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A new cyclometalated derivative, (NB{Pt(bzq)(GCls)2] (2) (bzg= 7,8-benzoquinolate), and three
novel polymetallic species containing dor@cceptor Pt-Ag bonds, (NBu)[{ Pt(bzq)(GFs)2}2Ad] (3)
and [ Pt(bzq)(GXs)2} Ag(PPh)] (X = F (4), CI (5)), have been synthesized and characterized by X-ray
diffraction methods3 is prepared by reaction of (NBYiPt(bzq)(GFs),] (1) with AgCIO,4in 1:1 or 1:0.5
molar ratio, while4 and5 are the results of the reaction of the corresponding (NBt(bzq)(GXs),] (X
=F (1), Cl (2)) precursors with [Ag(OCIg)(PPh)] in 1:1 molar ratio.3 has been found to crystallize
in two forms: monoclinic 8a) and triclinic (3b), which differ not only in the conformation of the basic
PAg anion @nti and planar3a, staggered and nonplanab), but also in the crystal packinge{(--z
extended structur8a, and a stacked dimé&b) and luminescence at 298 K (orang& green3b). At 77
K, the orange band (568 nm) &g, attributed to amsr* excimeric emission, is not detected, and both
polymorphs exhibit identical green emissioh €/*MLCT). Spectroscopic study of and5 (UV—vis
and luminescence) was also performed to examine the role of thdd*tdonor—acceptor bond. The
most significant feature is the blue shift observed in the low-energy UV absorption and the appearance
of two, close, distinct, structured emissions with short (48290 nmb5) and long (502 nnd, 5) lifetime,

but only in the solid state at 77 K.

Introduction

These complexes have also been investigated as luminescent
probes for biomolecular targets, such as DNA and proté#is?3

Square-planar platinum(ll) cyclometalated complexes repre- and liquid crystal optical storage materitsMany of these
sent an important class of compounds that possess interestingomplexes are photoluminescent, and previous investigations
photophysical and photochemical properties, with potential have shown that the emissive state arises from intraligand

application in chemosensing and optoelectronic devicgs.
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(3r*), metal-to-ligand charge transfet\LCT), ligand field
(3LF), and, even3LL'CT. The nature of the emissive state is
found to be sensitive to both the cyclometalated and the ancillary
ligands and can be systematically tuned by the variation of the
ligands coordinated to the Pt(ll) central ion. Of particular interest
in these studies is the occurrence of weak noncovalent
Pt---P#10.25.260r 57-- 76.7.13|nteractions, which are found to give
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low-energy triplet emissions (MMLCTat—x* and excimeric
ligand-to-ligandz—x*) that are particularly sensitive to the
microenvironment, a property that is essential for molecular

recognition. Many investigations have been focused on mono-

nuclear platinum complexes and, occasionally, on bi- and
triplatinum systemg>-7.10.2527 paying particular attention to
the role of Pt--Pt and xz---r stacking interactions in the
luminescent properties. In view of the remarkable effect ef Pt

Pt interaction on the spectroscopic and photophysical properties

of this type of complexes, we were interested to know if the

electronic structures of the complexes could also be affected

by other Pt+M bonding interactions. We were particularly
interested in understanding the effects of the formation of
donor-acceptor P+-M bonds on the electronic structures.

In the course of our research we have developed synthetic

methods for the preparation of complexes containing ¥t
donor-acceptor bond®-3* Our success with these preparations

has mainly been based on the use of perhalophenyl platinate-

(I1) complexes. Cyclometalating ligands such as 2-phenylpyri-
dine (Hphpy) or 2-(2-thienyl)pyridine (Hthpy) are also known
to enhance the electron-donating ability of Pt(ll), allowing the
formation of Pt=M bonds, even with neutral substrates of the
type [Pt(C~N);] (C~N = C, N cyclometalating ligand®-37
Recently, we have reported the synthesis of (WB(bzq)-
(CsFs)2] (1) (bzq= 7,8-benzoquinolate), and we have demon-
strated that the anionic fragment [Pt(bzg)§),] ~ is a useful
entity to form the bimetallic cationic complekRt(bzq)(GFs)2} -
Cd(cyclen)] through a P+Cd bond®® We observed that
coordination of [Cd(cyclend to the [Pt(bzq)(GFs)2]~ unit has
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spectroscopic properties of the precursois 2Z) and the
properties of both polymorphs have been examined.

Results and Discussion

Reaction of [NBu][Pt(bzq)(CeXs)2] with AgCIO 4. Prepa-
ration of [NBu 4][{ Pt(bzq)(CsFs)2} 2AQ] (3). Reaction of [NBy]-
[Pt(bzq)(GFs)2] (1) with AgCIO4 (0.5 or 1 equiv) in acetone

an impact upon the energy emission, which was attributed to (&€ Scheme 1) proceeds with an immediate change of the color

an admixture of triplet @(Pt)—xz*(bzq) (MLCT) andzz* (IL)
transitions. Upon formation of the PCd bond, a substantial
blue shift was observed in relation to the precursor, in either
the absorption or emission spectra.

In this paper, we report the synthesis of a related anionic
derivative, (NBu)[Pt(bzq)(GCls)2] (2), and the results of the
reactivity of both anionic precursors [Pt(bzqdG),]~ (X = F
(2), CI (2)) toward the Ag(l) ion. We describe the preparation
of a new trimetallic complex, (NB[{ Pt(bzq)(GFs)2} 2A0] (3),
which crystallizes in two different polymorph8gand3b), and
the effects of two bimetallic neutral PtAg bonds upon the
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of the solution from colorless to pale yellow. After the usual
workup to eliminate NByCIO, (see Experimental Section), only
an oily residue was obtained. Slow diffusionmhexane into

a saturated solution of this residue in acetone yields crystals
with a yellowish appearance. Careful observation reveals that
there are two types of crystals, with different crystal habits
(blocks and plates), which at room temperature display distinct
orange 8a) or green 8b) luminescence under UV light (see
below). The structures (X-ray) of both crystals indicated the
formation of two polymorphs of the complex [NB{{ Pt(bzq)-
(CsFs)2} 2Ad] (3), which crystallizes in the monoclinié) or
triclinic (3b) system, respectively. A similar procedure with the
pentachlorophenyl analogue [NBPt(bzq)(GCls),] also leads

to an oily residue, but unfortunately, in this case, we were not
able to isolate a definite product.

