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ABSTRACT: Two phosphorescent PtII-based cyclometalated complexes were co-
crystallized with perfluorinated arenes to give 1:1 co-crystals. The X-ray study revealed
that each of the complexes is embraced by arenesF to give infinite reverse sandwich
structures. In four out of six structures, a dz

2 orbital of PtII is directed to the arenesF ring via
π-hole···dz

2[PtII] interactions, whereas in the other two structures, the filled dz
2 orbital is

directed toward the arene C atoms. Computed molecular electrostatic potential surfaces of
the arenesF and the complexes, noncovalent interaction indexes for the co-crystals, and
natural bond orbital calculations indicate that π-hole···dz

2[PtII] contacts (and, generally,
the stacking) are of electrostatic origin. The solid-state photophysical study revealed up to
3.5-fold luminescence quantum yield and 15-fold lifetime enhancements in the co-crystals.
This increase is associated with the strength of the π-hole···dz

2[PtII] contact that is
dependent on the π-acidity of the areneF and its spatial characteristics.

■ INTRODUCTION

In the past decade, rational manipulation of noncovalent
interactions involving σ-hole (σh) or π-hole (πh) donors has
proven to be an efficient method to design luminescent
materials and modulate their photophysical properties.1−4

Some σh-involved interactions in co-crystals of purely organic
or metal-containing luminescent materials provide room-
temperature phosphorescence instead of fluorescence (ob-
served in the absence of appropriate noncovalent contacts)5

and substantial enhancement of luminescence quantum
yields6,7 (up to a 20-fold halogen bonding-assisted increase
has been detected6), and these interactions can also modify
emission spectra.8

The modulation of luminescent properties by noncovalent
interactions involving π-hole (πh) donors is another useful
strategy in the design of organic luminescent materials,9−12

although it is incomparably less common than the modulation
via σh interactions. To the best of our knowledge, enhancement
of the luminescence of any metal-containing system by πh
interactions has never been observed in the past. We report
herein on the increase of phosphorescence quantum yields of
luminescent systems based on PtII square-planar cyclo-
metalated complexes 1 and 2 (see Figure 1). This effect is
achieved by their co-crystallization with electron-deficient
arenes to give infinite reverse sandwich structures,13 including
πh···dz

2[PtII] contacts.

■ RESULTS AND DISCUSSION

Previously, we reported13 that square-planar platinum(II) and
palladium(II) systems co-crystallize with πh-donating electron-
deficient arene systems, giving a family of reverse sandwich

species. The latter are based on πh···dz
2[MII] interactions when

the charge distribution at the metal center and at the arenes is
opposite to that of the classic sandwiches, and the positively
charged d8-M center acts as a nucleophile.14 For this work, we
addressed platinum(II) complexes 1 and 2 exhibiting
pronounced phosphorescent properties (for 1, Φem = 15%
and μ = 2.60 μs in 2-MeTHF;15 for 2, Φem = 36% and μ = 0.34
μs in CH2Cl2

16), obtained their co-crystals with electron-
deficient arenes and a hetarene, and compared phosphorescent
properties of 1 and 2 with those of the corresponding co-
crystals.
The complex [Pt(ppy)acac] (1, where ppyH = 2-phenyl-

pyridine and Hacac = acetylacetone)17 co-crystallizes with the
arenes (C6F6, C6F5H, C6F5CF3), pentafluoropyridine (C5F5N)
as hetarene, and octafluoronaphthalene (C10F8) at 20−25 °C
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Figure 1. Parent luminophores 1 and 2.
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to give, in each case, 1:1 co-crystals 1·(areneF), while the
diketonate complex [Pt(bt)acac] (2, where btH = 2-phenyl-
benzothiazole)18 form 1:1 co-crystals 2·C10F8 with octafluor-
onaphthalene; our attempts to obtain co-crystals of 2 with the
remaining arenesF were unsuccessful.
All six co-crystals were studied using X-ray difraction

