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The 90K solid-state structures, room temperature absorption, and room temperature and 17 K emission spectra of
seven different salts of [Cu(l)(bfp).]* (bfp = 2,9-bis(trifluoromethyl)-1,10-phenanthroline) have been determined. To
quantify the distortion of the Cu coordination environment, a distortion parameter & is defined that is a combined
measure of the flattening, rocking, and wagging distortions of the complex cations. In general, the distortion in the
(bfp) cations is less than found previously for Cu(l)(dmp), (dmp = 2,9-dimethyl-1,10-phenanthroline) salts, in particular
the flattening is reduced because of the bulkier 2,9-substituents. The 17 K lifetimes range up to 1.8 us in the
series of solids examined and, with the marked exception of the BF,~ salt, correlate linearly with the distortion
parameter &. The emission wavelength red-shifts with decreasing lifetime, which implies that an increased ground-
state distortion is associated with a smaller energy gap.

Introduction dimethyl-1,10-phenanthroline) were found to have strong
absorption around 450 nm and weak emission in the red

a(%730 nm in CHC} at room temperature) due to population

of a 3SMLCT state. By replacing the methyl groups in

Photoluminescent copper(l) complexes are viewed as
favorable alternative to the polypyridine Ru(ll) compouhds
that have been extensively utilized in molecular solar energy

conversion devicédsand for molecular sensingCopper positions 2 and 9 of the phenanthroline with bulkier
: . ~opp dsubstituents the energy, the intensity of the emission and the
compounds, in general, are reasonably inexpensive an

environmentally benian compared to their ruthenium ana excited state lifetime are dramatically affectedFor in-
y 9 P . . . stance, the lifetime of the excited triplet state of Cu(dsmp)
logues. To be used as energy conversion or sensing materials

. h I matrix 77 K was m r 70 ns.
the Cu(l) systems have to possess strong absorption ancg a glass matrix at as measured as 570 ns

LN o . . ubstitution of the methyl group by a butyl group to give
emission in thg visible region of the spectrum and appropriate Cu(dbpy* (dbp= 2,9-dibutyl-1,10-phenanthroline) produced
redox properties.

laski d illin di dthe | lifeti a 3-fold increase of the lifetime to 1.8s, whereas the
n 1980' Ifstﬁs 'C%ac?_ I\./IcM|+|nd__|S(.:ovire tt> (ta'totn% |le;|(|;ne emission maximum blue-shifted from 730 to 665 nm with
emission ot fne (diimine),” ( IITIne— substituted 1,28 g intensity enhancement of almost an order of magnitude
phenanthroline) system<u(dmp)* complexes (dmp= 2,9- (¢ = 0.062 for Cu(dmp), ¢ = 0.40 for Cu(dbpy).?

Eggleston and co-workétscompared a series of bis-
* Author to whom correspondence should be addressed. E-mail: 99 P

coppens@buffalo.edu. phenanthroline copper compounds containing methyl,

(1) Chen, P. Y.; Meyer, T. Zhem. Re. 1998 98, 1439-1478. butyl, n-octyl, neopentyl, andgecbutyl substituents at the
(2) (a) Islam, A.; Sugihara, H.; Arakawa, H. Bhotochem. Photobiol.
2003 158 131-138. (b) Kelly, C. A.; Meyer, G. JCoord. Chem.
Rev. 2001 211, 295-315. (c) Schwarz, O.; van Loyen, D.; Jockusch, (6) Ichinaga, A. K.; Kirchhoff, J. R.; McMillin, D. R.; Dietrich-Buchecker,

S.; Turro, N. J.; Du, H. J. Photochem. Photobiol. 200Q 132, 91— C. O.; Sauvage, J.-fnorg. Chem.1987, 26, 4290-4292.
98. (7) Phifer, C. C.; McMillin, D. R.Inorg. Chem.1986 25, 1329-1333.
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Actuators, B2002 B87, 336-345. (b) Rowe, H. M.; Xu, W.; Demas, 1991, 30, 559-561.
J. N.; DeGraff, B. A.Appl. Spectrosc2002 56, 167—173. (9) (a) Eggleston, M. K.; McMillin, D. R.; Koenig, K. S.; Pallenberg, A.
(4) Bigzotti, C. A.; Argazzi, R.; Kleverlaan, C. €hem. Soc. Re 2000 J.Inorg. Chem1997, 36, 172-176. (b) Eggleston, M. K.; Fanwick,
29, 87—96. P. E.; Pallenberg, A. J.; McMillin, D. Rnorg. Chem1997, 36, 4007
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[Cu(l)(bfp)2]™ Complexes