The crystal structures of the two polymorphs3qimonoclinic
3aand triclinic3b) have been determined by X-ray diffraction.
Views of the corresponding anions of both polymor@eand
3b, are shown in Figure 1, and selected interatomic distances
and angles are given in Table 1. Both polymor@asand 3b
contain two square-planar “Pt(bzq}&)," moieties with a silver
atom sandwiched between them and connected by tweA\Bt
bonds. As shown by Figures la and 1b, one of the most
important differences within the anion is the relative disposition
of the two “Pt(bzq)(GFs)2” fragments. Thus, while ira they
adopt an “alternated” aanti position (Figure 2a), and are almost
parallel (dihedral angle 6.1(9) in 3b one of the GFs groups
bound to Pt(1) (C(1)) is directly located over gFggroup bound
to Pt(2) (C(32)) and the Pt coordination planes form a dihedral
angle of 30.3(1) (see Figure 2b). In addition, the separation
between the two Pt atoms is 5.055(1) Adam and 5.299(1) A
in 3b.

The intermetallic distances (Pt(1), P{2hg = 2.7584(5),
2.6843(5) A for3a; Pt(1), Pt(2)-Ag = 2.7018(4), 2.6897(4) A
for 3b) are in the lower region of the range known forfAg



Heteropolynuclear Benzoquinolateplatinum(ll) Complexes

Figure 1. View of the molecular structure of the anion of complex
[NBug][{ Pt(bzq)(GFs)2} 2Ag] as found in the monocliniBa (a) or
the triclinic 3b (b) polymorphs. Ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.

donor acceptor bond$.The Pt(1}-Ag—Pt(2) angle is 136.49-
(2)° in 3aand more linear ir8b (158.77(2)). This means that
the Pt-Ag lines are not perpendicular to the best square
environments of the Pt atoms (the angles are 3425¢t)Pt(1)
and 24.5(1) for Pt(2) in 3a and 33.9(1) and 24.4(19,
respectively, irBb). It seems that in both polymorphs the silver

atom leans to the less crowded area, avoiding the proximity of .

the bulky GFs groups (no shoro-F---Ag contacts are found),
and contactsil-type) with the metalated C atoms of the bzq
ligands (Ag-C(23)= 2.420(6) A in3aand 2.418(5) A ir3b,
Ag—C(48) = 2.626(6) A in3a and 2.538(5) A in3b) in such

a way that the shorter AgC distance correlates with the longer
Pt—Ag one. Silver is known to have a remarkable affinity for
some aromatie-donor system&¥-52 Then! and»? coordination
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Table 1. Selected Bond Lengths (A) and Angles (deg) for the
Monoclinic (3a) and Triclinic (3b) Polymorphs of
[NBuy][{ Pt(bzq)(CeFs)2} 2Ag]

3a 3b

Pt(1)-Ag 2.7584(5) 2.7018(4)
Pt(2)-Ag 2.6843(5) 2.6897(4)
Pt(1)-C(1) 2.065(6) 2.075(5)
Pt(1)-C(7) 2.019(6) 2.003(5)
Pt(1)-C(23) 2.060(6) 2.066(5)
Pt(1)-N(1) 2.086(5) 2.093(4)
Pt(2)-C(26) 2.083(6) 2.072(5)
Pt(2-C(32) 2.016(7) 2.007(5)
Pt(2)-C(48) 2.043(6) 2.051(5)
Pt(2-N(2) 2.097(5) 2.100(5)
Ag—C(23) 2.420(6) 2.418(5)
Ag—C(48) 2.626(6) 2.538(5)
C(1)-Pt(1)-C(7) 87.9(2) 87.4(2)
C(7)—Pt(1)-C(23) 97.9(3) 95.7(2)
C(23)-Pt(1)-N(1) 80.7(2) 81.0(2)
C(1)—Pt(1)-N(1) 93.4(2) 96.0(2)
C(26)-Pt(2)-C(32) 88.4(3) 91.8(2)
C(32)-Pt(2)~C(48) 94.4(3) 92.9(2)
C(48)-Pt(2-N(2) 80.7(2) 80.8(2)
C(26)-Pt(2)-N(2) 96.4(2) 94.5(2)
C(23-Ag—C(48) 156.1(2) 129.3(2)
Pt(1)-Ag—Pt(2) 136.49(2) 158.77(2)

modes are found to be the most usual, with the-&glines
almost perpendicular to the plane of the aromatic rings, which
are frequently arranged in parallel layers in the crystal struc-
ture3944In complexes3a and3b, the aromatic ring forms part
of the bzq ligand that is bonded to Pt, and as a consequence,
the Ag—C lines are not perfectly perpendicular to the corre-
sponding aromatic ring, but form angles in the range 22:8(1)
30.5(1y with the corresponding bzq planes. ThegeAg—C
interactions are important and, along with the~Ag bonds,
clearly contribute to fulfillling the electron requirements of the
acidic Ag(l) center. The final bonding interaction of Ag(l) to
the Pt-C(orthometalated) bond in both polymorpBaénd3b)

is comparable to that recently reported by Ito and co-woRers
in the infinite helical cationic chain{Pt(phpy}}{Ag(Mex-
CO)} ]2 and in the discrete catiod Pt(thpy)}s{ Ag(Me,-
CO)} 52t (Pt—Ag 2.6746(7)-2.8121(9) A:yl-Ag—C(aromatic)
2.354(10%-2.558(7) A). Four additional complexes containing
M—Ag bonds and similag’-Ag—C(aromatic) interactions have
been reported: [Pd(L)(#D)Ag(SQCFs)]* (L = 5,8,11-trioxa-
2,14-dithia(15)m-cyclophane; Pe¢Ag = 2.884 A, Ag-C =
2.395 A)83 [PdAg(CsH4-0-CHNMe,)(PPBNOMe)], (Pd—Ag

= 2.884 A, Ag-C = 2.264 A)5* [Au(mesityl)(PPR)Ag(u-
SCHg)2t (Au—Ag = 2.824 A, Ag-C = 2.327 A)55 and

[{ Au(mesityl)(AsPR)}2Ag]+ (Au—Ag = 2.777 A, Ag-C =
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Figure 2. Supramolecular arrangement of the anions of complex
[NBug][{ Pt(bzq)(GFs)2} 2Ag], showing the different disposition of
the square Pt planes: (a) monoclinic polymoid (b) triclinic
polymorph2b.

2.272 Ay It is important to point out that in these systems the
o nature of the PtCiyso bond of the ligand containing the
aromatic ring is clear, and the geometry of the complexes
excludes any other possibility of a three-center two-electron
M(u-Cips))Ag bond, which is a well-known bond type that has
been found in some polynuclear silver compleXes.