(XRD), and their packing (see Figures S1−S6 in the
Supporting Information) consist of alternating layers of the
complexes and the arenesF. The main motif of regular parallel
arrangement of a planar complex and arenesF is mostly induced
by weak CH···F contacts within layers and moderate π···π
stacking interlayer interactions (see Figures S1−S4). The
exception is isostructural 1·C6F6 and 1·C6F5H co-crystals (see
Figures S5 and S6), where this regular architecture of the
stacking-bonded layers is affected by CH···F and CH···π
interlayer interactions. This variation of the crystal packings
provides differences in the supramolecular environment of the
metal site. In 1·C6F5CF3, 1·C5F5N, 1·C10F8, and 2·C10F8 (see
Figure 2, as well as Figures S7−S9 in the Supporting

Information), the Pt atom from both sides is enclosed by
two perfluoroarenes, whereas in 1·C6F6 and 1·C6F5H (Figures
S10 and S11 in the Supporting Information), only one areneF

directly contacts the metal centers, whereas another one is
significantly shifted toward the (acac)Pt moiety. The
asymmetry of π···Pt interaction in these two co-crystals could
cause their specific crystal packing, as indicated above.
The geometry of these areneF···Pt contacts supports the

availability of the metal-involving stacking interactions. The
angle between mean-square planes of any one of the metal
complexes and a perfluoroarene is <2°, while the distance
between the Pt atom and the areneF plane (3.274(6)−
3.357(4) Å, see also Table S1 in the Supporting Information
for other structural details) is always less than the sum of
Bondi van der Waals radii (RvdW) for C and Pt (3.45 Å).
Despite these conservative geometric features, the specifics of
π···Pt interaction, namely, the direction of the Pt dz

2 orbital,
with respect to areneF, are dependent on the identity of
perfluoroarene (Figure 3). If in 1·C6F5CF3, 1·C5F5N, 1·C10F8,
and 2·C10F8, the dz

2 orbital is directed to the ring (one ring for
C10F8) favoring πh···dz

2[PtII] interaction,13 in 1·C6F6 and 1·
C6F5H, the filled dz

2 orbital is shifted from the rings toward C
atoms.
For 1·C6F6 and 1·C6F5H co-crystals, only one rather strong

C···Pt interaction can be assumed (3.316(5) and 3.347(5) Å,
respectively) and the other C···Pt distances with arenesF are

significantly longer (3.477(5)−4.375(5) and 3.575(5)−
4.427(6) Å, respectively). The formation of weakerbut still
short C···Pt contacts (3.405(6) Å) between the Pt center and
two opposite C5F5N in 1·C5F5Nresults in more symmetric
π···Pt interactions (N···Pt = 3.750(6) Å, C···Pt = 3.405(6)−
3.651(6) Å). This trend is even more pronounced in
1·C6F5CF3, where the metal center is not involved in any
specific C···Pt contact and the C···Pt distances with the C6F5
ring of two C6F5CF3 are in the narrow range (3.547(5)−
3.694(5) Å).
Finally, the most symmetric π···Pt interaction was found in

1·C10F8 (the C···Pt distances with the closest C6 ring of the
two neighboring arenesF vary from 3.563(4) Å to 3.678(4) Å).
However, in comparison with the other co-crystals of 1, this
system combines both π···Pt interaction modes, i.e., while the
Pt atom provides its dz

2 orbital for the symmetric π···Pt
interaction, it is also involved in the shortened C···Pt contact
with the opposite C10F8 (3.382(4) Å). A similar but more
uniform bonding situation was found in 2·C10F8: the C···Pt
distances of more symmetric π···Pt interaction cover a 0.299 Å
range, which is noticeably wider than that in 1·C10F8. In
contrast, the C···Pt range of distances for the more directional
π···Pt interaction is smaller in 2·C10F8 (0.411 Å) with the
formally shortened contact C···Pt being comparable to the
RvdW sum (3.443(7) Å vs 3.45 Å).
The molecular electrostatic potential (MEP) surfaces of the

arenesF and compounds 1 and 2 have been represented in
Figures 4 and 5, respectively. Despite the fact that the Mulliken
atomic charge densities at the Pt atom in 1 and 2 are positive
(0.36 and 0.38 e, respectively), the MEP plotted onto the van
der Waals surfaces of these two complexes reveal the existence
of a large isosurface of negative potential over the PtII center
and the phenyl ring is directly bonded. The MEP values over
the pyridine ring in 1 or the benzothiazole ring in 2 are
significant less electron-rich. The MEP value over the central C
atom of the acac ligand is also negative (−13 kcal/mol in both
compounds). The most π-acidic arenesF are C5F5N and
C6F5CF3, and the less acidic arene is C6F5H. Both C6F6 and
C10F8 exhibit similar MEP values over the center of the rings.
This analysis indicates a good complementary situation
between the arenesF with π-acidic surfaces and 1 and 2 with

Figure 2. Molecular structure of 1·C10F8 with dashed short contacts.
Non-hydrogen atoms are given as probability ellipsoids of atomic
displacements (p = 0.5).