2,9-positions and concluded that the flattening distortion upon fluoromethanesulfonate (AgOTf), and sodium 9,10-anthraquinone-
excitation is increasingly hindered as the size of the substit- 2-sulfonate (NaAQSE) are commercially available from either
uents increases. This prevents the expansion of the coordinaStrem or Aldrich and were used without further purification.

tion number by axial substitution in solution, thereby  (b) Synthesis of bfp (2,9-Bis(trifluoromethyl)-1,10-phenan-
extending the lifetime of the excited species. The findings throline). In a drybox 2,9-bis(trichIoromethyl)-l,1(_)-phe_nanthro|ine
were more recently supported by the studies on 2,9-aryl and(1 9: 2-41 mmol) and SkR10 g, 56 mmol) were mixed in a mortar

) . . ) . _and ground to a fine homogeneous powder. The mixture obtained
S:(Ig(lezjobstltuted bis-1,10-phenanthroline copper(l) com was transferred to a 50 mL round-bottom flask, and SHFAML,

) ) . 13.8 mmol) Caution: extremely air- and water-sens#) was
Recently, Miller et af* reported the synthesis and solution  aqded. The flask was fitted with a condenser and then transferred
spectroscopic properties of a [Cu(bfifPFs) complex, where  outside the drybox, keeping the components under inert atmosphere.
bfp = 2,9-bis(trifluoromethyl)-1,10-phenanthroline. The It was immersed into a preheated (181) oil bath, and during the
compound has a very strong absorption in the-4B00 nm next 20-25 min, the mixture was melted by heating to 220.
range fmax = 462 nm,e ~ 11000 Mt cm™t in CH,Cly) After reaching 220°C, the melt was slowly cooled to room
and is highly emissive in dichloromethane at room temper- temperature. The resulting solid was treated with water (50xmL
ature. The quantum yield of emissiop)(was determined 3 times) in an ultrasonic bath. The acidity of the water solution
to be 3.3x 1073, a 14-fold increase compared to [Cu(da}p) was decrea_sed to pH 4 with NaQH (20% in wate_r). It was t_hen
(PRy)™2 with an excited-state lifetime of tRMLCT excited extracted with EtOAc (150 mix 3 times). The combined organic

state of 165 ns in deoxygenated &H. Cyclic voltammetry extracts were dried over anhydrous,N@;, filtered, and evaporated

. to dryness to give 500 mg (80%) of the crystalline product. The
has shown the *[Cu(bfg)" excited state to have potent synthetic procedure is superior to the one published by Beerfet al.

photooxidative as well as effective photoreductive properties. iy that the yield is increased from 18% to 80% and no column
The photochemical properties of the @liimines in the chromatography is required to obtain the crystalline product.

crystalline solid state are much less explored. Earlier, we (c) [Cu(bfp)2]BF, (1) and [Cu(bfp).]PFs (2). Complexesl and

reported that the emission from tALCT excited state of 2 were prepared by the method described previotis@@rystals

the Cu(dmpy* cation is very dependent on the geometry and were obtained by diethyl ether vapor diffusion into a h

crystalline environment of the cation in different solids.  solution of the corresponding copper complex. All procedures

For instance, the 16 K lifetime of the calix[4]arenate salt is described here and below produced crystals suitable for X-ray

only 0.3us, whereas it is as much as eight times longer for diffraction analysis. _

the p-tosylate salt £ = 2.4 us at 16 K). However, no (d) [Cu(bfp),]Br-H;0 (3). To a green solution of CuBr(18

correlation between the ground-state geometry of the cop-Mg; 0-079 mmol) in 15 mL of acetoneascorbic acid (21 mg,

er(l) cation and its photoluminescent properties was evidento'119 mmol) dissolved in 2 mL of water was added in order to
P P prop reduce the C® species to Cl. The bfp ligand (50 mg, 0.158

as t_he_dlhedral angle between the tW(_) dmp ligands shows ammol, dissolved in 2 mL acetonitrile) was then added to the clear
deviation of as much as 17rom the ideal value of 90 colorless solution, and the resulting bright orange solution was
The [Cu(bfp)]* salts, on the other hand, provide a better sirred for 30 min at room temperature. The solvent was removed
choice since the presence of 12 fluorine atoms in the vicinity in vacuo, and the orange solid was recrystallized from acetone by
of the central metal atom reduces the conformational diethyl ether vapor diffusion to give large orange-red parallelepipeds
flexibility and thus provides more similar ground states.  (~70% yield).

