq)K (open cicles, dashed lines) (b,d).

Further insight into structural changes related to vapochromic transition can be gained comparing the
refined crystal structures before and after the vapochromic phase transition (Figure 17). The most
relevant feature is the variation of metal ion positions of symmetry-equivalent molecules, which at
high temperature are not aligned along the b axis. This explains the increase in metal-metal distances
reported in Figure 16. Viewing crystal packing along the ac plane (Figure 17) it can be noted a
reduction of the spacing among molecules, in agreement with the decrease of the crystal cell volume
reported in Figure 16. Another interesting feature can be revealed by viewing crystal packing along
the ab plane: at room temperature molecules are packed so that they are aligned along the b axis in
an alternated sequence, thus forming a zigzag curve; after phase transition molecules are perfectly
aligned along the b axis, despite the shift of their metal centers. It can be concluded that the ligand
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alignment compensates the metal misalignment, making the molecular arrangement compatible with
a reduced crystal cell volume.

Figure 17. Structural comparison of crystal structures of Pt(ppy) refined against 300 K (cyan) and 450 K (pink) PDF
data. View of the ab plane (top) and of the ac plane (bottom).

3.6. X-ray absorption spectroscopy

The PDF fitting analysis has been validated by using XAS data collected for Pt(bzq)K at room
and high temperature. Structural information about the coordination of the platinum ion, and in
particular the Pt-Pt distance, was checked against the EXAFS region of XAS data. The structural
models of Pt(bzq)K obtained by the PDF data analysis at room and high temperature were used as
the starting model for XAS data analysis. In the fitting procedure, the benzoquinolate and the two
cyanide ions were considered as three separate rigid bodies. Scattering paths related both to single
and multiple scattering events with amplitude reduction factor higher than 30% and scattering
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distance lower than 4.1 A were considered. In the first step of the fitting procedure, distances and
Debye—Waller factors of the atoms in the first shell of platinum ion were used as free parameters. In
this step, also the global parameters of amplitude reduction factor and of the shift of the absorption
edge have been left free. Then, the value of such parameters was set to the best value obtained by the
fitting. In the second step, the Debye—Waller factors of the remaining atoms belonging to the complex
were left free, while their distances were calculated based on molecule geometry and the scattering
path distances obtained in the first step. This procedure allowed keeping the number of independent
points of the data higher than the number of variables used in the fitting. Finally, by keeping constant
the value of the parameters related to atoms belonging to the complex, the inter-molecular Pt-Pt
distance (highlighted by arrows in Figure S22) was used as a free parameter in the fitting. Such a
procedure (results shown in Figure 18) provided a Pt-Pt distance of 3.3+0.5 A and 3.9+0.1 A for the
complex at room and high temperature, respectively, in full agreement with the values obtained from
the PDF fitting analysis. The values of the Pt Debye—Waller factor are 0.002 A? and 0.005 A2,
respectively at room and high temperature (this parameter has been fixed, thus error is not available).
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Figure 18. X-ray absorption spectroscopy analysis applied to Pt(bzq)K at low (top row) and high (bottom row)
temperature: normalized XAS signal (left) and its radial distribution (right). The best-fit values of the Pt-Pt distance are
shown.

4. Conclusion
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The structural characterization of Pt- and Pd-based compounds considered in this study turned out to
be a challenge not only for the large structural changes involved in the vapochromic transition, but
also because of the non-homogeneity of the structural variations and the presence of impurities in the
samples. These effects hindered a precise indexing of XRPD profiles collected in static and dynamical
conditions. The challenge has been tackled by putting together several experimental techniques, by
highlighting local features thanks to PDF measurements, and by processing experimental data with
powerful computational tools.

The hydrated and anhydrous forms of the compounds have been compared by NMR and UV-vis
spectroscopy; the temperature-dependent behavior of the vapochromic compounds has been studied
by in situ X-ray diffraction, complemented by thermogravimetric analysis and visual inspection of
color changes. Such combined analysis allowed to relate color changes, structural variations and
water losses to temperature.

Characteristic curves describing the kinetics of the transition have been extracted by using a
multivariate analysis approach applied to in situ X-ray diffraction measurements, and converging
evidences were obtained by analyzing lab XRPD and synchrotron PDF measurements. The Avrami-
Eroféev model is identified as the kinetic model best describing the vapochromic transition of all
analyzed compounds. A strong dependence on the ligand forming the vapochromic compound was
found, since the bzq ligand triggers a higher-order (smoother) transition occurring at a lower
temperature than the ppy ligand, which triggers a lower-order (steeper) transition occurring at a 38 K
higher temperature. Moreover, the kinetics of the transition is also influenced by the metal ion, with
Pt compounds undergoing a lower-order transition than Pd compounds.

Even in the absence of detailed structural information, PCA results suggests that metal-metal contacts
play a major role in determining the structural changes related to the vapochromic behavior. For
Pt(ppy)K and Pd(ppy)K compounds, such changes are accompanied by structural distortions of the
ligand structure, evidenced by more significant contributions from higher-order principal
components.

Crystallinity measurements indicate that for all compounds the vapochromic transition is
accompanied by an order-disorder transition having the same critical temperature.

Recrystallization experiments lead to the formation of crystals suitable for structural analysis only for
compound Pt(ppy)K, for which the room-temperature crystal structure has been determined. This
partial structural knowledge disclosed the possibility to investigate other compounds as a function of
the temperature. In fact, bringing the PDF analysis to the extreme of its potential, this structural model
was refined against each of the PDF profiles describing the compounds as a function of temperature.
This has been achieved despite the increasing disorder in the crystal lattice, thanks to the local
character of PDF measurements, and has been validated by XAS measurements. In this way, we got
an insight into the structural rearrangements, comprising crystal cell distortions and changes of
intermolecular distances accompanying the vapochromic transition. It was then possible to associate
the different kinetics shown by the reaction coordinate of bzq and ppy compounds to a different
mechanism of cell contraction during the vapochromic transition: it is mainly due to a reduction of
the ¢ cell paramteter for Pt(bzq)K and Pd(bzq)K and of the a cell parameter for Pt(ppy)K and
Pd(ppy)K. On the other hand, the type of metal ion influenced the rate of changes in metal-metal
distances, with Pt-Pt distances changing more rapidly than Pd-Pd distances.

The structural information obtained provides further insight into strategies to achieve engineered
vapochromic complexes, which selectively and rapidly respond to specific vapors in small quantities.
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Supporting Information. UV-visible and NMR spectra of Pd(bzq)K, Pd(ppy)K and Pt(bzq)Li
compounds in their hydrated and anhydrous forms. Unit cell of the crystal structure solution of
Pt(ppy)K. Computational parameters used in DFT calculations. Thermogravimetric analysis curves
of Pt(ppy)K, Pd(ppy)K and Pt(bzq)Li. Schematic representation of structural and color variations of
Pt(bzq)K, Pt(ppy)K and Pd(ppy)K. Comparison of X-ray powder diffraction profiles of the hydrated
and anhydrous forms of Pt(ppy)K and of Pd(ppy)K before and after exposure to water vapors. Results
of PCA and kinetic analysis performed on in situ X-ray powder diffraction data for Pt(bzq)K,
Pt(ppy)K and Pd(ppy)K and on in situ PDF data for Pt(bzq)K, Pd(bzq)K, Pt(ppy)K and Pd(ppy)K.
Results of PDF refinement of structural model at room temperature and at 450 K for Pt(bzq)K,
Pd(bzq)K, Pt(ppy)K and Pd(ppy)K. Details about the X-ray absorption spectroscopy experiment and
data analysis.
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