Figure 3. Projections of Pt centers (shown in purple) onto the mean-
square planes of the closest aromatic rings in the studied co-crystals.
For co-crystal 1·C6F5CF3, two possible CF3 positions (due to
symmetry-imposed disorder) are given by double-dashed lines.
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large π-basic surfaces embracing the PtII center. Therefore,
electrostatic forces are very important for the formation of the
ternary assemblies commented above.
To further characterize the π-stacking interactions, we have

used the NCIplot computational tool. It can be defined as a
computational index that is very convenient for the easy
visualization and identification of noncovalent interactions.
These are identified with the peaks that emerge in the reduced
density gradient (RDG) at low densities.19,20 These are
visualized by mapping an isosurface of s (s = |∇ρ|/ρ4/3) for a
low value of RDG. When a supramolecular assembly is formed,
the RDG changes at the critical points (CP) located between
the monomers due to the annihilation of the density gradient
at these CPs. Therefore, the NCIPlot index reveals which
molecular regions interact. Moreover, it also provides
qualitative information about the attractive or repulsive nature
of the interaction. That is, red and yellow colors are indicative
of strong and weak repulsive forces (ρcut

+), respectively, and
blue and green colors correspond to strong and weak attractive
forces (ρcut

−), respectively.
The representation for all ternary assemblies are given in

Figure 6, along with their interaction energies computed at the
PBE1PBE-D3/def2-TZVP level of theory (the interaction

energies are calculated between two aromatic molecules and
the Pt-complex 1 or 2). The energetic results show a
qualitative good agreement with the MEP surfaces. That is,
the weakest complex corresponds to 1·C6F5H, followed by 1·
C6F6, which are the aromatic rings with smallest values of
MEP. Complexes 1·C5F5N and 1·C6F5CF3 present stronger
interactions, because of its higher π-acidity and also the
presence of the CF3 group in 1·C6F5CF3 that likely contributes
to reinforce the interaction through some long-range contacts
with the methyl groups of the acac ligand. In fact, there is an
excellent correlation between the interaction energies and the
MEP values for co-crystals 1·C6F5H, 1·C6F6, and 1·C5F5N (r2

= 0.986). However, 1·C6F5CF3 does not follow the same trend,
thus confirming the extra stabilization gained due to presence
the CF3 groups. Finally, 1·C10F8 and 2·C10F8 exhibit the
strongest interactions, because of the larger overlap of the π-
systems.
The NCIplot index shows the existence of extended green

isosurfaces located between the π-systems in all trimers, thus
confirming the attractive nature of the interaction. Moreover,
the extension of the surfaces in 1·C10F8 and 2·C10F8 confirms
the large complementarity in these systems. The πh···dz

2[PtII]
interaction is characterized by a concave isosurface that is
generated between the PtII center and the aromatic π-cloud of
the arenesF. These isosurfaces are observed in all complexes
apart from the weakest 1·C6F5H and 1·C6F6, where the
interaction is better defined as (FCCF)···dz

2[PtII] that is
characterized by the presence of small isosurfaces (see Figures
6b and 6c). Interestingly, the strongest complexes 1·C5F5N
and 1·C6F5CF3 (6-membered rings) and 2·C10F8 (two fused
rings) show the concave surfaces above and below the PtII

center, thus forming two simultaneous πh···dz
2[PtII] inter-

actions. 1·C10F8 exhibits a πh···dz
2[PtII] interaction on one side

and (FCCF)···dz
2[PtII] on the opposite side, thus likely

explaining its weaker interaction energy compared to 2·C10F8.
The correspondence between the π-acidity of the rings