Here we report on the structural and spectroscopic proper- (e) a-[Cu(bfp)2]OTf (4) and -[Cu(bfp),JOTf (5). CuCh-H:0
ties of Cu(bfp)™ complexes containing different counterions (3.5 mg, 0.079 mmol) was dissolved in 5 mL of warm (3I)
in the solid state. The correlation between the molecular Water, and AgOTf (41 mg, 0.158 mmol) was added. The AgCl

structure of the cation and its emission properties is also PreciPitate was then filtered, andascorbic acid (21 mg, 0.119
discussed. mmol) was added. To the resulting colorless solution bfp (50 mg,

0.158 mmol, dissolved in 2 mL of acetonitrile) was added, and the
bright orange solution was stirred for 30 min. The solvents were

Experimental Section removed in vacuo to give a quantitative yield of [Cu(bfp)]OTf.

Preparation of the Copper(l) Complexes. (a) Starting Materi- Crystals were obtained by diethyl ether vapor diffusion into an
als. 2,9-Bis(trichloromethyl)-1,10-phenanthroline was prepared by acetone solution foo-[Cu(bfp),]OTf (4) and into an acetonitrile
a literature method SbFs, SbFs, [Cu(CHCN),]PFs, silver tri- solution for -[Cu(bfp)]OTf (5).
(f) [Cu(bfp) JJ(AQSO3)0.75(BF4)0.250.5H,0 (6). Cu(BF)2:6H,O
(10) (a) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Bnorg. Chem1999 (19 mg, 0.079 mmol), NaAQSO(40 mg, 0.13 mmol), and

38, 3414-3422. (b) Cunningham, C. T.; Cunningham, K. L. H.; | _ascorbic acid (21 mg, 0.119 mmol) were dissolved in 10 mL of

Michalec, J. F.; McMillin, D. R.Inorg. Chem1999 38, 4388-4392. o ; ;
(c) Cunningham, C. T.; Moore, J. f; Cunninghagm, K. L. H.: Fanwick, hot water ¢ 80 °C), the solution turned light yellow. bfp (50 mg,

P. E.; McMillin, D. R.Inorg. Chem200Q 39, 3638-3644. (d) Miller, 0.158 mmol), dissolved in 2 mL of acetonitrile) was added to the
Zﬂég.};?z%nézel, P. K.; Karpishin, T. Bl. Am. Chem. Sod.999 121, solution, which was then stirred for 20 min at 8D. After cooling
(12) Miller, M. T Gantzel, P. K.; Karpishin, T. BAngew. Chem., Int. tq room te_mp_erat_urez an orange prempltaté ofas CO”(.ECte(.j On a
Ed. 1998 37, 1556-1558. frit and dried in air (yield 90%). Diethyl ether vapor diffusion into
(12) Ruthkosky, M.; Castellano, F. N.; Meyer, G.ldorg. Chem.1996 the acetonitrile solution of the product gave large bright red crystals
35, 6406-6412. of the mixed salt.

(13) Kovalevsky, A. Yu.; Gembicky, M.; Novozhilova, I. V.; Coppens, P.
Inorg. Chem.2003 42, 8794-8802.

