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Abstract: The cocrystallization of a weakly luminescent
platinum complex [Pt(btpy)(PPh;)Cl] (1) (Hbtpy=2-(2-
benzothienyl)pyridine; emission quantum yield ®,,=0.03)
with fluorinated bromo- and iodoarenes C.Fy., X, (X=Br, I;
n=1, 2) results in the formation of efficient halogen-bonding
(XB) interactions Pt—Cl-+-X—R. An up to 22-fold enhancement
(D,,,=0.65) in the luminescence intensity of the cocrystallized
compound is detected, without a substantial change of the
emission energy. Based on crystallographic, photophysical,
and theoretical investigations, the contribution of the XB
donors C4Fy., X, to the amplification of luminescence intensity
is attributed to the enhancement of spin—orbit coupling through
the heavy-atom effect, and simultaneously to the suppression of
the nonradiative relaxation pathways by increasing the rigidity
of the chromophore center.

N oncovalent attractive interactions, such as hydrogen,
halogen, or metallophilic bonding as well as m—m stacking,
are widely used for the design and fabrication of a variety of
functional materials, constructed from organic, inorganic, or
organometallic building blocks. These diverse assemblies of
different levels of complexity are capable of certain unique
actions, such as a detectable response to an external physical
or chemical stimulus, energy transfer, or energy conversion.!!!
In yet another approach, halogen bonding (XB)® has been
recognized as an effective tool in crystal engineering.”) A
deeper understanding of XB-driven aggregation in the solid
state led to a number of supramolecular systems with
attractive physical characteristics, which include modified
surfaces,”*! organic gels”! charge-transfer electroactive spe-
cies® liquid crystals,”! and optically active compounds.®!
Despite the considerable progress which has been achieved
in the construction of XB-stabilized architectures, the explo-
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ration of the XB phenomenon for the development of light-
generating materials remains in its infancy. The vast majority
of reports on this topic deal with the activation of phosphor-
escence from purely organic compounds by cocrystallization
with a suitable haloaromatic partner.[8] Cocrystallization
induces XB formation, leading to an enhanced external-
heavy-atom effect facilitating spin—orbit coupling and con-
sequently intersystem crossing, resulting in efficient triplet
emission.

In contrast, very few studies on the effect of XB on the
optical properties of transition-metal complexes, a large class
of luminophores, have been reported to date. Halogen bonds
were used to construct supramolecular assemblies containing
weakly luminescent cyanometallates [Ru(diimine)(CN),]*",
however the assemblies displayed no improvement of emis-
sion intensity.”) Recently, luminescence quenching of a rotax-
ane incorporating the [Re(diimine)(CO);] chromophore was
explained by strong binding of I~ in solution.'”! Herein, we
describe the first example of the dramatic enhancement of
luminescence intensity of a metal complex in the solid state
upon cocrystallization with XB donors.

The concept of XB implies an attractive interaction
between an X'—R moiety ( that is, an XB donor acting as
Lewis acid; X' is a polarizable electrophilic halogen, R is an
electron-withdrawing organic group), and an appropriate
nucleophilic atom Y (the Lewis base/XB acceptor; Y=N, O,
S, Se, or halogens).”™ The inorganic or organometallic
compounds M—Y serve as acceptor moieties to give the
general structure M—Y--X'—R, where Y is conventionally an
anionic CN~, SCN™, oxide, or halide ligand."!

Platinum(IT) halide cyclometalated species are known to
be versatile luminophores,' prompting us to investigate if it
might be possible to modulate their photophysical properties
utilizing halogen bonding. Accordingly, complex [Pt(btpy)-
(PPh;)Cl] (1) (Hbtpy = 2-(2-benzothienyl)pyridine) was syn-
thesized in high yield following a general cyclometalation
method (Scheme 1).[7]

The benzothienyl pyridine ligand was primarily chosen
because of the electron richness of the thiophene moiety,
which is expected to increase the nucleophilicity of the
trans chloride in the resulting compound and thus facilitate its
participation as a Lewis base in XB formation. The single-
crystal XRD analysis of deep-yellow crystals of 1! reveals
that the complex has a geometry typical of [Pt(C*N)(PR;)X]
compounds (C”AN =carbometalated imine ligand), with
a chloride located trans to the deprotonated C atom
(Figure 1, left)."™) The structural parameters for the crystal
structure of 1 are also not exceptional (see the Supporting
Information, Table S2).") Though no metal-metal contacts
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Scheme 1. Synthesis of complex 1: a) NaOOCCH;, methanol/toluene
1:20 (v/v), 90°C, 40 h, 949%; b) PPh3, CH,Cl,, 2 h, 25°C, 90%.
dmso = dimethylsulfoxide.

