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Structural and Photophysical Studies of Cu(NN)}* Systems in the Solid State. Emission at
Last from Complexes with Simple 1,10-Phenanthroline Ligands
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For a variety of reasons, relating the photophysical properties of a copper phenanthroline to a structure in solution
is problematic. To elucidate some of the issues involved, in this paper we describe the crystal and molecular
structures of a series of Cu(NN)}containing systems along with spectral data obtained from the solids themselves.
The NN ligands investigated are tmp (3,4,7,8-tetramethyl-1,10-phenanthroline), dpdmp (2,9-diphenyl-4,7-dimethyl-
1,10-phenanthroline), dptmp (2,9-diphenyl-3,4,7,8-tetramethyl-1,10-phenanthroline), and dipp (2,9-diisopropyl-
1,10-phenanthroline). The results show that a flattening distortion can have a large impact on the spectroscopic
properties of a Cu(NNJ system, whereas a typical rocking distortion has comparatively little effect. The reflectance
spectra of orange or orange-red salts that have approximately perpendicular phenanthroline ligands exhibit absorption
bands in the neighborhood of 460 nm along with a shoulder at longer wavelength. In the other limit, when a
pronounced flattening distortion occurs and the dihedral angle between ligandsasr@0re off perpendicular,

the reflectance spectrum exhibits two distinct visible bands with intense absorption occurring at 525 nm or even
longer wavelength. If the phenanthroline ligand lacks bulky substituents in the 2,9 positions, the compound may
even be purple, depending on the counterion. Cughipmplexes that contain phenyl substituents in the 2,9
positions and exhibit long-wavelength absorption in solution probably adopt a flattened structure in the ground
electronic state. In most other systems ground-state flattening is a solid-state effect induced by lattice forces.
However, a flattening distortion is an intrinsic attribute of the emissive excited state, although intra- or intermolecular
forces can inhibit the effect. In the case of the Cu(dpthsystem, intramolecular steric interactions oppose
flattening because the methyl groups in the 3,8 positions control the torsion angles of the neighboring phenyl
groups. In the case of [Cu(tmydBPhy, packing interactions induce a small flattening in the crystal, but they also
constrain the degree of distortion that can occur in the excited state. As a consequence [{RBRtmeXxhibits

a weak photoluminescence in the solid phase=( 15 ns). This is the first report of emission from a
bis(phenanthroline)copper(l) system that does not have bulky substituents in the 2 and/or 9 positions of the ligand.
The [Cu(tmp)]BPhy system crystallizes in space groB@i/n with a = 17.4883(4) Ab = 9.86860(10) Ac =
26.3747(6) Ao = 90°, B = 97.7021(8), y = 90°, V = 4510.8(3) R, andZ = 4. For 12 948 unique data with

Fo? > 20(Fo?), R= 6.5%. The [Cu(dpdmp)PFs system crystallizes in space groB@/n with a = 16.0722(13)

A, b=8.1100(7) A.c = 16.8937(10) Ao = 90°, B = 93.947(53, y = 90°, V = 2196.8(5) &R, andZ = 2. For

2833 unique data witko? > 20(Fo?), R = 6.0%. The [Cu(dptmp)PFs- THF system crystallizes in space group

P1 with a = 12.8486(4) Ab = 13.7341(1) A,c = 15.1678(3) A, = 99.5819(14), B = 96.7263(13), y =
97.3311(12), V = 2591.3(2) &, andZ = 2. For 13 753 unique data wifk? > 20(F¢?), R = 7.4%. Finally, the
[Cu(dipp] TFPB system crystallizes in space graRpwith a = 14.2523(3) Ab = 16.0496(4) Ac = 17.5801-

(3) A, a=112.4150(13), B = 105.7480(13), y = 99.6078(119, V = 3408.7(3) B, andZ = 2. For 8774 unique

data withFo2 > 20(Fs?), R = 9.3%.

Introduction involving the copper centértaSauvage and co-workers recently
) ) ) exploited this effect in an effort to construct a molecular machine
Stereoelectronic effects play extremely important roles in the ;, "\vhich a photoinduced oxidation reaction triggers linkage
ground- and excited-state chemistry of bisphenanthroline com-sqmerization in a copper catendbein principle, knowledge
plexes of copper(l), or Cu(NN) systems for shoft-® For ¢ srycture is essential for understanding the spectroscopic
example, structure changes play an important role in determining properties and the reactivity; however, for copper phenanthro-
the kinetics and thermodynamics of electron-transfer reactions|ines the structure that occurs in solution is frequently not the