(14) Newkome, G. R.; Kiefer, G. E.; Puckett, W. E.; VreelandJTOrg. (15) Beer, R. H.; Jimenez, J.; Drago, RJSOrg. Chem1993 58, 1746—
Chem.1983 48, 5112-5114. 1747.
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B o < o (9) [Cu(bfp)2](AQSO3):CH3CN (7). Compound? was synthe-
302 3a I o sized by a similar technique as used for the preparatiof) bfit
z |92 =85 — - Qi o . ;
% fd £ EEE N °o? °2 « starting with CuCGJ-H,0 (27 mg, 0.158 mmol), NaAQS{98 mg,
O_|&ms 885 w3 858830 S 0.316 mmol), and bfp (100 mg, 0.316 mmol) (yield 90%). Crystals
T~ Q85 owd © ~z2°9PgdRd® S8 ;
Ud; Zct KRS8 g 8 8 « ae™~8 Q were obtained by the same method as@or
9(’ L4 °§ & 8 “'du?, - X-ray Crystallography. X-ray diffraction data onl—7 were
9o o © - collected at 90(1) K using a Bruker SMART1000 CCD diffracto-
g . .
meter installed at a rotating anode source (Mm tadiation) and
- equipped with an Oxford Cryosystems nitrogen gas-flow apparatus.
% % The data were collected by the rotation method with® Grdme
S |4 width (w scan) and 2640 s exposure time per frame. For each
g ‘)5;8 ?;3 5 @ complex, four data sets (600 frames in each set) were collected,
< =9 s O N o i i i
Lo|hc o 88~ _ so sY o nominally covering half of reciprocal space. The data were
E% ol - % 2 % % % ™ § 2 -3 E", o integrated, scaled, sorted, and averaged using the SMART software
< |22¢ 933 5 & opod gy 9« ackagé® The structures were solved by direct methods, using
y
g 2°C 5 Smm > 4 o SI28N® oY p g . . )
G |RSEL""VgmoN T TeTw® T SHELXTL NT Version 5.167 and refined by full-matrix least
< |85 N % o 3 squares agains2FThe displacement parameters of non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were located
o in difference electron density maps and subsequently refined using
38 e S & g the “riding” model for aromatic atoms withliso = 1.2Ueq Of the
ZE.OX 2 g¥a 8 5 S o é;@ 3 connected carbon, except for the £&hd HO hydrogens, which
Em 5935 a937 3 g S § g ©Q ST o were placed in idealized positions withs, =1.5Ueq.
o 29 £ 2ge 3 B 3 Qo 32 2 8 2 g In complexe<2 and3, one of the Cggroups is disordered into
TQELP®Nglgr H¢ DS g two positions by a 60rotation around the G—C(Fs) bonds, with
s 8 © o the occupancies refining to 60/40% and 63/37%, respectively. In
p 9
6, the asymmetric unit contains two [Cu cations, one
Yy
AQSG;™ anion being located on a fully occupied crystallographic
> O N O —~
K3 s53 2 S i ionic site is shared by a second AQSO
Qo o 5a 9 site, whereas the other anionic site is shared by
¢ |$X ;E g%;ﬁ, 2 8 4 ‘; 2 s g and a BR~ anion with 50/50% populations. In addition, one of the
“5'* %2 8 g § § § N N iy 38 ;E’ g o fluorine atoms of BE is disordered over two equally populated
SESegss o n. 8 84°580% S5 positions. All disordered atoms were refined isotropically.
33 ¢ T 47d - UV—Vis Absorption and Photoluminescence Spectroscopy.
ﬂ- .
UV —Vis absorption experiments were performed on a Perkin-Elmer
Lambda 35 UV~Vis spectrometer equipped with an integrating
38 e sphere for reflectance spectroscopy. The spectra were collected in
Q2 S ©_ 3 the 306-1100 nm range at room temperature. The samples were
Q |LS  SEE g 409 3§ J indi Is with der, which is used
Im|Qoe 2HTIITIS Sg@_g5g © prepared by grinding the crystals with MgO powder, which is usec
I Zf’x % § § § beR E ~ &R :o(( E o e 55' N as the inert matrix. Photoluminescence measurements were carried
L35 _ 399 RIS § 8SH323 o S out on a home-assembled emission detection system. Samples
Oc & R D ~0.5—-1 mm-sized single crystals) were mounted on a copper pin
gle cry
attached to a DISPLEX cryorefrigerator. The metallic vacuum
ry g !

o chamber with quartz windows, attached to the cryostat, is evacuated
¥ 3 o o ~S - to approximately 107 bar with a turbo-molecular pump. Samples
& L XE S8 = < § o 3 s 9 were cooled to 17 K. The crystals were irradiated with 500 nm
@ | o "Z'srg 2 o8 5 iy gg S light from a pulsed M-dye laser. The emitted light was collected
3 Sxedgge § ggrR2uwg BN by an Oriel 77348 PMT device, positioned at’30 the incident
2 5S°FNSER88R S0 o3 laser beam, and processed by a LeCroy LT372 digital oscilloscope
g with 4 GHz sampling rate.

o

S o Results and Discussion

= N . . . .

=1 § < 2 ® § — w Structure of the [Cu(bfp)]* Cation in Different Solids.

£l : | ESE zam © 3%y 85 3 Crystallographic and selected structural data for complexes

8 ch 525@%%% % %?E ©8§ S 1—y7 areggi\rl)en in Tables 1 and 2, respectively Iginal

< S SN D o © o @905 wao - : . ] el :

g 5SE %2 segog9gR 8 é 2I3BS § § positional, isotropic, and anisotropic displacement parameters

n o R together with bond lengths and angles are listed in Tables

< . .

=3 S1-S28 of the Supporting Information.