Figure 1. Molecular views of complexes 1
ellipsoids are set at 50% probability. Inset: emission of the com-
pounds under UV light irradiation (A =365 nm).

(left) and 2a (right). Thermal

were found, the crystal structure shows some m—mw stacking
because of the partial overlap between the btpy m systems of
two adjacent molecules organized in a head-to-tail manner
with an interplanar distance of circa 3.35 A (Figure S1).
Complex 1 is not luminescent in solution at 298 K and in the
solid state exhibits rather weak emission with quantum yield
(D) of 0.03 at room temperature (Figure 2; see Table 1).
The emission spectral profile of 1 is structured, exhibiting
a vibronic progression of circa 1350-1500 cm™' typical of
aromatic chromophores. When taken together, the spectral
profile of 1, the absence of Pt--Pt interactions, and the
excited-state lifetime in the microsecond domain (7=
2.2 us; Table 1) indicate that the excited state responsible
for the luminescence is of triplet origin (phosphorescence),
with the most dominant contribution from btpy ligand-
centered (*mm) transitions possibly mixed with some metal-
to-ligand charge transfer (MLCT). The computational studies
of the lowest-energy excited state (DFT-PBEO0/def2-TZVP
level of theory; Figure S5) support this assignment.
Interestingly, grinding complex 1 with an excess of
bromopentafluorobenzene (Br-F5b) results in the immediate
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Figure 2. Normalized solid-state emission spectra of 1-3 at 298 K.
Excitation wavelength 1., =400 nm.
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lightening of the sample color from deep to pale yellow with
the formation of complex 2a. The emission intensity from 1 to
2a also increases significantly (Figure 1, inset; Table 1). The
X-ray structure of 2a (Figure 1, right)!"*! shows the presence
of a short Cl--Br contact (3.4063(7) A) that corresponds to an
Ryx value of 0.946 (Ryyx = d(X-X')/(rg + rx), where d is the
distance and rx and ry are the van der Waals (vdW) radii of
the halogens).'*) The Cl--Br distance measures 5.4 % less than
the sum of the vdW radii (3.60 A) pointing to a relatively
weak XB. The bond angles in 2a (Pt-Cl---Br and Cl--Br-C
angles are 161.72 and 160.89°, respectively) indicate a type I
halogen-halogen contact!'”! that has nearly equal M-X--X'
and X--X'-R angles in the range 150-160° for metal halides.!"!
Though type I contacts are thought to be predominantly
electrostatic in nature to minimize repulsion between the
halogens, the Pt—Cl bond in 2a (2.3566(6) A) is slightly longer
than that in 1 (2.3470(4) A), which suggests an attractive-like
interaction. The crystal packing of 2a (Figure S2) is supported
by m—m interactions.

Using iodopentafluorobenzene (I-F5b) instead of Br-F5b
afforded complex 2b, which is isomorphous to 2a showing
only minor variations in the unit-cell dimensions (Figure S2
and Table S1)." The M—X-X'~R contacts become stronger
with an increase in the atomic number of the X' moiety."
Indeed, the Cl--I distance in 2b (3.3330(5) A) is shorter than
the analogous Cl--Br value in 2a and is 10.6 % shorter than
the sum of the corresponding vdW radii (3.73 A; Ryx =
0.894). The shortness of the bond length is unprecedented
for type I halogen contacts and is within the range of strong
M—X--X'—R bonds."" The Pt—CI bond in 2b (2.3627(4) A) is
longer than that measured for 1. Computational analysis of
the structures of 2a and 2b also points to the attractive
character of the type I bonding, which results in bond energies
of —9(~12) and —15(-22) kJmol™' for Cl--Br and Cl-I
contacts, respectively, for experimental and optimized (given
in parentheses) geometries (Table S3).