(MEP surfaces) and the interaction energies of the ternary
complexes suggests that the interaction is dominated by
electrostatic effects (electron-rich PtII and π-acidic electron-
deficient arenesF). Nevertheless, we have also studied if orbital
contributions are important in the πh···dz

2[PtII] bonding
interactions described above. To accomplish it, we have
performed natural bond orbital (NBO) calculations, focusing
on the second-order perturbation analysis that is adequate to
analyze donor−acceptor interactions.21 Remarkably, this
analysis reveals that the orbital contributions in all trimers
are moderate, as summarized in Table 1. For each fluoroarene
in the complexes (above and below the Pt complex), we have
found two complementary contributions: (i) an electron
donation (5dz

2(Pt) → π*) from the dz
2 at the Pt atom to π-

antibonding orbitals of the arene and (ii) a back-donation from
π-bonding orbitals of the arene to the empty 6pz atomic orbital
of Pt. While the overall orbital contribution is higher for the
back-donation (Table 1), the energies are modest, compared
to the total interaction energy. Therefore, taking into
consideration the MEP surface analysis, interaction energies
and E(2) orbital donor−acceptor energies, it can be concluded
that the interaction can be better defined as πh···dz

2[PtII]
bonding interaction dominated by electrostatic forces with a
moderate contribution from an orbital back-donation (up to
2.34 kcal/mol in 2·C10F8, see Table 1) from the π-system of
the fluoroarene to the empty 6pz atomic orbital of Pt.

Figure 4. MEP surfaces (0.001 a.u.) of the perfluoroarenes at the
PBE1PBE-D3/def2-TZVP level of theory: (a) C5F5N, (b) C6F5H, (c)
C6F6, (d) C6F5CF3, and (e) C10F8. The energies over the ring
centroids are given in kcal/mol. [Color code: blue = negative, red =
positive.]

Figure 5. MEP surfaces (0.001 a.u.) of (a) 1 and (b) 2 used in this
work at the PBE1PBE-D3/def2-TZVP level of theory. [Color code:
blue = negative, red = positive.]
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The photophysical properties of 1 and 2 and their co-crystals
(see Table S2 in the Supporting Information) have been
studied in the solid state. The solid-state emission spectra of 1
and 2, and all of their co-crystals (see Figure 7, as well as
Figure S12 in the Supporting Information), are broad, partially
structured, and, in accordance with ref 22, could be attributed
to a mixture of 3LLL′CT and 3MLCT transitions. The
phosphorescence is characterized by τobs = 0.28−8.42 μs,
which is attributed to the triplet manifold (see Table S2). As
can be inferred from the inspection of Table S2, co-
crystallization with the πh donors lead to up to 3.5-fold
increase of Φem for all co-crystals and up to 14.5-fold lifetimes;
the profile of the spectra changes insignificantly.
The most significant alterations of the phosphorescence, as

compared to 1 and 2, were observed in perfluoronaphthalene
co-crystals (1 and 2)·C10F8; ca. 3.5-fold Φem and excited-state
lifetimes enhancement was achieved for 1·C10F8 (11.3%; 8.42
μs) vs 1 (Φem 3.2%; 0.58 μs). In addition, we observed a
substantial change in the profile of the emission spectrum of
the adduct vs 1 (see Figure S12); the bands in 1·C10F8 are
better resolved and structured and the shortwave band
becomes more intense (see Figure 7a). For 2·C10F8, we did
not observe a significant increase in Φem, compared to 2: Φem

16.5% (2) and 18.8% (2·C10F8). In contrast, ca. 4-fold τobs
enhancement was detected (τobs = 0.95 μs (2) and τobs = 3.88
μs (2·C10F8)). The profile of the emission spectrum of 2·C10F8
vs 2 (Figure 7b), as for 1, underwent the same changes. We
assume that co-crystallization prevents intermolecular inter-
action to diminish nonradiative decay via excimer formation23

and also increases the structural rigidity of 1 and 2, preventing

the rotational/vibrational motion of the luminescent moiety
and suppressing the nonradiative decays; all of these lead to
Φem enhancement and structuring the emission spectra.
However, to start a comprehensive photophysical study
supporting this assumption, more experimental examples are
required for co-crystals of the complexes with arenes exhibiting
extended conjugated π-systems equal to or larger than that in
perfluoronaphthalene.
Notably, in the context of this work, the only metal-

containing luminescent systemwhose phosphorescence is
affected by πh contacts with electron-deficient organic
speciesis based on highly nucleophilic24 d10-[AuI3] clusters;
co-crystallization of these species with, e.g., C10F8 to give
[AuI3]/C10F8 associates exhibiting πh···dz