one that occurs in a crystallndeed, packing-induced, low-
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geometry are quite common in solids containing Cu(NN)
complexes on account of the low coordination number and the
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The approach taken here is to define the crystal and molecular
structures of a series of Cu(NN)containing systems and to
carry out spectral studies in the same phase. One of the new
insights that comes from this work is that packing forces can
cut both ways: Packing forces can induce flattening in the
ground state, but they can also constrain the degree of distortion
that occurs in the excited state. This effect accounts for the
emission from crystalline [Cu(tmgBPhy, the first example of
a luminescent bisphenanthroline complex of copper(l) that does
not have sterically active substituents in the 2 and/or 9 positions
of the ligand (tmp= 3,4,7,8-tetramethyl-1,10-phenanthroline
and BPh~ = tetraphenylboronate ion). A comparison of the
structures of the complexes of 2,9-diphenyl-3,4,7,8-tetramethyl-
1,10-phenanthroline (dptmp) and a dimethyl analogue, 2,9-
diphenyl-4,7-dimethyl-1,10-phenanthroline, or dpdmp, illustrates
how bulky groups in the 3,8 positions of the phenanthroline
ligand can, in conjunction with sterically active substituents in

d*0 electronic configuration at the metal center. Perhaps the mostihe neighboring 2,9 positions, markedly influence the geometry.

common distortion is &, flattening, and, in line with a lattice
effect, the degree of flattening varies with the counterion in
structures containing the Cu(dmp)catiorf’ (dmp = 2,9-
dimethyl-1,10-phenanthroline). A “rocking” distortion that
results in one long CuN bond and a pyramidal coordination
geometry can occur as well, especially in phenanthroline
complexes with aryl substituents in the 2,9 positi&ns. In
Chart 1 the middle structure represents idealRegsymmetry

The structure of [Cu(dipp)TFPB provides the first example

of a system that has branched alkyl groups directly linked to
the phenanthroline ligand (dipp 2,9-diisopropyl-1,10-phenan-
throline and TFPB = tetrakis(3,5-bis(trifluoromethyl)phenyl)-
boronate ion). Finally, spectral studies establish that an intense
long-wavelength absorption band is the most reliable indication
of a significant flattening distortion in a solid or in solution.

and also presents the atom-numbering system for the free LloExperimental Section

phenanthroline (phen) ligand. In this geometry the dihedral angle
between ligands is 90 The other two structures depict com-
plexes that have undergone rocking (left) or severe flattening
(right) distortions. The Cu(dpp) system is notable in this regard
because it tends to show both types of distortions in the solid
staté€10 (dpp= 2,9-diphenyl-1,10-phenanthroline). In solution,
a Cu(NNY"™ chromophore generally adopts a more regular

structure, although emission polarization studies indicate that

some degree of a static or dynamic flattening distortion
occurstt12However, the situation is very different in the lowest-
energy, thermally equilibrated electronic excited state, a metal-
to-ligand charge-transfer (CT) state that formally contains a
Jahn-Teller-active copper(ll) centér3 Thus, systematic studies
of substituent effect8~16 as well as theoretical calculatiois

Materials and Methods. The phen and tmp ligands and the salts
KPFs and NaBPh were reagent-grade products of Aldrich Chemical
Co. Samples of [Cu(dipg)TFPB,'” [Cu(dpdmp)]PFs-/>H,0 ¢ [Cu-
(dptmp}]PFs-2H,0,'¢ and [Cu(dppjPFs'® were available from previous
studies. The method of Ruthkowsky et&served well for the synthesis
of the air-sensitive phen and tmp complexes from the precursor [Cu-
(NCCHg)4]PFs.2° When anion exchange was necessary, a metathesis
reaction with a soluble alkali-metal salt in ethanol/water proved
effective. For the solid-state emission measurements the sample
container was a melting-point capillary positioned in a finger dewar.
A 452 nm notch filter in the excitation beam helped isolate the excitation
wavelength of 440 nm, and a 525 nm cutoff filter protected the detector
from the excitation beam. The emission and excitation band-pass
settings were each 10 nm. During the lifetime measurements, 525 and

reveal that the excited state tends to undergo a pronouncedd?5 nm long-wave-pass filters removed stray light from the emission

flattening distortion. To inhibit the distortion, one has to
introduce bulky substituents in the 2,9 positions of the phenan-
throline ligand. Without such steric constraints in place, i.e.,
a complex such as Cu(phen) the flattening is severe, even in
a low-temperature glass, and there is no hint of an emission
signal due to the efficiency of the radiationless decay pro-
cesst314
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beam. The lifetime estimates{0%) came from a user-written program
which assumed exponential decdyin each case the residual plot

in justified the use of a single exponential. Measurements on powdered

samples dispersed in paraffin oil gave the solid-state reflectance spectra.
The sample holder was either a thin piece of coarse papea pair
of salt plates.

Instrumentation. The absorbance data came from a Perkin-Elmer
Lambda 4C spectrometer, while an SLM SPF 500C spectrofluorimeter
provided the steady-state emission spectra. A description of the
apparatus for the lifetime measurements appeared previguglye
Nonius KappaCCD package served for the preliminary examination
of the crystals and data collection with MaxKadiation ¢ = 0.710 73
A). The computer for all structure refinements was an AlphaServer
2100.
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Table 1. Crystallographic Data

Cunningham et al.