To extend the series, we employed bifunctional XB donors
1,4-dibromo- and 1,4-diiodotetrafluorobenzenes (2Br-F4b
and 21-F4b) to obtain the dimeric assemblies {[Pt(btpy)-
(PPh;)Cl]},2Hal-F4b (3a: Hal = Br; 3b: Hal =1). As evident
for their mononuclear congeners, 3a and 3b form isomor-
phous crystals. Their structures (Figure 3 and Figure S3)!'*!
reveal that molecules 2Br-F4b and 2I-F4b each symmetri-
cally link two Pt fragments. The geometry of the halogen—
halogen interaction is significantly different from that
detected for 2a/b and can be classified as a type II contact.*®

The Cl---Hal-C angles are close to linear (173.34 and
173.24° for 3a and 3b, respectively), while the Pt-Cl--Hal
angles are noticeably bent (109.10 and 104.60°). This pro-
nounced directionality is the optimum arrangement for XB
and allows for effective contact between the nucleophilic
region of the XB donor (iodine) and the electrophilic region
of the XB acceptor (chloride)."®! The Cl--Hal distances in 3a/
b (3.2354(5)/3.2001(3) A) are markedly shorter than in 2a/b,
which can be accounted for stronger halogen interactions. The
Cl---Hal contacts in 3a/b are 10.1% (Rxx =0.899) and 14.2%
(Rxx =0.858) shorter than those in the previously reported
[PA(PCP)CI21-F4b] system.""! According to the theoretical
results, net XB energies in the dinuclear species 3a/b for the
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Figure 3. Molecular view of complex 3b. Thermal ellipsoids are set at
50% probability.

experimental (and optimized) geometries are —25(—29) and
—43(—46) kImol ™!, respectively, giving —12.5(14.5) and
—21.5(23) kJmol " per Cl---Hal contact (Table S3). Although
these estimations of energies may not be absolutely precise,
they adequately describe a general trend detected for
compounds 2a/b and 3a/b and therefore indicate that there
might be a rather minor energetic difference between halogen
contacts of types I and IT under certain conditions. Similar to
2a/b, some m—n interactions are seen in 3a/b (Figure S4),
which, together with appreciable intermolecular F--H con-
tacts, stabilize the crystal packing.

To gain more insight into the XB-associated properties,
we then investigated the photophysical characteristics of
these complexes. In solution, the compounds are virtually
non-luminescent, which led us to focus on their emissive
properties in the crystalline solid state. Pertinent photo-
physical parameters of crystalline compounds 1-3 (at 298 K)
are listed in Table 1.

In comparison to the weak emission intensity of 1 (@, =
0.03), cocrystallization of 1 with XB donors Br-F5b and I-F5b
to form compounds 2a and 2b results in a remarkable 10- and
22-fold increase of the emission quantum yield. The highest
value is reported for compound 2b, which has an emission
quantum yield @.,=0.65. In addition to the changes in
@, values, the observed emission excited-state lifetimes (7o)
increase significantly from 2.2 ps in 1 to 14.8 pus and 24.3 ps in
2a and 2b, respectively. The emission intensity of binuclear
compounds 3a/b are also significantly enhanced (@, =0.21
and 0.31 for 3a and 3b, respectively) when compared with 1,
but are slightly lower than those of related compounds 2a/b.
The observed lifetimes for 3a/b (9.5 and 7.5 us) follow the
same trend as the @, values and are significantly longer than
those measured for compound 1. The radiative decay rate
constants (k) can be deduced from the values of emission
lifetime and quantum yield and the corresponding parameters

Table 1: Photophysical properties of complexes 1-3 in the solid state at
298 K.