The conformational polymorphism observed in the aron
is intriguing. In principle, the alternated disposition found in

3a seems to be the most adequate in order to avoid the steric
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repulsions caused by the bulky pentafluorophenyl groups, but
the fact that complex3 also crystallizes in a nonalternate
structure, such as that found 8b, indicates that the energy
difference between both configurations is not large. The small
differences in the analogous bond length8&and3b, mainly
those in which the silver atom is involved, which seem to be
slightly shorter in 3b, are compensated by a significant
difference in the final packing of the anions in the lattice (Figure
2). Thus, as is shown in Figure 2a,3athe anions are arranged
in such a way that the N(1) bzq plane is parallel to the N(2)
bzq plane of a neighboring anion, resulting in an infinite stacking
of anions related byr—x interactions 3.6 A)67.135961 |n
contrast, in3b, theser interactions 3.6 A) are located only
within the N(1) bzq planes of two adjacent anions, giving rise
to am-stacked dimer (see Figure 2b). Thesern stackings are
among the most important weak interactiofs5%61 and, along
with hydrogen bonding, dominate the development of modern
supramolecular chemist?y;*2-44 having a prominent role in
molecular recognition and self-assembly processes, such as the
packing of aromatic molecules or fragments in the crystalline
state. Although polymorphism is a phenomenon that is fairly
common in organic systenid,well-established examples in-
volving organometallic compound&especially organoplatinum
derivatives, remain scaréé.5°

Crystals of 3a and 3b are indistinguishable by NMR
spectroscopy. ThtH NMR spectrum (CRCly) of crystals of3
shows the signals corresponding to the bzq ligand and,NBu
integration in the expected ratio. TR NMR spectrum shows
that all the fluorine atoms are nonequivalent, and eight signals,
partially overlapped, are observed in tloeF region. The
spectrum at-90 °C does not change substantially. On the other
hand, thé'F NMR spectrum in acetongs at room temperature
exhibits two broad signals in thertho fluorine region with
platinum satellites, and two complex signals at a higher field
comprising onepara and two meta fluorines each, thus
indicating the existence of some sort of dynamic processes.

Reaction of [NBu[Pt(bzq)(CeXs)2] with [Ag(OCIO g)-
(PPhg)]. Preparation of [{ Pt(bzq)(CeX5)2} Ag(PPhs)] (X = F
(4), ClI (5)). Reaction of [NBu][Pt(bzq)(GXs)2] with [Ag-
(OCIOs)(PPH)] in 1:1 molar ratio yields, after elimination of
NBu,4CIOq4, the neutral complexe$Pt(bzq)(GXs)2} Ag(PPh)]
(X =F (@), CI (5)) as yellow solids (see Scheme 1). Complexes
4 and 5 have been characterized by usual analytical and
spectroscopic means, and their structures confirmed by X-ray
crystallography (see Experimental Section). ¥H§H} NMR
spectra (CDG)) show the expected signal corresponding to the
PPh ligand as two doublets, due to coupling of the phosphorus
atom to thel9’Ag and%9Ag nuclei (51.8% and 48.2% relative
abundance, respectively). In both complexes, the signal also
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Figure 3. View of the molecular structure of complexd$[(bzq)-
(CsFs)2} Ag(PPh)]-CHCl3+0.5n-CsHy4 (4-CHClI3+0.5n-CgHy4) and
[{ Pt(bzq)(GCls)2} Ag(PPh)]-0.58CHCk-0.25n-CgH14 (5:0.58CHCY:
0.25-CgH14).

shows19%Pt satellites 3J(*9Pt—P) = 228 Hz, 4; 236 Hz,5),
confirming the persistence of the-PAg bond in solution.
The1%F NMR of 4 at room temperature reveals the presence
of two types of GFs groups, with typical AAMM'X spin
systems, indicating that the Pt coordination is a symmetry plane.
As the 3'P{*H} NMR spectrum confirms the presence of the
Pt—Ag bond in solution, the equivalence of the twd- of the
same group probably takes place by rotation of thiesGgands
around the PtCiyso bonds. Curiously, upon cooling, only one
of these signals broadens and, finally, splits into two different
resonances at60 °C, thus indicating that, at this temperature,

Organometallics, Vol. 25, No. 18, 28856

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[{ Pt(bza)(CeFs)2} Ag(PPhg)]- CHCl5:0.5n-CeH 14

(4-CHCI3:0.5n-CgHy4) and

[{ Pt(bzq)(CsCls)>} Ag(PPhs)]-0.58 CHCl+0.25n-CeH 14

(5-0.58CHCI3-0.2n-CgH14)

4-CHCI3:0.51-CgH14

5+0.58CHC}0.25-CeH14

Pt-C(1) 2.072(3) 2.087(5)
Pt-C(7) 2.010(3) 2.033(5)
Pt-C(23) 2.062(3) 2.074(5)
Pt-N 2.084(3) 2.093(4)
Pt-Ag 2.7227(3) 2.6748(5)
Ag—P 2.3466(10) 2.3731(13)
Ag—C(23) 2.352(3) 2.556(4)
C(1)-Pt-C(7) 89.2(1) 94.4(2)
C(7)-Pt-C(23) 96.3(1) 93.3(2)
C(23)-Pt-N 80.7(1) 81.2(2)
C(1)~Pt—N 94.0(1) 91.2(2)
P—Ag—C(23) 165.37(9) 134.20(11)
P—Ag—Pt 145.24(3) 173.53(4)

the rotation of one of the ¢Es groups is slow enough on the
NMR time scale. The other signal remains almost unaltered
during the cooling process. The different energetic barriers to
the rotation around both PC(ipso) bonds have been previously
related to the different size of the mutuattis donor atoms to
the GFs groups’® In this complex, the interaction of the Pt
C(orthometalated) bond to the Ag(l) center probably generates
a “bulkier” donor fragment close to thegls mutually cis to

this carbon atom, giving rise to a higher barrier to the rotation
of this group. The rotation of the¢Es cis to the small N atom
could be fast enough on the NMR time scale, even at low
temperature.