2[metal] short
contacts completely quenches the luminescence of the parent
clusters.25−27

We believe that the enhancement of the phosphorescence of
1 and 2, upon the interaction with the arenesF, is associated
with the strength and spatial features of the appropriate
interactions, namely, the efficiency of the overlapping of the πh
and a dz

2[PtII] orbital (recall Figure 3) or, in the other words,
the interaction energy between perfluoroarenes and the
complexes (recall Table 1). The observed changes in the
quantum yield and the profile of the emission spectrum
correlate well with the degree of shielding of PtII by arenesF

(the isolation of the complex from each other) and the
stacking interaction energy (Table 1). Our further works in
this direction will be focused on the stacking of metal-based
square-planar luminophores and species exhibiting substan-
tially extended aromatic systems with deep πh.

Figure 6. NCIplots of (a) 1·C5F5N, (b) 1·C6F5H, (c) 1·C6F6, (d) 1·C6F5CF3, (e) 1·C10F8, and (f) 2·C10F8. The interaction energies of the ternary
assemblies at the PBE1PBE-D3/def2-TZVP level of theory are shown. The parameters used to build the surface are a gradient cutoff of 0.35 a.u.
and a color scale of −0.04 a.u. < ρ < 0.04 a.u.
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■ EXPERIMENTAL SECTION
Materials. Pt(ppy)acac28 and Pt(bt)ppy18 were synthesized using

published methods. Hexafluorobenzene, pentafluorobenzene, octa-
fluorotoluene, pentafluoropyridine, and octafluoronaphthalene were
purchased from Sigma−Aldrich Chemical Co. and used as received.
X-ray Diffraction Studies. XRD experiments were performed

with Xcalibur and Supernova diffractometers, using Cu Kα radiation
(graphite or mirror monochromators, ω-scans) at 100 K. The
structures were solved by direct method and refined by the full-matrix
least-squares against F2 in anisotropic approximation for non-
hydrogen atoms. All hydrogen-atom positions were calculated. All
hydrogen atoms were refined in isotropic approximation in the riding
model. The equal substitution disorder model was used for the C and
N atoms connected with a Pt atom. Crystal data and structure
refinement parameters are given in Table S3 in the Supporting
Information. All calculations were performed using the SHELX
software.29 CCDC Data File Nos. 1996567−1996572 contain all
additional supplementary data.
Computational Details. The energies of the complexes included

in this study were computed at the PBE1PBE-D3/def2-TZVP level of
theory by using the Gaussian-16 program.30 The interaction energy
(or binding energy in this work), ΔE, is defined as the energy
difference between the trimer complex and the sum of the energies of
the monomers. The basis set superposition error has been corrected
using the counterpoise method.31 For the calculations, we have used
the Weigend def2-TZVP32,33 basis set and the PBE1PBE DFT
functional.34,35 Grimme’s D3 dispersion correction has been used36,37

to better estimate the π−π interactions. The molecular electrostatic
potential (MEP) surface calculations have been computed using

Gaussian-16 software at the PBE1PBE-D3/def2-TZVP level of theory.
The NCIPLOT19,20 index has been performed using the PBE1PBE-
D3/def2-TZVP wave function.

Crystal Growth. The single crystals were prepared via the slow
evaporation of solutions of 1 and 2 in the fluorinated arenes (ca. 5 mg
of any one of the complexes in 3 mL of a fluorinated arene) and slow
evaporation of CH2Cl2 solutions containing equimolar amounts of 1
and 2 and octafluoronaphthalene at 20−25 °C.
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Figure 7. Normalized solid-state emission spectra of (a) 1 (1·C10F8)
and (b) 2 (2·C10F8) at 298 K; λexit. = 405 nm.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01170
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01170/suppl_file/ic0c01170_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1996567&id=doi:10.1021/acs.inorgchem.0c01170
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1996572&id=doi:10.1021/acs.inorgchem.0c01170
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01170?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01170/suppl_file/ic0c01170_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1996567&id=doi:10.1021/acs.inorgchem.0c01170
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1996572&id=doi:10.1021/acs.inorgchem.0c01170
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Frontera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7840-2139
http://orcid.org/0000-0001-7840-2139
mailto:toni.frontera@uib.es
mailto:toni.frontera@uib.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vadim+Yu.+Kukushkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01170?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01170?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01170?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01170?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01170?ref=pdf