[Cu(tmp)]BPhy [Cu(dpdmp)]PFs [Cu(dptmp}]PFe"THF [Cu(dipp)] TFPB
empirical formula CUh;CseBHsz CUQ,ZH40F6N4P CUPEON4C§0H55 CUF24N4CGgBH52
fw 855.42 929.43 1057.65 145551
space group P2:/n P2/n P1 P1
a, 17.4883(4) 16.0722(13) 12.8486(4) 14.2523(3)
b, A 9.86860(10) 8.1100(7) 13.7341(4) 16.0496(4)
c, A 26.3747(6) 16.8937(10) 15.1678(3) 17.5801(3)
o, deg 90 90 99.5819(14) 112.4150(13)
B, deg 97.7021(8) 93.947(5) 96.7263(13) 105.7480(13)
y, deg 90 90 97.3311(12) 99.6078(11)
vV, A3 4510.8(3) 2196.8(5) 2591.3(2) 3408.7(3)

Z 4 2 2 2
temp (K) 296 296 296 296
linear abs coeff, mmt 0.525 0.598 0.516 0.425
transmission coeff 0.7700.949 0.799-0.956 0.75%0.911 0.706-0.958
1A 0.71073 0.71073 0.71073 0.71073
GOF 1.031 1.067 1.033 1.031
Pcalea CNTS 1.26 1.405 1.355 1.418
R(Fo),2 Ry(Fd)P 0.065, 0.157 0.060, 0.139 0.074, 0.190 0.093, 0.253
AR = J||Fo| — IFell/X|Fo| for Fo? > 20(Fc?). * Ry = [SW(|Fo?| — |F3)F3wIFHFY2
Crystal Structure Determination. Vapor diffusion of toluene into clus c8

a dichloromethane solution of [Cu(tmjBPh, produced an orange plate

of dimensions 0.3 0.18 x 0.10 mm that was suitable for diffraction
studies. Least-squares refinement of the setting angles of 57 010
reflections in the range®2< 6 < 32° provided cell constants and an
orientation matrix for the crystal mounted on a glass fiber. The
maximum value of 2 was 66.0. The data set contained 12 948 unique
reflections, and the average transmission coefficient was 0.905. In each
case, for the refinement the input intensity was the average of equivalent
reflections (agreement factor 8.8%). The refinement took account of
each of the unique reflections, but for this and the refinements that
follow only data points that satisfied the criteribg® > 20(F.?) affected

the calculation of thR value. Program PATTY in DIRDIFF2 gave

the solution to the structure, although difference Fourier syntheses were
useful for locating some of the atoms. The refinement included
hydrogen atoms with the constraint that they ride on the bonded atoms.

Table 1 contains cell parameters and refinement data for this and theFigure 1. ORTEP drawing of the cation in [Cu(tmBPh, with 50%
thermal ellipsoids and the atom-numbering scheme.

other structures reported.

Slow diffusion of diethyl ether into an underlying layer of dichlo-

C216

was 5.5%, and the refinement procedure was the one employed for the
tmp structure. In this case there was disorder in the positions of the
anion as well as the THF of crystallization; however, neither effect
has a significant impact on conclusions concerning the structure of the
cation.

romethane containing [Cu(dpdmji)Fs yielded a red plate of dimen-
sions 0.40x 0.28 x 0.08 mm. Least-squares refinement of the setting
angles of 12 590 reflections in the range 6f4 6 < 25° gave cell
constants and an orientation matrix for the crystal mounted as above.
The maximum value of @ was 50.1. There were 2833 unique . .
reflections in the data set, and the average transmission coefficient was . Slow evaporation of an agueous eth_anol s_olutlon of [Cu(dipBPB
0.910. The input for the refinement was the average of all equivalent yielded a yeII_ow-o_range plate with dlmen3|on§ 02%0.22 x 0.10 .
reflections (agreement factor of 9.2% on an intensity basis). Direct mm for the diffraction s_tudy._ Least-squares refinement of t_he setting
methods in conjunction with the program SIR8Ibcated most of the angles of 43 343 refiections in the ra_ngiafl P < 3¢ (20 maximum
atoms, and the rest were evident from difference Fourier syntheses.Gl'Og) gave cell constants and an orientation matrix for the crysta}l. I_n
The refinement with the program SHELX-97 included hydrogen atoms all there were 8774 unique reflections, and the average transmission

constrained to ride on the bonded atoms. The thermal par{:lmeters.COEfriCient was 0.894. The agreement factor for averaging equivalent