Drawings of the molecular structures of both complexgs (
5), confirming the formation of P+Ag bonds, are shown in
Figure 3 (see also Table 2). The-R&g distances (2.7227(3) A
in 4 and 2.6748(5) A irb) are similar to those found i@ and,
again, in the lower region of the range known for this kind of
bond?® The bzq ligand is almost coplanar with the platinum
square plane in both derivatives (dihedral angle 3°4{1)4
and 9.6(1y in 5). The two complexes also shoyt-Ag—C
interactions. Thus, the P#Ag lines are inclined toward the
C(orthometalated) C(23) of the bzq ligand, the angle with the
perpendicular to the Pt plane being 34.9(it) 4 and 27.2(1)
in 5. The steeper inclination in compléxAg—PtC(23) angle
of 56.9(1} in 4 vs 63.7(2) in 5) leads to shorter AgC(23)
(2.352(3) A for4 vs 2.557(5) A for5), suggesting that the'-
Ag—C interaction is stronger in the pentafluorophenyl complex
4, and this inversely correlates with the strength of the /A&
bonds, as indicated by their lengths. Given the relatively short
Ag—C(23) distance found id, the Ag—C(22) is also relatively
short, 2.679(4) A (cf. 3.019(5) A iB), but this is most likely
a result of the proximity of Ag and C(22) rather than a possible
n?-Ag—C system. The inclination of the silver centers toward
the bzq ligand causes its separation from the pentahalophenyl
ligands in such a way that i4 the closest fluorine atom is
located more than 3.17 A away from the silver center, and thus
no o-F---Ag contacts are present. In complgxthe closest Cl
atom (CI(10)) is at 2.990(1) A from Ag. This greater proximity
is caused by the geometry around the silver centérand the
bigger size of the Cl with respect to the F. In both complexes,
the silver atom completes its coordination with a PRiand,
the Pt-Ag—P array being almost linear i& (173.53(4} vs
145.24(3j in 4, probably due to steric effects caused by the
presence of the bulkier¢Cls ligands.

(70) Casares, J. A.; Espinet, P.; Masgz-llarduya, J. M.; Lin, Y. S.
Organometallics1997 16, 770.
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Table 3. Absorption Data (5 x 10~5 M Solutions) for Complexes 15

compound absorption/nm (@M -1cm™?)
[NBua][Pt(bzq)(GFs)2] (1) 243(66.4), 260(58.4), 315(27.15), 345(20.1), 380(12.1), 425(61HCl,)
[NBug][Pt(bzq)(GCls)2] (2) 219sh(18.8), 236(60.4), 260(39.9), 290sh(17.0), 309(15.2), 350(7.5), 407(3.9),

444sh(1.7) CH.Cl)
215(55.4), 233(63.7), 258sh(39.1), 291(17.1), 311(15.0), 346(7.4), 400(3.6),
438(1.2) &cetonitrile

[NBu4][{ Pt(bza)(GFs)2} 2Ad] (3) 216sh(15.6), 232(47.1), 254(36.3), 309(14.6), 354(8.1), 376(5.1), 426CH3L(2)
215(56.2), 233(64.6), 256(56.9), 286sh(20.8), 306(19.1), 343(12.1), 383(6.3),
426(2.7) &cetonitrile

[{ Pt(bzq)(GFs)2} Ag(PPR)] (4) 221sh(19.2), 239(62.0), 278sh(27.4), 311(15.9), 340(8.2), 365(4.8), 413(34T k)
222(57.4), 241sh(48.0), 256(42.6), 279sh(15.4), 303(10.3), 344(5.2), 389(2.6),
423(1.1) acetonitrile

[{ Pt(bzq)(GCls)2} Ag(PPh)] (5) 221sh(19.4), 239(63.5), 277sh(24.3), 310(12.5), 344(6.1), 420@tH112)
214(55.2), 232(62.0), 256sh(42.6), 277sh(21.0), 307(12.3), 348(5.4), 400(2.9),
425(1.5) acetonitrile

Table 4. Photophysic Data for Complexes 145 in the Solid State and in 10° M CH ,ClI, Solutions

compound TK) Aen/NM tlus
[NBu4][Pt(bzq)(GsFs)2] (1) solid (298) 518 165
solid (77) 514, 550, 595sh
CH:Cl, (298) b
CH.Cl, (77) 490, 526, 567, 611sh
[NBu][Pt(bzq)(GCls)2] (2) solid (298) 500sh, 538max, 570 6.8
solid (77) 496, 536max, 577, 620 18
CH,Cl, (298) ¢
CH,Cl, (77) 495max, 532, 577, 620
[NBug][{ Pt(bzq)(GFs)2} 2Ag] (3) crystalline solid (298) 51085348 572ma%
crystalline solid (77 512max, 551, 590 11:515.4/10.7-13.9
CH,Cl, (298) 506, 541max
CHCl, (77) 504max, 538, 585
[{ Pt(bzq)(GFs)2} Ag(PPh)] (4) solid (298) 491max, 523, 562sh 12.4
solid (77) 487, 502", 520, 540;" 585" 12.4 at 487 nm
[~278(45%),~13.6(55%)|
CH.Cl, (77) 495mayx, 530, 570, 625 sh
[{ Pt(bzq)(GCls)2} Ag(PPh)] (5) solid (298) 491max, 524, 563sh 11.4
solid (77) 490, 502max, 5253, 543", 586sh ~21.2 at 490 nm
[~206 (66%)~26.0 (34%)]
CH.Cl, (77) 490max, 525, 560

aMeasured in KBr pellets at 298 K.A very weak emission is detected at ca. 520 rA.very weak emission at ca. 550 n#initial crystalline mixture
of 3a and3b obtained by diffusion of-hexaxe into solutions a3 in acetone® Due to polymorplb. fDue to polymorph3a. 9 Mixture of 3a and3b or
nearly pure3a. " Nearly pure crystallinga. ' Measurements in the low-energy peaks.