©

] © . ~ o In a preceding papé?, we demonstrated that the Cu-

| ES 253 fjnﬁ g g i (dmp)" cation can adopt a large variety of conformations

n = £ o c .20 ~ [N

> S o EBI=0ETQ -

O R 5 E g% §% o ,—% g ;? (16) SMART and SAINTPLUSArea Detector Control and Integration

o BT g P99, OTEgS,3Z2l Software,version 6.01 Bruker AXS: Madison, WI, 1999.
3888 oS TRBLY 17) SHELXTL=An Integrated System for $uig, Refining and Displaying

(] E22aSSTS oo se=8=¢c 8 @] - ! N

rs) T56hcooca~>NSSERLSE &0 Crystal Structures from Diffraction Datagrsion 5.10 Bruker AXS:

S Madison, WI, 1997.

8284 Inorganic Chemistry, Vol. 43, No. 26, 2004



[Cu(l)(bfp),]"™ Complexes

L —

/N
/

\
/.

L —

Figure 1. Geometry of Cu(bfp)" cations in complexe4 (triflate, a-polymorph) and3 (bromide). The complexes are drawn in ar G —Ca—N plane.

Table 2. Selected Structural Data for [Cu(bfp) Complexes

BF,4 PFs Br H,O (0)OTf (B)OTS (AQSG3)0.79BF4)0.250.5H0 AQSO;CH3CN
1 2 3 5 6 7
Cul-N1, A 2.017(2) 2.004(2) 2.034(4) 2.026(1) 2.048(2) 2.034(8), 2.033(7) 2.063(3)
Cul-N2, A 2.058(2) 2.060(3) 2.050(4)  2.060(1) 2.046(2) 2.020(7), 2.051(7) 2.021(3)
Cul—N3, A 2.068(2) 2.025(2) 2.057(4) 2.054(1) 2.076(2) 1.999(8), 2.004(8) 2.038(3)
Cul-N4, A 2.008(2) 2.048(3) 2.031(4) 2.025(1) 2.025(2) 2.053(7), 2.070(7) 2.046(3)
N—Cu—N, ° 83.20(9) 83.4(1) 82.7(2) 82.99(4) 82.59(7) 82.7(3), 82.9(3) 82.9(1)
83.46(9) 83.5(1) 82.7(2) 83.13(4) 82.74(7) 83.6(3), 83.5(3) 83.0(1)
115.51(8)  115.8(1)  120.9(2)  116.01(4)  117.99(7)  115.6(3), 118.9(3) 115.5(1)
120.30(9)  117.3(1) 124.5(2) 120.81(4)  120.90(8)  123.9(3), 122.0(3) 123.7(1)
122.06(9) 125.3(1) 1255(2) 121.40(4)  128.25(7)  126.4(3), 123.8(3) 127.7(1)
135.77(9) 134.9(1) 126.3(2) 136.14(4) 129.20(7) 129.2(3), 130.5(3) 128.7(1)
Distortions around Cu
Oy, ° 82.5 85.0 88.8 81.5 89.6 85.6, 85.9 86.0
Oy, ° 80.5 78.7 88.2 81.6 83.4 83.2,84.5 83.0
0, ° 87.6 87.5 86.7 87.1 89.6 86.6, 88.8 85.9
Cep 0.896 0.899 0.965 0.893 0.959 0.921, 0.941 0.918
Cu displ. from bfp planes () ~ 0.145 0.205 0.038 0.127 0.051 0.003, 0.109 0.021
0.317 0.211 0.048 0.303 0.059 0.097, 0.142 0.031

in the crystalline phase, with rocking and flattening distor- to 88.2. As expected flattening is limited in the bfp
tions from 90 as large as 1%and 17, respectively. In the  complexes reported her@,varying only from 85.9to 89.6.
structures of Cu(bfp) complexes, the geometry around the Comparison of angles of the Cu(bfpj and Cu(dmp)*
central copper atom shows a much smaller variation than complexes confirms that the Cu(bfp)cation distorts much
observed for the bis-dmp ions (Table 2, Figure 1). This is less than the bis-dmp ion.

attributed to the difference in van der Waals radii of the H  The promide comples has the least distorted geometry.
and F atomsr(au(H) = 1.16 A, raw(F) = 1.40 A)}® The It shows almost negligible rocking{ = 88.8’, 6, = 88.2)
presence of bulkier GFgroups in the 2- and 9-positions of 504 minor flattening ¢, = 86.7) distortions. The largest
the 1,10-phenanthroline ligands interferes with any substan- q ing gistortion is found in the hexafluorophosphate
tial amount of flattening, which would require a decrease of complex2, with 6, = 78.7. Overall, the rocking distortion

the dlhe_dral felngle between the dmp planes. . is uncommonly large (710°) in the Cu(bfp)" cations
The distortions around copper can be described bythe surveyed here. The exceptions are comBeand one of