revealed a disorder in the position of the anion as is frequently the |ntensitie_s was 6.2%. A direct met_hod using the program SIR9.7 yielde_d
case with hexafluorophosphate derivatives. However, there was nothe solu_tl_on_to the structgre. Again, there was evidence of disorder in
attempt to model the disorder since that would entail arbitrary € POSitioning of the anion.
assumptions, and the structure of the cation is the focus of the StUdy'ResultS
Vapor diffusion of toluene into a THF solution of [Cu(dptraj®)Fs:
2H,0 produced an orange chunk of a monosolvate with dimensions  Crystal Structure of [Cu(tmp) 2]BPh,. The lattice consists
0.25x 0.20x 0.18 mm. Least-squares refinement of the setting angles of molecular ions; see Figure 1 for a view of the cation and the
of 33 837 reflections in the rangé 3 0 < 31° (20 maximum 63.9) atom-numbering scheme, which is the same for the structures
gave cell constants and an orientation matrix for the crystal. In all there yascribed below. Table 2 provides a summary of important
were 13 753 unique reflections, and the average transmission Coeﬁideminteratomic distances and angles for this system and the other
was 0.875. The agreement factor for averaging equivalent intensities LT
structures reported. In essence, the coordination geometry about
(23) Beurskens, G.. Admirall, G.; Beurskens, G.; Bosman, W. P.; Garcia- COPPEr N Cu(tmp)' is flattened tetrahedral with a dihedral angle
Granda, S.: Gould, R. O.; Smits, J. M. M.; SmykallaJJ&e DIRDIF92 (6,) of 98.2(1) between the CuN(11)-N(112) and Cu-
Program SystemTechnical Report; Crystallography Laboratory, N(21)—N(212) planes. In the crystal, copper complexes mesh
University of Nijmegen: Nijmegen, The Netherlands, 1992. ~  together into chains running along the axis. Each chain
(24) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni, . . .
A. G. G.; Burla, M. C.; Polidori, G.; Camalli, M.; Spagna, R.Appl. involves two stacks of ligands. Down each stack, ligand 1 of
one complex faces against ligand 2 of the next neighbor which

Crystallogr.1999 32, 115-119.
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Table 2. Selected Structural Data

[Cu(tmp)]BPhy [Cu(dpdmp)]PFs [Cu(dptmp}]PFe THF [Cu(dipp)] TFPB
Cu—N(11) (A) 2.053(2) 2.042(3) 2.058(3) 2.068(5)
Cu—N(112) (A) 2.034(2) 2.042(3) 2.039(3) 2.007(5)
Cu—N(21) (A) 2.039(2) 2.053(3) 1.993(3) 2.053(5)
Cu—N(212) (A) 2.048(2) 2.053(3) 2.150(3) 2.020(5)
N(112)-Cu—N(21) (deg) 122.94(10) 114.21(13) 128.85(12) 122.6(2)
N(112)-Cu—N(212) (deg) 132.49(9) 134.7(2) 108.22(11) 132.8(2)
N(21)—Cu—N(212) (deg) 81.29(9) 81.97(13) 81.23(11) 82.76(19)
N(112)-Cu—N(11) (deg) 81.20(9) 81.97(13) 81.82(11) 82.6(2)
N(21)—Cu—N(11) (deg) 126.49(9) 138.90(19) 140.15(12) 117.60(19)
N(212)-Cu—N(11) (deg) 118.95(9) 114.21(13) 116.18(11) 123.09(19)
0 (deg) 88.8 92.1 108.9 93.3
6,° (deg) 85.9 91.5 97.8 83.9
0,2 (deg) 98.2 68.4 87.9 88.2

2 For the dpdmp complex the numbering scheme differs as follows R()), N(112)=N(12), N(21¥=N(1), N(212)=N(12). ? 6 is the angle
between the bisectog) of the N(21)-Cu—N(212) angle and the normal to the N(¥Ju—N(112) plane (P1)0y is the angle betwee& and the
normal to the bisector of the N(13)Cu—N(112) angle in P1 on the N(11) side. Finall}, is the angle between the normals to P1 and P2 (the
N(21)—Cu—N(212) plane}f.
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Figure 2. Schematic view of a meshed chain of Cu(taigpns in the
lattice with the Cu-Cu vectors along thé axis.
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Figure 4. ORTEP view and atom numbering of the cation in [Cu-
(dptmp}]PFs- THF with the C(12N) and C(13N) phenyls removed for
clarity. The view is in the plane of ligand 1, and the elongated N(212)
Cu bond defines the apex of the approximate trigonal pyramid around
copper. Phenyl C(23N) stacks on ligand 1. The C(12N) phenyl would
be in the foreground attached to C12.