It is interesting to note that both bimetallic complexieand e T N [NBu,J[P(CF,),(bzq)] 1
5 establish weakr—a interactions (3.43.5 Ain4, 3.7-3.8 A — [(C;F,),(bza)PtAg(PPh,)] 4
in 5) in such a way that the bzq ligands of two neighboring 08
complexes stack, forming dimers in a similar way to polymorph 3 008
3b (Figure 2b). > oo
It is noteworthy to compare the structures of completes '@ 06- '
and>5 with that of the related, previously reported complgRtf 2 0,04
(bzq)(GsFs)2} Cd(cyclen)](ClQ).38 In this complex the P+Cd F
distance (2.688(1) A) is similar to the-PAg distances found § 041 0,021
in 4 and5, but the P+Cd line leans only slightly toward the 'g
7,8-benzoquinolate ligand (angle with the perpendicular to the 2 g % 50 415 500
Pt coordination 17.6(2) excluding any Ce-C(bzq) interaction. 024
Electronic and Luminescence Spectroscopy.he absorption T
and emission spectra, and other photophysical data, are sum- 4, . . . o ,

marized in Tables 3 and 4. For comparative purposes, the data 200 250 300 350 400 450 500 550
of the precursor compled are also included. The anionic A (nm)
precursorsl and2 exhibit high-energy bands, whose intensity Figure 4. Absorption spectra of complexdésand 4 in CH,Cl,
and shapes are typical of ligand-centered transitifirs, (CoFs, (5.0 x 1075 M) at room temperature.

bzqg) somewhat perturbed by platinum coordination (range-243

380 nm forl and 219-407 for2). In addition, both complexes  Ag complexes 4 and5), in which, as commented above, the
show a lowest energy absorption peak (located at 425 and 444Pt—Ag donor—acceptor bond is present in solution, is that the
nm in 1 and2, respectively), which, in accordance with similar low-energy peak is clearly blue-shifted in relation to the
assignmentd37.910.1727s assigned to &MLCT (5d(Pt)—p*(bzq)). corresponding precursors (@El;, 413 nm in4 and 420 nm in
The presence of the highly electron-withdrawing§ligands, 5; see Figure 4). This fact, previously observed in [Pt(bzq)-
which will tend to decrease the energy of the(Bt) orbitals, (CeFs)2Cd(Cyclen)]ClQ (AM,ps410 nm)38 is consistent with
could be responsible for the blue shift observed in relation the formation and presence in solution of the-Rg donor-

to 2. The most significant feature of the bimetallic neutratPt  acceptor bond, which produces an increase in the electrophilicity
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Figure 5. Emission spectra of comple4 in the solid state at
different temperatureslfy. = 420 nm).

of the Pt metal center, resulting in a blue shift for the MLCT
absorption. In contrast to this behavior, in the trinucleaAgt
anionic complex3, in which the silver centers connect two
anionic entities, the lowest energy absorption occurs at 426 nm.
The similarity of this value (and also the whole spectrum) to
that of the precursot suggests that, probably, its integrity is,
at least partially, broken in solution, liberating the anionic
fragment [Pt(bzq)(6Fs)2] ~ to some extent.

All complexes are brightly emissive in the solid state and in
glassy solutions and are virtually nonemissive in,CH solution
(see bottom of Table 4) at 298 K, except compBekor which
a weak emission is detected with maxima at 506 and 541 nm.
As in complex1,38 the pentachlorophenyl anionic derivati2e
exhibits, in the solid state at room temperature, a slightly
asymmetric emission, which becomes well structured at 77 K
and in glass (CECl,, 77 K). In glassy CHCI; solution (77 K),
the emission in comple is slightly red-shifted relative to that
observed forl (Amax 495 nm in2 vs 490 nm inl), but in the
solid state at 77 K, the emission in compléxs found at 514
nm vs 496 nm in2. The observed emission lifetimes (in the

the solid state at 77 Kl = 420 nm).

S3in the Sl for comple%). As can be observed, the structured
emission with peak maxima at 487 and 520 nm has a shorter
lifetime, and after 5Qus, only the low-energy emission with
peak maxima at 502, 540, and 585 nm is observed. Lifetime
measurements registered at the high-energy peak in both
complexes fit to only one component (2.4 us for 4, ~21.2

us for 5), while, as expected, in the low-energy peaks a long
and a short component are always obtained278,~13.6us

for 4; ~206,~26 us for5). The short component is attributed

in both complexes to the presence of the structured high-energy
emission. The structured-(L400 cnT?) low-energy and long-
lived emission appears at 502 nm in both complexes, being
tentatively attributed to &rr* emissive state with intraligand
characteryLC). The structured~1300 cnttin 4, ~1360 cnr?!

in 5) high-energy emission, which is slightly blue-shifted in
relation to the corresponding precursor (487 nn#ins 514

nm in1; 490 nm in5 vs 496 nm in2), reflecting the formation

of the Pt-Ag donoraceptor bond, is assigned tMLCT or

a mixed3IL/3MLCT manifold. At low temperature in the solid
state, the formation of the PAg donor-aceptor bond probably
slows down the intersystem crossing rate between the emissive

microsecond range) and structured luminescence are consistergtates.

with an emission originating from a mixédC/2MLCT excited
state. The heterobimetallic complex derivativksaand 5 are

In fluid CH.CI, solution, the trinuclear anion complex
exhibits a structured emission (506, 541 nm), which becomes

comparatively better emitters than the corresponding precursorswell structured at 77 K (504(max), 538, 585 nm) and slightly

and exhibit a well-resolved vibronic band even in the solid state
at room temperature. Interestingly, the emission profile and
emission maximad(max491, 524, 563(sh) nm iBvs 491, 523,
562 nm in 4) are identical for both complexes, and the
measurements of the lifetime, which fits well to only one
component € 12.4 us in 4 vs 11.4us in 5), are also rather

red-shifted in relation not only to the precursbibut also to

the remaining heterometallic complexes (495 nrd,id90 nm

in 5). The observed intense green emission is independent of
the complex concentration and excitation wavelength, suggesting
the absence of any low-energy excimeric emission due to inter-
or intramolecularz—x interactions in frozen solution. As

similar, suggesting a similar emissive state that presumably haspreviously commented, upon diffusion @fhexane into an

in these systems, a primariljilL parentage. Comparable
structured emissions withnax at 495 nm ford and 490 nm for

5 are also observed in frozen @QEl, (77 K), with only minor
differences from the corresponding precursor (490 nity 95

nm in 2) (see Figure S1 in the Supporting Information (SI)),
pointing to a negligible influence of the PAg bond in the
emissive state. The most significant difference from the precur-

sors is detected for both complexes in the solid state at 77 K.