0y, and6; angles, as ‘j'e“”?d ?y Whi‘:[e and C?,“"’F’rk@f_@x the symmetrically independent moleculessirThe rocking
and 6, describe the "rocking” and "wagging” diStortions, - yigioition correlates with one of the two €i bonds to

respecnvely; whereas, corre_sponds to the flattening. In the the ligand being longer, as the rocking moves one bond

particular case of homoleptic copper(l) complexes, such as d th ial I fthe tri | id ble 2

described in this papeéy and 6, are interchangeable (i.e toward the axia _posmon of the ‘”90”‘7" pyrami (_Ta €2).
x y "~ The correlation is demonstrated in Figure 2, which shows

ro?rli:ngdgrt']d t\_/vagg_lng are Imd;sl;t_m?gwshable). din Tabl the difference between the €N bonds to increase with
e distortions in complex are compared in Table rocking and wagging distortions.

2. 6cranges from 81.5to 88.8, while 6, ranges from 78.7 . )
As in the Cu(dmp)™ compounds the copper atom is

(18) (a) Zefirov, Yu. V.; Zorkii, P. M.Rus. Chem. Re 1989 58, 421 generally displaced from both phenanthroline planes in all
440. (b) Zefirov, Yu. V.; Porai-Koshits, M. AZh. Strukt. Khim1979 the complexes, but the correlation with the rocking distortion
21, 150-155. ;

(19) Dobson, J. F.. Green, B. E.. Healy, P. C.. Kennard, C. H. L; 1S not as pronounced as for the Cu(daipfompounds.

Pakawatchai, C.; White, A. Hiust. J. Chem1984 37, 649-659. Whereas the copper displacement tends to increase when the

Inorganic Chemistry, Vol. 43, No. 26, 2004 8285
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Scheme 1 n—x Stacking Modes of the bfp Ligands in Crystals®f
and5®

0.08
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0.03] .
] | m2

0.02 3++§_'_,__,.6.... !

001 &~ &

0.004 ~ *5 1
UL L R S S N R apart of the infinitex—x stacks (bfp in blue is located between the
91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 other two) and ar—x dimer are shown fo8 and5, respectively. Fluorine
atoms are omitted for clarity.

|ACu-N]|
F
]
-

exey

Figure 2. Correlation between the differences between the Rulistances (Figure 3b). The shortest contact @C49 (1—x, 1-y, —2)
(A|Cu—N1—Cu—N2|, A|Cu—N4—Cu—N3|) and the distortion parameters . .
Ox and 6y. 6' and 6" correspond to the two symmetrically independent of 3.38A is between the carbonyl OXYQ_le” of the anthraquione
molecules in the asymmetric unit of compléx sulfonate and one of the bfp aromatic carbons. In the pure
. ) S ) salt7, the AQSQ™ anions form only centrosymmetric—x
rocking distortion is bigger, the largest displacement occurs gimers, separated from each other by Cu(bfghations.
for the tetrafluoroborate compouridin which the rocking  However, unlike in the mixed sa8, no z interactions are
is second largest after complek The most noticeable  found between the cations and the anions, the bfp and
exception is observed for the anthraquinone-2-sulfonate saItAQSO3— planes being inclined to each other by 6&d 8T
(7), in which the rocking distortion is 70 but the Cu  (Figure 3c). The closest contacts are @L7 (1-x, -y, —2)
displacement is insignificant. o 3.16 A and C30-F7 3.14. Therefore, the interactions
Although, thed angles provide a good description of the petween the cation and the anion are much weaker in
deformation of the Cu coordination from the tetrahedral complexess and7 than in [Cu(dmp)J(AQS0s).12 This has
geometry and allow comparison of different cations, a single its important implications for the photoluminescence proper-
parameter to quantify the degree of distortion is desirable. tjeg of the first two compounds.
For this purpose, we introduce tligp function defined as: UV—Vis Absorption. UV—Vis absorption (reflectance)
0000+ 00-0) o e ce e ents were e ot on
CD — i
180’ The reflectance spectra af-7 are very similar (Figure
4) and show a low-energy absorption band centered at 467

whereg, by, and@_z are "?"WaYSS 90 and the subscript CD 474, with a shoulder at 54558 nm (Table 3). Compared
;tands for cqmblned distortion ..Th&D_vaIu.es are listed 4, bis-dmp C{ systems, for which the bands shift by as
in Table 2, which shows the combined distortion to be largest much as~40 nm, no significant variation with the distortion