Crystal Structure of [Cu(dptmp)]PFeTHF. Figure 4
provides a view of the dptmp complex. In this structure the
convention is that the C(22N) phenyl connects to C(22), but
for convenience in numbering the C(23N) phenyl connects to
C(211). The methyl carbons are C(21%)(218), and analogous
faces upon ligand 1 of the next complex and so on in the conventions apply to the numbering for ligand 1. (For clarity
sequence (Figure 2). The orientation is such that the short axisFigure 4 does not show the C(12N) and C(13N) phenyls, which
of each phenanthroline moiety is roughly parallel to #hexis would be in the foreground and background, respectively, of
of the crystal. The only atomatom contacts of less than 3.5 A ligand 2.) In contrast to the dpdmp analogue, the dptmp complex
are N(21)-C(111) at 3.436 (4) A, C(29N(112) at 3.403 (4) exhibits little flattening a®, = 87.9(1}. However, a significant
A, and C(22)»-N(111) at 3.410 (4) A. rocking distortion produces an exceptionally long-aN(212)

Crystal Structure of [Cu(dpdmp) 2]PFe. Figure 3 provides bond length (Table 2) and an approximately trigonal pyramidal
a view of the Cu(dpdmp) complex, which exhibits a more  coordination geometry at copper. The distortion facilitates the
pronounced flattening distortion in the crystal with= 68.4- stacking of the C(23N) phenyl group on the opposite phenan-
(2)°. A C; axis, vertically oriented in Figure 3, passes through throline ligand, i.e., ligand 1, such that the angle between the
the copper atom and interconverts the two ligands. There areleast-squares planes of the two groups is 6.63(&) the other
no significant interligand contacts between neighbor complexes hand, the C(22N) and C(23N) phenyl rings are more nearly
in the structure, and the least-squares planes defined by theorthogonal to the parent phenanthroline core as they subtend
C(2N) and C(11N) phenyls subtend dihedral angles of 44.74- dihedral angles of 103.65(13and 99.42(1T) respectively. The
(14y and 134.84(16) respectively, relative to the mean plane corresponding twist angles of the C(12N) and C(13N) phenyls
of the phenanthroline core. (Here and in the followiNganges are 128.09(13)and 77.34(18), respectively, and the sense of
from 1 to 6 in the atom-numbering system for the phenyl the twists is disrotatory to create space for the C(22N) phenyl
substituents.) group. Intermolecular interactions occur as well as the copper

Figure 3. ORTEP view through the phenanthroline ligands of the
copper complex in [Cu(dpdmjPFs. The view is normal to the axis of
flattening, which is collinear with the vertic&, symmetry axis.
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Figure 5. ORTEP drawing and atom numbering of the cation in [Cu-
(dipp)x] TFPB with 50% thermal ellipsoids.
B
complexes associate as dimers with the back edge of ligand 1 \ , -
from one member of the pair partially stacked over ligand 1 of 375 475 515 675 75
the partner. Close contacts include C&€)18) at 3.53(6) A Wavelength(nm)
and C(16)-C(114) at 3.38(6) A. Figure 6. Reflectance spectra: (A) [Cu(phelBPhy, (A’) [Cu(phen)]-

Crystal Structure of [Cu(dipp) J]TFPB. Figure 5 provides  ClOs'* (B) [Cu(tmp)]BPh, (B') [Cu(tmp)]PFs. Absolute intensities
a view of Cu(dipp)*. In large part because of the presence of are arbitrary.

the TFPB anion, the quality of this structure is poor in Table 3. Room-Temperature Spectral Data for the Solid State
comparison to the others as the thermal parameters reveal

considerable static or thermal disorder in the positions of the reflectance emissidn
various Ck groups. As a consequence one cannot press the compound A max NM A max NM 7,Ns
interpretation too far; nevertheless, the structure provides some Class | Spectra

useful information. Thus, withd, = 88.8(2F, the copper [Cu(tmp)]BPhy 440 (505 sh) 700 15
complex shows no significant flattening in the solid state. [Cu(phem]BPh, 485 (545 sh) 690 20
Although Table 1 shows that the variations in the-@ubond [g“(g'ptp)Z]TiF?THF jgg (530 sh) 6%:? 1}3?;360
lengths in the complex are modest, ligand 1 may show a s',&mall [Cu(dptmp}IPFs Intermediate

rocking displacement, with the GiN(11) bond about 0.06

longer than that of CaN(112). However, the thermal ellipsoids [Cu(dpp)IPFe? 500 (560 sh) 670 780
in Figure 5 suggest that movement along the rocking coordinate Class Il Spectra

is relatively facile in the lattice. Throughout the lattice the Cu- {gﬂ&mhgﬁ])l]:('::FOf j11(1)(5J ggg

(dipp)" complexes distribute as weakly interacting dimers  [cy(dpdmp)]PFs 420 535 685 325