To illustrate this point, the spectra of compléxn the solid

acetone solution d3, two crystals forms3b and3a (see Figure

1 for the X-ray analyses), that exhibit different visible yellowish-
green and orange luminescence, respectively, were obtained.
Unfortunately, we have been able to separate only a few crystals
of nearly pure polymorpBain order to record the correspond-
ing luminescence spectra (298, 77 K). The spectrum of complex
3aand that of the mixture of crystal84, 3b) generated from
acetonat-hexane in the solid state at 298 K are shown in Figure
7. Complex 3a exhibits a broad low-energy band with a

state are shown in Figure 5 (see also Figure S2 in the SI for maximum at 572 nm. This emission is comparable to that

complex5). Upon cooling, two close, structured bands with
different emission origins at 487 and 502 nm #band at 490
and 502 nm for5 are clearly resolved. The emissions with
different delays are shown in Figure 6 for compkxFigure

observed for other platinum complexes exhibings interac-
tions$1013and is therefore assigned tara* excimeric emission,
in agreement with the fact that this polymorph exhibits an
extended aggregation in the solid, dominated by a relatively
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Figure 7. Emission spectra of nearly puBa (* denotes small
impurity of brigthly emissive polymorph3b) and the initial
crystalline mixture of3a and 3b in the solid state at room
temperature Agxc = 430 nm).
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impurity of brightly emissive polymorpi8b) in the solid state at
298 and 77 K fexc = 430 nm).
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short intermolecularr— interaction between the bzq ligands.
Moreover, the mixture of crystal84, 3b) exhibits a high-energy
vibronic emission, with maxima slightly red-shifted to that
observed in frozen C¥Cl, solution (510, 534 solid at 298 K
vs 504, 538, 585 CCl, at 77 K), which is therefore attributed
to the polymorph forn8b. Interestingly, upon cooling to 77 K,
the luminescence of both (nearly pua and the mixture3a/

Forsiet al.

luminescence foBa, we have also carried out the structural
X-ray analyses oBa at 293 and 100 K. Notwithstanding, no
symmetry change has been observed in the entire range of
temperatures, with maintenance of tire-r extended packing

of the anions even at 100 K, and only the expected contraction
of the unit cell was found on cooling. Although the metal
metal andz---r stacking distances become slightly shorter on
decreasing the temperature (see Table S1 and Figure S4 in the
S| for a comparison), practically all of them are equal within
experimental error. Thus, the appearance of the orange emission
when the temperature increases is tentatively attributed to the
existence of a fast intersystem crossing from high-enér@/
SMLCT emissive states to the low-energyz* excimeric
manifold.

Conclusions

A new cyclometalated anionic derivative, (NBPt(bzq)(G-
Cls)2] (2), has been prepared, and its properties (absorption and
emission) were compared with those of the related (Bt
(bzq)(GFs)2] (1). The reactivity ofl and 2 toward the Ag(l)
ion has allowed us to prepare three new complexes, jNBu
[{ Pt(bzq)(GFs)z}2Ag] (3) and  P(bzq)(GXs)z} Ag(PPh)] (X
= F (4), Cl (5), stabilized by Pt-Ag donor-acceptor bonds
andn?-C(orthometalated)Ag bonding interactions, confirmed
by X-ray diffraction. For comple, two different polymorphs
were obtained from acetomehexane, exhibiting visibly dif-
ferent luminescence84 orange Amax 568 nm;3b green,Amax
510 nm) at room temperature. The crystal structures of both of
the anions $a monoclinic, 3b triclinic) are different, not only
in their form, with a different conformation of the platinum
planes énti and planar3a, staggered and nonplanab), but
also in terms of packing. Analysis of tt&a crystal packing
reveals the presence of an extended structure formetdt-hy
stacking interactions~3.6 A) of the bzq ligands, whereas in
3b two trimetallic PtAg anions form a dimer (PtAgRt)by
involving only two bzq ligands imz---sr intermolecular interac-
tions. The unstructured and broad, low-energy emission at 568
nm exhibited by3a at 298 K is attributed to asx* excimeric
emission, while the vibronic high-energy component with
maxima at 510 and 534 nm is believed to be duBligmixed
SLC/MLCT origin). At 77 K, the orange low energy is not
detected and only a structured, greépa 512 nm) emission
due to3LC with some degree oiMLCT is observed.

For the bimetallic complexed and5, the presence of the
Pt—Ag donor-acceptor bond decreases the electronic density
at the Pt center, causing a remarkable blue shift in the low-
energy absorption when compared to the precursors, and also
produces a sharp increase in the emission intensity. At room

3b) becomes visually more intense and is seen with a greenishtemperature in the solid, and in frozen @ solutions, the

appearance. The emission is similar &, but is clearly blue-
shifted for 3a (Figure 8), showing only a highly structured

highly structured emission spectra of both complexes are
identical, suggesting luminescence from states of a primarily

emission (512(max), 551, 590 nm), typ|0a| of luminescence from 3LC character, with a negllglble contribution of the—mg bond.

states of primarilyLC with a certain degree of metal-to-ligand However, in contrast to the precursors, upon cooling the solid
charge transfer\?MLCT)_ The orange emission, which seems at 77 K, two different structured emissions with a short (12.4
to be a characteristic feature of the polymorpa with an us for4, ~21.2us for5) and a long £278us for 4, 206us for
extendedz-stacked structure, is not detected at Cryogenic 5) lifetime are Clearly reSO'Ved, being tentatiVE'y attributed to
temperatures (77 K). We noted that the polymoghand the & *MLCT and azz*(°LC) emissive state, respectively.
bimetallic Pt=Ag complexest and5, which can be considered
to form only w-stacked dimers in the solid state, do not show
any low zt* excimeric emission. It must be mentioned that
the X-ray structural analysis of the polymorfh, commented
before in the structural discussion, was carried out at 173 K.
Therefore, to elucidate if on cooling there is a relationship  (71) usm, R.; Foris, J.; Toma, M.; Ara, I.; Menja, B. J. Organomet.
between any structural change and the absence of the orang€hem.1987, 336, 129.

Experimental Section

General Comments.Literature methods were used to prepare
the starting materials [NBJ[Pt(CsCls)s(tht)]”* and [NBu][Pt(bzq)-
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(CeFs)3].%8 C, H, and N analyses and mass, IR, and NMR spectra NMR (CDCl;, —60°C): 6.98 (m, 6H), 7.44 (m, 6H), 7.47 (m, 4H),
were performed as described elsewtidolar conductances were  7.58 (t, 1H), 7.72 (m, 2H), 7.80 (d;1H), 8.37 (d, 1H), 8.64 ppm (d,
carried out on a Philips PW9509 conductimeter in acetone and 1H). 1% NMR (CDCk, rt): —115.2 (d, 2Fp-F, J°Pt—F) = 538.3
dichloromethane solutions (& 1074 M). The optical absorption Hz), —118.4 (d, 2Fo-F, J(*9Pt—F) = 344.0 Hz),—161.8 (t, 1F,
spectra were recorded using a Hewlett-Packard 8453 (solution)p-F), —163.8 (m, 3Fm-F + p-F), —163.8 ppm (m, 2Fm-F). 1°F
spectrophotometer in the visible and near-UV ranges. Emission andNMR (CDCl;, —60 °C): —113.8 (d, 1Fo-F, J(**Pt-F) = 597.6
excitation spectra were obtained on a Perkin-Elmer LS 50B Hz), —116.0 (d, 1Fo-F, J(*%Pt—F) = 378.7 Hz),—118.9 (d, 2F,
luminescence spectrometer and on a Jobin-Ybon Horiba Fluorolog o-F, J(***Pt—F) = 313.8 Hz),—161.9 (t, 1Fp-F), —163.1(m, 3F,
3-22 Tau-3 spectrofluorimeter, with the lifetime measured in m-F + p-F), —164.5 ppm (m, 2Fm-F). 3IP NMR (CDC}, —60

phosphorimeter mode.
Safety Note Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material