Complex  Aen [M]  Tops [S]  Pem k[T ky [T
1 560, 594 22 0.03 1.4x10* 4.4x10°
2a 543, 585 14.8 0.32 2.2x10* 45%x10*
2b 565, 595 243 0.65 2.7x10* 1.4x10*
3a 560, 593 9.5 0.21 2.2x10* 8.3x10*
3b 563, 595 7.5 0.31 41%x10* 9.2x10*

[a] kr: kobs X q)em where kobs =1 /Tobs;~ [b] knr = kobs_kr‘
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are listed in Table 1. The k, values for all compounds are
found to be less than 10° s™!, affirming that the emission from
these complexes is phosphorescence. Additionally, for com-
plexes 2a/b and 3a/b, the radiative lifetimes on the ps time-
scale and the vibronic progression (similar to that of 1)
evident in the emission spectra would suggest that the origin
of the emission is the same as that for 1, largely attributable to
a btpy ligand-centered *mm* excited state for 2a/b and 3a/b.
The results of the computational analysis also show that the
lowest-energy excited is practically identical for all complexes
(Supporting information). In other words, despite the drastic
increase of the emission intensity, the XB donors only have
a slight influence on the nature of the frontier orbitals
participating in emissive electronic transitions (Figure S5)
and their contribution is largely to suppress nonradiative
excited-state relaxation pathways (see the k., values in
Table 1).

The significant XB-induced emission enhancement is
remarkable and may be rationalized by the combination of
two factors: a)the increase of the radiative decay rate
constant k, upon formation of the halogen bond and b) the
reduction of nonradiative deactivation pathways. Clearly, the
XB interaction in 2a/b and 3a/b leads to an approximate two-
to threefold increase of the k, value compared to 1 (Table 1).
Moreover, the Pt—Cl--I contact is shorter (and therefore
stronger) than the Pt—Cl--Br distance. Therefore, the increas-
ing contribution of the halogen interaction from Br to [ is in
accordance with the greater spin—orbit coupling constant
from Br to the heavier I atom, yielding greater singlet—triplet
(S,-T,) mixing and hence an enhanced T,—S, transition
dipole moment, that is, an increase of the phosphorescence
radiative decay rate constant.

On the other hand, circa 10- and 30-fold decreases in the
nonradiative decay rate constant (k,) are measured for
complexes 2a and 2b compared to that of 1, with the stronger
Cl---Hal interaction giving the lower k,, value. This result
suggests that the nature of the bonding in the studied systems
is complex and that the subtle effects of XB and crystal
packing synergistically influence the relaxation of the plati-
num luminophore. We thus tentatively attribute the signifi-
cant decrease in the radiationless deactivation of 2a/b to
asignificant increase in the rigidity of the complex. This effect
arises from the XB-induced weak intermolecular & stacking
between btpy 7 systems and Br-F5b (or I-F5b) and in part the
F--H contacts (Figure S2), which impede the rotational/
vibrational motion of the luminophore moiety, greatly
suppressing the nonradiative decay pathways. A similar
trend of decreasing k,,, values compared to 1 is measured for
3a/b, although the decrease is not as significant as that
measured for complexes 2a/b (Table 1). This may be due to
the lack of btpy/2Br-F4b (21-F4b) n-stacking interactions in
3a/b (Figure S4) despite the existence of two halogen bonds
per XB donor. The measured photophysical parameters are
indicative of the intrinsic differences between type I and
type II halogen bonds in terms of geometry, leading to the
observed diversity in the constructed molecular frameworks.

In summary, cocrystallization of various XB donors with
platinum complex 1 leads to the formation of species which
have increased radiative decay rates as a result of enhanced
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spin—orbit coupling. Additionally, the enhanced structural
rigidity of the complexes suppresses nonradiative decay rates.
As a result of both factors, the cocrystallized compounds
exhibit a 7- to 22-fold increase in phosphorescence intensity
compared to parent complex 1. The formation of XB occurs
without a substantial change in the electron-density distribu-
tion, meaning a negligible change of the emission energy of
the parent chromophore. The results demonstrate for the first
time that halogen bonding can be used to amplify the
luminescence of transition-metal complexes. Additionally,
important insights into the structure, photophysics, and subtle
differences between types I and II XB compounds incorpo-
rating metal complexes are presented. This work opens a new
chapter in the chemistry of halogen-bonding-supported
materials and crystal engineering.
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