related by a center of inversion. However, the interligand overlap
is small, and the interatomic distances are too great for a
significant stacking interaction. Therefore, intramolecular forces spectrum of [Cu(phep)BPh, has the same profile with its
must determine the coordination geometry, which, of the four maximum around 480 nm and a shoulder at 550 nm (Figure
structures reported herein, comes the closeBLiocsymmetry. 6A). In contrast, the purple compounds [Cu(ta)B}s (Figure
The steric bulk associated with the isopropyl groups is undoubt- 6B') and [Cu(phen)ClO, (Figure 6A) exhibit prototypical
edly the key consideration. Although the thermal ellipsoids reflectance spectra of the class Il type for which a second
associated with the methyl carbons are also large (Figure 5),absorbance maximum occurs at a significantly longer wave-
on average the methyimethyl vector of each isopropyl length, typically beyond 525 nm. The solid-state data compiled
substituent orients in a direction roughly orthogonal to the mean in Table 3 show that [Cu(dipg)TFPB also gives a class |
plane of the phenanthroline core, with the-B8 bond of the reflectance spectrum. Table 3 also includes results from a series
o-carbon extending toward the other ligand bound to copper. of systems with phenyl substituents in the 2,9 positions of the
The steric demands of the substituents account for the previousphenanthroline ligand. The spectrum of [Cu(dptgipls THF
observation that the photoexcited state of Cu(dipphdergoes is consistent with class | behavior, but [Cu(dpdaiipls clearly
unusually facile electron-transfer quenchirigthus, with in- exhibits a class Il spectrum with a broad absorbance centered
tramolecular steric forces constraining the geometry, formation around 535 nm and another maximum at ca. 420 nm.
of the excited state entails minimal structural reorganization.  All four structurally characterized complexes exhibit broad
Absorption and Emission Studies.The solid-state reflec-  featureless emission spectra (data summary in Table 3). Figure
tance spectra of the [Cu(NNX systems investigated to date 7 includes the solid-state emission spectra of [Cu(pfiBR)y
fall into one of two limiting types; however, for any given NN and [Cu(tmp)]BPh, as well as other relevant compounds and
ligand the spectrum may vary with the nature of the anion X  provides an indication of the relative emission intensities for
With a broad maximum at around 440 nm and a shoulder at ca.the series. (The sample configuration and the instrumental gain
520 nm, the reflectance spectrum of the orange compound [Cu-setting were the same for each compound; however, the
(tmp)]BPhy is an example of the class | type (Figure 6B). The quantitative comparison assumes that each solid has the same

aUncorrected® Broad absorptiont Reference 14.
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05 " T " i " Figure 8. Energy-level diagram that shows the effect @-aflattening
50 600 650 700 750 800 850 distortion on the levels involved in the MLCT transitions of a Cu-
Wavelength(nm) (NN);* center. The scheme assumes that the flattening occurs along

Figure 7. Room-temperature, uncorrected emission spectra of Cu- the x-axis and that the-axis connects the ligand centers.
(NN);* centers in different solids: (A) [Cu(tmgBPh, (B) [Cu(phen)]-

BPh, (C) [Cu(dpdmp)]PFs, (D) [Cu(dpp}]PFs, (E) [Cu(dptmp)]PFs, intriguing aspects of the dptmp complex is the absence of a
(F) [Cu(dipp}] TFPB. All are referenced to the same instrumental gain  flattening distortion due to a cooperative interaction between
setting. neighboring substituents. To see how this occurs, focus on the

. ] N Dyg structure where the phenyl substituents in the 2,9 positions
absorption cross section at the exciting wavelength.) Note that of the phenanthroline ligand define a torsion angle of. 99

the short-lived emissions from [Cu(phelPh, and [Cu(tmpj]- flattening distortion requires that the phenyl groups twist toward

BPh, occur at relatively long wavelengths (Table 3). the plane of the parent phenanthroline to avoid steric contacts
. . with the opposing ligand. However, with the dptmp ligand, the

Discussion buttressing 3,8 methyl substituents constrain the motion of the

Ground-State Distortions. The copper complexes in [Cu-  adjacent phenyl groups and favor the retention of atésion
(tmp)]BPh; and [Cu(dpdmp)PFs both exhibit D.-flattening angle. The same effect restricts the distortion in the excited state
distortions in the solid state, but the forces that control the and enhances the energy and the lifetime of the emission from
geometry are not easy to identify. Dobson et al. originally the dptmp complex in solutiotf.

attributed the distortions to packing forceand Goodwin et Spectral Consequences of Structural DistortionsThe data
al. subsequently proposed that stacking interactions betweenshow that a flattening distortion, as opposed to a rocking
ligands on adjacent metal centers mediated the effdotvever, distortion, has a big impact on the reflectance spectrum. The

intermolecular stacking interactions are at best one factor results are consistent with the previous studies of Shinozaki and