°C): 13.0 ppm J(*°°Ag—P) = 733.3,J(*°"Ag—P) = 637.8,J(*9Pt—
P) = 228 Hz).
Preparation of [{ Pt(bzq)(CsCls)2} Ag(PPhg)] (5). To a yellow

should be prepared, and these should be handled with great cautionsolution of [NBw][Pt(bzq)(GCls),] (0.080 g, 0.007 mmol) in CH

Preparation of [NBug4][Pt(bzq)(CeCls)s] (2). To a solution of
[NBug4][Pt(CsCls)s(tht)] (0.300 g, 0.223 mmol) in toluene (10 mL)
was added Hbzq (0.084 g, 0.471 mmol). Afeeh of reflux the

Cl, (15 mL) was added [Ag(OCIg(PPh)] (0.034 g, 0.072 mmol).
After 1 h of stirring in the absence of light the solution was
evaporated to dryness. The residue was treated with @&imL),

existence of a green solid was observed. This solid was then filteredand a white solid (NByCIO,) was filtered off. The yellow solution

off, washed withPrOH andn-hexane, and finally air-dried (0.080
g, 30% yield). Anal. Found: C, 43.85; H, 4.46; N, 2.56,144
ClioNoPt requires: C, 44.17; H, 3.98; N, 2.51. IR (KBny:= 822
(m, GCls, X-sensitive vibr.Y?2 H NMR (acetoneds, rt): 0.84 (t,
12H, (N(CH.CH,CH,CH3)"), 1.31 (sext., 8H, (N(CKCH,CH,-
CH3)+), 1.67 (m, 8H, (N(Cli:HchzCH:g)Jr), 3.29 (m, 8H, (N((Hz-
CH,CH,CHjz)"), 6.94 (dd, 1HJ(*%Pt—H) = 40.8 Hz), 7.17 (t, 1H),
7.33 (m, 2H), 7.50 (d, 1H), 7.63 (d, 1H), 8.34 (dd, 1H), 7.94 ppm
(dd, 1H,J(**Pt—H) = 24.0 Hz).

Preparation of [NBu4][{ Pt(bzq)(CsFs)2} 2Ag] (3). To a yellow
solution of [NBu][Pt(bzq)(GFs),] (0.050 g, 0.053 mmol) in acetone
(6 mL) was added AgCI®(0.005 g, 0.026 mmol). Afrel h of
stirring in the absence of light the solution was concentrated to ca.
3 mL, and a layer on-hexane was deposited above. Slow diffusion
of this n-hexane into the concentrated solution gave yellow crystals.
These crystals were filtered off and air-dried, allowing evaporation
of the crystallization solvents (0.017 g, 37% yield). Anal. Found:
C, 44.89; H, 3.02; N, 2.40. §Hs,AgF,0N3PL requires: C, 44.91;
H, 2.97; N, 2.38. IR (Nujol):v = 1632 (w), 1562 (w), 1495 (s),
1057 (s), 1043 (m), 955 (s), 888 (w), 831 (m), 820 (w), 800 (m,
CsFs, X-sensitive vibr.y2 777 cnr® (m, GsFs, X-sensitive vibr.)2
IH NMR (CDCly, rt): 1.00 (t, 12H, (N(CHCH,CH,CH3)"), 1.45
(m, 8H, (N(CHCH,CH,CHg)*), 1.81 (m, 8H, (N(CHCH,CH,-
CHs)™), 3.44 (m, 8H, (N(®1,CH,CH,CH3)"), 7.02 (b, 4H), 7.31
(dd, 2H), 7.55 (m, 6H), 8.26 (dd, 2H(*%Pt—H) = 27.5 Hz), 8.51
ppm (dd, 2H)2°F NMR (CD.Cl,, rt): —=112.1 (b, 1Fp-F), —114.5
(b, 1F,0-F), —115.3 (d, 1Fp-F), —116.4 (m, 2Fp-F), —116.6 (b,
1F, o-F), —118.2 (d, 1F0-F), —118.6 (d, 1F,0-F), —164.5 (m,
4F, mF + p-F), —165.4 ppm (m, 3Fm-F + p-F), —166.0 ppm
(m, 3F,m-F + p-F), —166.4 ppm (m, 2An-F). 1°F NMR (acetone-
de, rt): —113.2 (b, 4F0-F, J(**Pt—F) = 546.7 Hz),—115.5 (b,
4F, o-F, J(*°Pt—F) = 314.0 Hz),—164.8 (m, 6Fm-F + p-F),
—166.2 ppm (m, 6FM-F + p-F).

Preparation of [{Pt(bzq)(CsFs)2} Ag(PPhs)] (4). To a yellow
solution of [NBu)][Pt(bzq)(GFs)2] (0.200 g, 0.210 mmol) in CH
Cl, (30 mL) was added [Ag(OCIg(PPh)] (0.099 g, 0.210 mmol).
After 1 h of stirring in the absence of light the solution was
evaporated to dryness. The residue was treated with @Q&imL),
and a white solid (NByCIO,) was filtered off. The yellow solution

was evaporated to dryness, and the residue was treated with
n-hexane, filtered off, and finally air-dried (0.026 g, 29% yield).
Anal. Found: C, 41.56; H, 1.82; N, 0.90.44,5AgCl;0NPPt
requires: C, 41.58; H, 1.87; N, 1.13. IR (KBry = 1622 (w),
1479 (m), 1435 (s), 1326 (s), 1315 (s), 1289 (vs), 1261 (m), 1213
(s), 1097 (vs), 833 (s), 819 (m4Cls, X-sensitive vibr.)2 741 (s),

722 (m), 692 (s), 671 (s), 624 (m), 5,21 (s), 5087¢énim). 'H
NMR (acetoneds, rt): 6.66 (m, 6H), 7.16 (m, 6H), 7.34 (m, 5H),
7.44 (dd, 1H), 7.54 (d, 1H), 7.66 (d, 1H), 7.69 (d, 1H), 8.32 (dd,
1H), 8.56 ppm (dd, 1HJ(***Pt—H) = 16.4 Hz).3'P NMR (acetone-

ds, rt): 10.4 ppm J(*°°Ag—P) = 727.0, J(*°/Ag—P) = 635.0,
J(*Pt=P) = 236 Hz).