for the cauqn in4, even though the wagging is most around the copper is observed. Following Parker and
pronounced ir. The correlation between ttfizp value and Crosby%?° and Zgierski! both visible absorption bands are
the triplet eXC|t.ed—.state lifetime of the cation for the assigned to MLC By, — 7% b1, transitions from the highest
comppundﬂ—? IS dlscussgd below. . occupied orbital. Only the higher energy transitior4{0
Unlike the Cu(dmp;)* cat|on,_ the bis-bfp complexes _do nm) is symmetry-allowed for the ideBl,y symmetry of the
not forma—z stacks in the majority of the_ cry_stals Stgd'ed' cation, and it has the largest intensity. The lower-energy band
In just two OT the salts wealc—z stacking mter_actmns (~550 nm shoulder) appears in the solid-state spectrum due
betweger? pfp ligands are f°”r?d (Scheme_l)S,Ibfp ligands to symmetry lowering to € which eliminates the symmetry
form infinite 7= stacks, with only limited overlap, the selection rules. The near-UV bands appearing for all the

I|gandst.be|ngf gf;sg t fr(;:;noesagh_rck)]th?r, W:jth plane—to—p:jap? compounds at 425438 nm are due to the metal-to-ligand
separations of 3.46 and 4. - 'Neligands are groupecin 0dXy — 7* 1 transition, while the UV bands are assigned to

7—n dimers in5, with an interplanar distance of 3.52 A, the intraligandes, — 7%y transitions.

and oyerlap only slightly. L . Emission Spectra and Lifetimeslin the crystalline phase
A different crystal packing is found in the 9,10-an- n e
. oo the Cu(bfp)" complexes show strong orange-red emission.
thraquinone-2-sulfonate saltsand?. In 6, AQSG;~ anions S .
The emission is characterized by a very broad featureless

form stacks along the crystallogrqprb(ams, composed of spectra positioned in the 64%90 and 676-695 nm range
center-of-symmetry related—s dimers. The stacks are .
at room and low (17 K) temperatures, respectively.

randomly broken by insertion of AQSOor BF,~. The plane As is the case for the Cu(dmp)complexes and for a

of the interspersed anthraquinergulfonate is inclined by . N .
44 to the adjacent component of the dimer. These dimers series of [CU(NNJ™ type complexes with larger 2,9 sub-

are flanked by two Cu(bfg) cations (Figure 3a). Although (20) Parker, W. L.: Crosby, G. Al. Phys. Cheml989 93, 5692-5696.
bfp and AQSQ@ are parallel, they overlap only slightly  (21) zgierski, M. Z.J. Chem. Phys2003 118 4045-4051.
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Figure 4. Room temperature solid-state absorption (reflectance) spectra
from complexesl—7.

Comparison of the excited-state lifetimes of Cu(bfgnd
Cu(dmp)* cations shows that, in general, the substitution
of hydrogen by fluorine increases the lifetime. However, the
record established by the Cu(drafd)os) salt ¢ = 2.4 us at
16K) is not exceeded. The large¥ILCT excited-state
lifetime in the current series is 1.80(8% at 17 K measured
for the BR, salt 1.

Structural Distortion and Photophysical Properties.
The correlation between the overall distortion paramétey) (
and the excited-state lifetimes is remarkably strong. For all
but one of the complexes, a linear relationship exists between
increasing lifetime and decreasing distortion of the copper
environment at both room and low temperature (Figure 5).
Thus, the smaller the distortion of the Cu environment, the
longer the excited-state lifetime. The exception is complex
1. Although the distortion in [Cu(bfp)BF4 ({co = 0.896)
(1) is as large as i and4 (Scp = 0.899 for2, andlcp =
0.893 for4, Table 2), its excited-state lifetime is considerably
longer. This difference is even more pronounced at low
temperaturer= 1.80(9)us), the lifetimes fo2 and4 at 17
K being 1.00(5) and 0.83(4)s, respectively. Clearly other
effects such as less efficient intermolecular energy transfer
due to packing differences can play a role in the solid state.

Figure 3. Intermolecular interactions between AQ$Oanions and At both room temperature and 17 K the radiative lifetime
Cu(bfp)" cations in the crystals of complexés(a and b) and’ (c). 7 correlates with the wavelength of the emission, the lifetime
being longer for a blue-shifted emission (Figure 6), in
agreement with the energy-gap law for internal conver&ton.
Since the experiments have been performed with crystalline
samples, it is now possible to correlate this behavior with
the molecular geometry. The comparison shows thatghe S
T1 gap is smaller for the more distorted structures, which
suggests that the variation of the geometry in the triplet
excited state shows less variation than in the ground state.