because in this study the most flattened Cu(NN)nit occurs Kaizu on [Cu(phen)ClO4,* wherein the copper center exhibits
in [Cu(dpdmp)]PFs, where there is no stacking. Goodwin et @ pronounced; distortion and the CT absorption occurs at
al. also noted that the ionic size would have an effect on the long wavelengths. The rationalization for the low-energy
Coulombic forces in the latticeand the hope of reducing this ~ absorption is apparent in the orbital energy diagram in Figure
interaction was one of the motivating factors for including 8, which assumes that the highest occupied molecular orbitals
[Cu(tmp)]BPhy in the present investigation. In fact, the dine- (HOMOs) of the ground state are a pair of degenerate orbitals
dral angle between ligands turns out to be much greater inWwith mainly d. and g, charactef®?’ (In contrast to other
[Cu(tmp)]BPh, (98.2) with its larger cation and anion than in ~ references, the calculations of Shinozaki and Kaizu place the
[Cu(phen)]CIO, (49.9).25 However, no clear, across-the-board  Gx-y? orbital as the HOMG;! but this does not affect the basic
trend emerges because the flattening distortion is greater inargument because the majority of the oscillator strength involves
[Cu(dpdmp)]PFs than in [Cu(dpp)]PFs, even though the dpp  the &y, set in any event?) When the flattening occurs along
derivative involves an ostensibly smaller cation. The fact is that the x-axis, Figure 8 shows that thgtrbital moves to higher
the size of the cation is a rather nebulous concept because th&nergy because af-antibonding interactions with the ligand
ions can interpenetrate each other and because the coordinatiogonor orbitals. As the dihedral angle deviates fronf, %8
geometry of the Cu(NNY center varies with the anion. transition from ¢, becomesz-polarized and allowed by the
As noted above, Cu(NNJ complexes with aryl substituents  electric-dipole mechanisft;*2until the limit of D4, symmetry
in the 2,9 positions frequently exhibit a rocking distortion that Where g;finally becomes orthogonal to theacceptor orbitals
gives rise to a pyramidal coordination geometry in addition to ©f the ligands. An important practical consideration is that,
a flattening distortion. Sauvage and co-workers first described Particularly for systems lacking sterically active ligands, the
the rocking distortion in the catenate Cu(cat-3®) ater work color can vary from salt to salt. The reason is that a change of
revealed that similar distortions occur in [Cu(dg@uCl counterion can induce a change in the crystal packing and, in
2/,CH3CN® and [Cu(dpp)]PFs.1° Sauvage and co-workers pro-  turn, in the structure of the absorbing species, Cu@iN)
posed that the rocking distortion is the result of intra- and A flattening distortion will also lower the emission energy,
intermolecular stacking interactions that occur in the solid $tate. and the geometry change tends to be even more pronounced in
In fact, the same type of packing interactions occur in [Cu- the CT excited stat€® From one point of view, the effect is
(dptmp)]PFsTHF. However, the structure of [Cu(dpdralDFs evident from the &configuration at copper in thB,4 excited

demonstrates that the presence of the aryl substituents does not -
(26) Daul, C.; Schlapfer, C. W.; Goursot, A.; Penigault, E.; Webé&ha&m.

guarantee that there will be a rocking distortion. One of the Phys. Lett 1981, 78, 304-310,
(27) Sakaki, S.; Mizutani, H.; Kase, Ynorg. Chem.1992 31, 4575~
(25) Healy, P. C.; Engelhardt, L. M.; Patrick, J. A.; White, A.HChem. 4581.

Soc., Dalton Trans1985 2541-2545. (28) Phifer, C. C.; McMillin, D. R.Inorg. Chem.1986 25, 1329-1333.



3644 Inorganic Chemistry, Vol. 39, No. 16, 2000

state, where, in keeping with the copper(ll) character, the excited
state is subject to a JahiTeller distortion. In the context of
the state symmetry, the argument is a little more complex.
Consider the singlet manifold wherein théeeexcited-state
configuration gives rise tdA;, By, B,, and'A; terms. In
idealizedD,q symmetry, a bvibration induces a vibronic mixing

of 1B, and!A, terms and thereby promoteda distortion. The
distortion can be quite significant because in Bgoint group

the motion is totally symmetric and tHB2(D.qg) andiA(D2qg)
states becom&;(D,) states. As Pearson has pointed out, this
allows the two states to continue to mix in the lower-symmetry
environment, so that a strong second-order Jdfreiler effect
drives down the energy of #3(D,) excited stat@? Another
second-order JahsTeller interaction is also possible iD;
symmetry—hybridization of the 4s and 3d-2, or 3de for short,
orbitals of the copper center, both of which havesgmmetry

in the D, point group. As a consequence, further flattening can

Cunningham et al.

(dppR]CuCl+?/3CH3CN, which exhibits a more flattened Cu-
(NN)2* center than [Cu(dpp)PFs, gives a good match to the
solution spectrund® Intramolecular forces must be responsible
for any distortion that occurs in solution, and Sauvage and co-
workers have argued that interligand stacking interactions
involving aryl substituents in the 2,9 positions promote a
distortion fromDy4 symmetry38 When, as in their systems, the
substituents are electron-rich aryl ethers, face-to-face donor
acceptor interactions with the opposite phenanthroline ligand
are certainly possible. Intraligand, mesomeric interactions are
also potentially important factors to considdn this view the
preference for a flattened structure arises because conjugation
with the aryl groups becomes possible wheDadistortion
occurs and the substituents twist toward the plane of the parent
phenanthroline. The two types of interactions are not mutually
exclusive and may, in fact, work hand in hand in shaping the
structure. One last point worth noting is that Cu(dppand