Vadim Yu. Kukushkin − Institute of Chemistry, Saint
Petersburg State University, 199034 Saint Petersburg, Russia;
orcid.org/0000-0002-2253-085X; Email: v.kukushkin@

spbu.ru

Authors
Anton V. Rozhkov − Institute of Chemistry, Saint Petersburg
State University, 199034 Saint Petersburg, Russia;
orcid.org/0000-0002-8658-7281

Ivan V. Ananyev − A. N. Nesmeyanov Institute of
Organoelement Compounds of RAS, 119991 Moscow, Russia;
orcid.org/0000-0001-6867-7534

Rosa M. Gomila − Department of Chemistry, Universitat de les
Illes Balears, 07122 Palma de Mallorca, Baleares, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.0c01170

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. A.V.R. and V.Y.K. conceived the project.
A.V.R. synthesized the complexes and their adducts, measured
the luminescent spectra, analyzed the data, and wrote the
article. I.V.A. performed the X-ray study and wrote the
crystallographic part. R.M.G. and A.F. performed the quantum
chemical calculations and wrote the theoretical part. V.Y.K.
supervised this project and edited the text of the article.
Funding
Funding from the Russian Science Foundation (No. 19-73-
00052) is acknowledged.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Russian Science Foundation
(No. 19-73-00052). Physicochemical measurements were
performed at Center for XRD Studies, Center for Optical
and Laser Materials Research, and Center for Chemical
Analysis and Materials Research (all belonging to Saint
Petersburg State University). V.Y.K. thanks South Ural State
University (Contract No. 02.A03.21.0011) for putting facilities
at his disposal.

■ REFERENCES
(1) Wang, W.; Zhang, Y.; Jin, W. J. Halogen bonding in room-
temperature phosphorescent materials. Coord. Chem. Rev. 2020, 404,
213107.
(2) Huang, Y.; Wang, Z.; Chen, Z.; Zhang, Q. Organic Cocrystals:
Beyond Electrical Conductivities and Field-Effect Transistors (FETs).
Angew. Chem., Int. Ed. 2019, 58 (29), 9696−9711.
(3) Sun, L.; Wang, Y.; Yang, F.; Zhang, X.; Hu, W. Cocrystal
Engineering: A Collaborative Strategy toward Functional Materials.
Adv. Mater. 2019, 31 (39), 1902328.
(4) Sun, L.; Zhu, W.; Yang, F.; Li, B.; Ren, X.; Zhang, X.; Hu, W.
Molecular cocrystals: design, charge-transfer and optoelectronic
functionality. Phys. Chem. Chem. Phys. 2018, 20 (9), 6009−6023.
(5) Bolton, O.; Lee, K.; Kim, H.-J.; Lin, K. Y.; Kim, J. Activating
efficient phosphorescence from purely organic materials by crystal
design. Nat. Chem. 2011, 3 (3), 205−210.
(6) Sivchik, V. V.; Solomatina, A. I.; Chen, Y.-T.; Karttunen, A. J.;
Tunik, S. P.; Chou, P.-T.; Koshevoy, I. O. Halogen Bonding to
Amplify Luminescence: A Case Study Using a Platinum Cyclo-
metalated Complex. Angew. Chem., Int. Ed. 2015, 54 (47), 14057−
14060.

(7) Sivchik, V.; Sarker, R. K.; Liu, Z.-Y.; Chung, K.-Y.; Grachova, E.
V.; Karttunen, A. J.; Chou, P.-T.; Koshevoy, I. O. Improvement of the
Photophysical Performance of Platinum-Cyclometalated Complexes
in Halogen-Bonded Adducts. Chem. - Eur. J. 2018, 24 (44), 11475−
11484.
(8) Yan, D.; Delori, A.; Lloyd, G. O.; Frïscǐc,́ T.; Day, G. M.; Jones,
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