Complexes and7 differ from the others studied here by

(22) Felder, D.; Nierengarten, J.-F.; Barigelletti, F.; Ventura, B.; Armaroli, having an electron-accepting counterion AQSOPrevi-
N. J. Am. Chem. So@001 123 6291-6299. ously, we reportett that the presence of this counterion in
(23) (a) Kirchhoff, R. K.; Gamache, R. E.; Blaskie, M. W.; Del Paggio,
A. A, Lengel, R. K.; McMillin, D. R.Inorg. Chem1983 22, 2380~
2384. (b) Everly, R. M.; McMillin, D. RJ. Phys. Chem1991, 95, (24) Turro, N. J.Modern Molecular Photochemistryniversity Science
9071-9075. Books: Sausalito, CA, 1978.

stituents?? the photoluminescence intensity weakens and the
triplet excited-state lifetime increases when the temperature
is lowered. On average the lifetime increases32times,
while the emission maxima red-shift by-25 nm (1006~

580 cnml). The behavior suggests the existence of two
emissive excited states, possibly due to smrbit coupling,

the higher energy one being thermally populated at room
temperaturé?23
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Table 3. Solid-State Absorption and Emission Data

[Cu(bfp)] [Cu(bfp)] [Cu(bfp)] [Cu(bfp)] [Cu(bfp)] [Cu(bfp)] [Cu(bfp)]
BF;4 PR Br-H,O Tfa TEB (AQS0s)0.75BF4)0.250.5HLO  AQSO3-CH3CN
1 2 3 4 5 6 7
Solid-State Diffuse Reflectance Spectra
RT, Amax M 335 337 335sh 338 331sh 339 335
433sh 432sh 425sh 438sh 426sh 437sh 425sh
467 468 473 473 468 474 470
542sh 550sh 551sh 555sh 554sh 545sh 558sh
Solid-State Emissiomgye = 500 nm)
Amax (RT), nm 650 660 645 690 645 665 650
7 (RT), us 0.61(3} 0.41(2) 0.73(4) 0.40(2) 0.81(4) 0.52(3) 0.60(3)
Amax (17 K), nm 670 685 670 695 670 690 685
7 (17 K), us 1.80(9) 1.00(5) 1.72(9) 0.83(4) 1.68(8) 1.36(7) 1.11(5)

a Standard deviations are estimated to be 5%.

the crystal with Cu(dmp) cation results in total quenching  Conclusions

of the phosphorescence for the complex [Cu(dii#)SOs-

0.5H,0. However, the emission from crystals®and7 is The Cu(l)(bfp)™ cation in the different solids examined
readily detectable and is by no means less intense than forshows only moderate variation in geometric distortion of the
the other crystals. As mentioned above, in the crystals of Cu coordination environment in different crystallographic
both salts only a few relatively weak interactions are found €nvironments. The distortions around the copper metal are
between the bfp ligands and the AQ$Ocounterions, in generall less prongunced (especially the flattening) than
compared to a number of stronger interactions found in the fOr the bis-dmp cation and do not markedly affect the
corresponding bis-dmp complexes, indicating that crystal absorption spectra. To examine the c_orrela’non bet_ween the
packing can play a crucial role in the phosphorescence ground-state geometry of Cu(bip)and its°MLCT excited-

quenching, in agreement with generally accepted conéepts state lifetime, a geometric parametégd) has been defined,
' " which is a measure for the combined distortion of the metal

coordination environment. With one exceptidsp correlates
linearly with the observed phosphorescence lifetimes, the
smaller the distortion from the ideal pseudo-tetrahedral
geometry, the longer the lifetime. The complex [Cu(bp)
BF,4, which has the second largest rocking distortion but the
longest lifetime of the complexes studied here, is an
exception, indicating that other factors such as less efficient
intermolecular energy transfer play a role.
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Figure 5. Correlation plots of the excited-state lifetimes) (vs the emizsion wavelength (nm)

combined distortion valuesi¢p) at room (a) and 17 K (b) temperatures  Figure 6. Correlation plots of the excited-state lifetime vs emission
for compoundsl—7. Error bars shown are with 5% margifiecp = 1 wavelength forl—7 at RT and 17 K. Note the difference in scale for the
corresponds to an undistorted structure. RT (left) and the 17 K (right) lifetimes.
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(25) See, for example, Lower, S. K.; El Sayed, M. @hem. Re. 1966
66, 199-241. 1C049638S
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