take place in the excited state even if the ground state has aCu(dptmp)" exhibit emission at almost the same energy in

flattened D2) geometry to begin with.
In the absence of a restoring force, the distortion can be so

dichloromethane solution despite having different excited-state
geometries. An important part of the explanation is that neither

large that the excited-state potential energy surface impingessystem undergoes much structura! relaxatic_)n in the excitep! state.
upon or even crosses that of the ground state, a scenario thafor the dptmp complex a cooperative substituent effect mitigates

virtually guarantees efficient radiationless deéayConse-
quently, the excited state of a system such as Cu(ghea)
Cu(tmp)™, which lacks bulky groups in the 2,9 positions of
the phenanthroline ligands, is especially prone to a large
flattening distortion. For this reason, no one has reported

observing photoluminescence from such unhindered systems in

solution or even a low-temperature gld33? Indeed, the
emissions observed from the solids [Cu(tgiBPh, and [Cu-
(phen}]BPh, are the first examples of emission from a Cu-
(NN),* system of this type. In the solid state, packing inter-
actions evidently limit the degree of geometric relaxation that
can occur in the excited state so that the emission proces
becomes competitive. Nevertheless, some geometry change
occur in the emitting states because [Cu(pb@&bh, and [Cu-
(tmp)]BPhs both emit at longer wavelengths than the dpdmp
complex (Figure 7). The trend is quite remarkable in view of
the reflectance data and the fact that the introduction of phenyl
substituents normally lowers the energy of the emis3iea33

Structure in Solution. Since lattice forces are often respon-
sible for low-symmetry distortions, any particular Cu(NN)
chromophore may adopt a different structure in solution.
Indeed, Cu(phes} exhibits a very different absorption spectrum
in solution as compared with the solid perchlorate Xadnd
Eggleston et al. have reported a similar effect involving the Cu-
(dnpp)™ system (dnpp= 2,9-dineopentyl-1,10-phenanthro-
line).3* In both instances cited, the Cu(Ni\)center adopts a
more regular pseudotetrahedral structure in solution according
to spectral results.

The Cu(dppy™ system is different in that in solution it gives
a long-wavelength absorption that is characteristic of a distinctly
flattened structure. In fact, the reflectance spectrum of [Cu-

(29) Pearson, R. @QProc. Natl. Acad. Sci. U.S.A975 72, 2104-2106.

(30) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cum-
mings: Menlo Park, CA, 1978; pp 158.70.

(31) Kirchhoff, J. R.; Gamache, R. E., Jr.; Blaskie, M. W.; Del Paggio, A.
A.; Lengel, R. K.; McMillin, D. R.Inorg. Chem.1983 22, 2380~
2384.

(32) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sauvage, J. P.; Kirchhoff,
J. R;; McMillin, D. R.J. Chem. Soc., Chem. Commu®83 513—
515.

(33) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Blnorg. Chem.1999
38, 3414-3422.

(34) Eggleston, M. K.; Fanwick, P. E.; Pallenberg, A. J.; McMillin, D. R.
Inorg. Chem.1997, 36, 4007-4010.

Sgxhibits an absorption band in the vicinity of 460 nm and a

the flattening distortion, while in the case of the dpp complex,
intra- and/or interligand interactions predispose the ground state
to adopt a flattened structure rather like that favored by the
excited state.

Summary

Solid-state measurements establish that a flattening distortion
has a large impact on the spectroscopic properties of a Cy{NN)
system, whereas a rocking distortion typically has little effect.
If the dihedral angle between the two phenanthroline ligands
(or its complementary angle) is in the range of-&0°, the
solid is orange or orange-red with a reflectance spectrum that

shoulder toward longer wavelength, consistent with approximate
D,q symmetry. In the other limit the dihedral angle is much
smaller, the compound may even be purple, and the reflectance
spectrum exhibits two bands, including intense absorption at
525 nm or beyond. In the ground state the flattening distortion
is a solid-state effect, except for systems such as Cugtipp)
and Cu(dpdmp)", which have phenyl substituents in the 2,9
positions of the phenanthroline ligand. However, the emissive
excited state is subject to an intrinsic flattening distortion due
to the JahnTeller active copper(ll) character, though intra- or
intermolecular forces can inhibit the effect. In particular,
intramolecular steric interactions prevent a flattening distortion
in the Cu(dptmpyt system because the 3,8 methyl groups
restrict the conformational freedom of the neighboring phenyl
groups. In the case of [Cu(tmyBPhy, packing interactions
induce a small flattening in the crystal but oppose further
distortion in the photoexcited state. Consequently, [Cu(tfnp)
BPh, and, probably for the same reason, [Cu(pbBHh, are
photoluminescent solids. This is the first report of emission from
a bis(phenanthroline)copper(l) system that does not have bulky
substituents in the 2 and/or 9 positions of the ligand.
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