X-ray Structure Determinations. Crystal data and other details
of the structure analyses are presented in Table 5 (full data for the
X-ray analyses oBa at 100 and 293 K are presented in the SI).
Suitable crystals for X-ray diffraction studies were obtained by slow
diffusion of n-hexane into concentrated solutions of the complexes
in 3 mL of Me,CO (3a and 3b) or CHCk (4-CHCl3-0.5n-CgH14
and5-0.58CHC4-0.251-CgH14). Crystals were mounted at the end
of a quartz fiber. The radiation used in all cases was graphite-
monochromated Mo & (A = 0.71073 A).

For3aand3b, X-ray intensity data were collected with a Nonius
kCCD area-detector diffractometer. Images were processed using
the DENZO and SCALEPACK stuite of prograrfisThe absorption
correction was performed using SORTAYFor 4-:CHCl3-0.5n-
CeH14, X-ray intensity data were collected on a Bruker Smart Apex
diffractometer. The diffraction frames were integrated using the
SAINT program?’® For 5-0.58CHC}-0.25-CgHy4, X-ray intensity
data were collected on an Oxford Diffraction Xcalibur diffracto-
meter. The diffraction frames were integrated using the CrysAlis
RED progrant® Both sets of data were corrected for absorption
with SADABS.”

The structures were solved by Patterson and Fourier methods
and refined by full-matrix least squares BAwith SHELXL-97.8
All non-hydrogen atoms were assigned anisotropic displacement
parameters and refined without positional constraints, except as
noted below. All hydrogen atoms were constrained to idealized
geometries and assigned isotropic displacement parameters equal
to 1.2 times thédJis, values of their attached parent atoms (1.5 times

was evaporated to dryness, and the residue was treated Withio, the methyl hydrogen atoms). In the structuresed.58CHCh:

n-hexane, filtered off, and finally air-dried (0.175 g, 77% yield).
Anal. Found: C, 47.66; H, 2.26; N, 1.37.,4l,3AgF10NPPt
requires: C, 47.93; H, 2.15; N, 1.30. IR (Nujoly. = 1632 (w),
1500 (s), 1098 (m), 1060 (s), 1044 (m), 955 (s), 836 (m), 821 (w),
801 (m, GFs, X-sensitive vibr.Y2 777 (m, GFs, X-sensitive vibr.)?

742 (s), 692 (s), 522 (m), 505 crh(m). *H NMR (CDCls, rt):
6.94 (m, 7H), 7.28 (m, 10H), 7.41 (m, 2H), 7.63 (d, 1H), 7.81 (d,
1H), 8.35 (d, 1H), 8.70 ppm (d, 1H(*%Pt—H) = 21.6 Hz).'H

(72) Maslowsky, E. JVibrational Spectra of Organometallic Compoynd
Wiley: New York, 1977.

0.2:-CgH14, a CHCE and half am-hexane molecule were found

(73) Otwinowski, Z.; Minor, W.Methods Enzymol. A: Macromol.
Crystallogr. 1997, 276, 307.

(74) Blessing, R. HActa Crystallogr., Sect. A995 51, 33.

(75) SAINT, Siemens Analytical X-ray Instruments Inc: Madison, WI,
1994.

(76) CrysAlis RED Oxford Diffraction: Oxford, UK, 2004.

(77) Sheldrick, G. MSHELXL-94 University of Gdtingen: Germany,
1994.

(78) Sheldrick, G. MSHELXL-97 University of Gottingen: Germany,
1997.
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Table 5. Crystal Data and Structure Refinement for 3a, 3b, 4CHCl3-0.5n-CgH14, and 50.58CHCls-0.250-CeH 14

3a 3b 4 5
empirical formula GeHs2AgF20N3PH CeeHs2AgF20N3PL CazH23AgF10NPPL: Ca3H23AgClioNPPt-
CHClz+0.5n-CgH14 0.58CHC}-0.25n-CgH14
fw 1765.16 1765.16 1240.01 1333.23
temp/K 173(1) 123(1) 100(1) 100(1)
wavelength/A 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic triclinic triclinic trigonal
space group P2i/c P1 P1 P3
15.6840(2) 10.6672(2) 12.7520(5) 25.0431(4)
b/A 18.6779(2) 15.5158(3) 13.0864(6) 25.0431(4)
c/A 20.5826(3) 20.2547(5) 13.5349(6) 13.0989(2)
o/deg 90 107.523(1) 96.672(1) 90
pldeg 91.1239(4) 91.395(1) 93.068(1) 90
yldeg 90 108.458(1) 103.451(1) 120
vol/A3 6028.39(13) 3005.69(11) 2174.24(16) 7114.46(14)
z 4 2 2
calc dens/g cm? 1.945 1.950 1.894 1.867
abs coeff/mm? 5.059 5.073 3.964 4.090
6 range/deg 1.325.0 2.725.0 1.5-25.0 4.0-25.1
data collected 77715 10573 11932 45574
indep dataRin) 10612 (0.0667) 10573 (0) 7564 (0.0142) 8387 (0.0265)
no. of data/restraints/params 10 612/0/829 10573/1/832 7564/0/577 8387/3/554
GOF onF?2 1.003 1.054 1.013 1.051
final R°indices | > 20(1)] R1=10.0332, R1= 0.0332, R1=0.0248, R1=0.0338,
wR2=0.0868 wR2= 0.0592 wR2=0.0621 wR2= 0.0863
R0 indices (all data) R* 0.0550, R1=0.0490, R1=0.0265, R1=0.0363,
wR2=0.1152 wR2=0.0641 wR2= 0.0628 wR2=0.0877

a2 Goodness-of-fit= [SW(Fe2 — Fc2)2 / (Nobs — Nparan)]®%. PR1 = Y (|Fo| — |Fe)/S|Fol. CWR2 = [YW(F2 — F2 )Y W(F)? 105,
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