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The photophysical properties of singlet and triplet metal-to-ligand charge transfer (MLCT) states of [Cu(l)(diimine),]*,
where diimine is 2,9-dimethyl-1,10-phenanthroline (dmphen), 2,9-dibutyl-1,10-phenanthroline (dbphen), or 6,6'-
dimethyl-2,2'-bipyridine (dmbpy), were studied. On 400 nm laser excitation of [Cu(dmphen),]* in CH,Cl, solution,
prompt *MLCT fluorescence with a quantum yield of (2.8 + 0.8) x10~5 was observed using a picosecond time-
correlated single photon counting technique. The quantum yield was dependent on the excitation wavelength,
suggesting that relaxation of the Franck—Condon state to the lowest *MLCT competes with rapid intersystem crossing
(ISC). The fluorescence lifetime of the copper(l) compound was 13-16 ps, unexpectedly long despite a large
spin—orbit coupling constant of 3d electrons in copper (829 cm~!). Quantum chemical calculations using a density
functional theory revealed that the structure of the lowest *MLCT in [Cu(dmphen),]* (1!B,) was flattened due to the
Jahn-Teller effect in 3d° electronic configuration, and the dihedral angle between the two phenanthroline planes
(dha) was about 75° with the dha around 90° in the ground state. Intramolecular reorganization energy for the
radiative transition of 1'B; was calculated as 2.1 x 10° cm~1, which is responsible for the large Stokes shift of the
fluorescence observed (5.4 x 10° cm™1). To understand the sluggishness of the intersystem crossing (ISC) of
IMLCT of the copper(l) compounds, the strength of the spin—orbit interaction between the lowest *MLCT (1B,)
and all MLCT states was calculated. The ISC channels induced by strong spin—orbit interactions (ca. 300 cm™)
between the metal-centered HOMO and HOMO — 1 were shown to be energetically unfavorable in the copper(l)
compounds because the flattening distortion caused large splitting (6.9 x 10° cm™) between these orbitals. The
possible ISC is therefore induced by weak spin—orbit interactions (ca. 30 cm~1) between ligand-centered molecular
orbitals. Further quantum mechanical study on the spin—orbit interaction between the lowest *MLCT (1%A) and all
MLCT states indicated that the phosphorescence borrows intensity from 2!B;. The radiative rate of the
phosphorescence was also structure-sensitive. The flattening distortion reduced the transition dipole moment of
21B; — the ground state, and decreased the extent of mixing between 1°A and 2'B;, thereby considerably reducing
the phosphorescence radiative rate at the MLCT geometry compared to that at the ground state geometry. The
theoretical calculation satisfactorily reproduced the radiative rate of ca. 102 s~ and accounted for the structure-
sensitive phosphorescence intensities of copper(l) bis(diimine) compounds recently demonstrated by Felder et al.
(Felder, D.; Nierengarten, J. F.; Barigelletti, F.; Ventura, B.; Armaroli, N. J. Am. Chem. Soc. 2001, 123, 6291).

Introduction metal-to-ligand charge transfer state (MLCT) of ruthenium
dye [Ru(bpy-4,4(COOH)),(NCS)] to titanium dioxide
(TiOy) film was at least biphasic with ca. 50% %150 fs
and 50% in 1.2+ 0.2 ps? From an economical viewpoint,

Photoluminescent ruthenium(ll) bis(diimine) compounds
have been extensively studied for light harvesting devices
in dye-sensitized solar cells® Transient absorption mea-
surements have shown that the electron injection from a

(1) Felder, D.; Nierengarten, J. F.; Barigelletti, F.; Ventura, B.; Armaroli,
N. J. Am. Chem. SoQ001, 123 6291.
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Singlet and Triplet MLCT of Cu(l) Compounds

first-transition metal compounds have been studied as pulses?* Structure-sensitive phosphorescence intensity was
candidates for sensitizers. An ultrafast electron injection was very recently demonstrated by Felder et al., and as such, long
reported to occur from MLCT of [Fe(bpy-4:4COOH)),]- alkyl chains in the 2,9-positions of phenanthroline in copper-
(CN),.5 Various copper(l) bis(diimine) compounds have also (l) bis(diimine) compounds are able to prevent significant
been studied as copper(l) bis(diimine) compounds absorbexcited state distortions in the rigid matix.
over a wide region of solar light and exhibit longer-lived  The origin of the emission in [Cu(diiming) is still
MLCT emission in the nanosecond region. Thus, copper(l) ambiguous. The temperature dependence of the emission
compound studies have attracted much interest recently inintensity indicated that the emission originates from the
the development of solar energy conversion processes.  thermally equilibrated upper state at an ambient tempera-
Much of the pioneering work with copper(l) compounds ture!! The higher state was assigneds8.CT on the basis
has been accomplished by McMillin and co-workérs. of its high radiative rate constant ef10’ s~.** Contrary to
Studies on the photophysical, structural, and electrochemicalthis assignment, Parker et al. have assessed the emission as

properties of Cu(l) compounds have also been investigatedoriginating entirely from adMLCT on the basis of its large

by other groupd?2? [Cu(dmpheny]*, where dmphen is 2,9-

Stokes shift £5600 cmt).?2 A rapidly decaying transient

dimethyl phenanthroline, is luminescent in dichloromethane emission £10 ns) was observed when [Cu(dmphgh)n

(steady state emission quantum yietb)(= ca. 2 x 107%)
89 upon excitation of the MLCT band at room temperature,
whereas [Cu(l)(1,10-phenanthroligg) shows no emission

in the same experimental condition. Substituents at 2,9-

CH.CI, was excited with a nanosecond pulse laser at around
—30 °C.* In the time-resolved emission spectra of [Cu-
(PPh),(phen)] at low temperatures (790 K), a weak and
short-lived (<1 ns) component was observed and assessed

positions of 1,10-phenanthroline are primarily responsible as fluorescence from th&MLCT.*2 However, no MLCT
for the emission as they can sterically prevent large structuralfluorescence has been observed in most transition metal

distortion (e.qg., flattening or rocking distortion) due to the
Jahn-Teller effect in the MLCT The theoretical ground
of the structure change on the MLCT formation of copper-
() compounds has been reported by Sakaki & &pec-
troscopic study and DV-X molecular orbital calculation

compounds so far because fairly large spambit coupling

of d electrons induces very rapid intersystem crossing.
Ultrafast pump-probe measurements have demonstrated that
the formation ofSMLCT in [Ru(bpy)]?" was completed
within 100 fs?® Very recently, the lifetime of prompt

showed that the lowest MLCT transition energy is red-shifted fluorescence fromMMLCT of the ruthenium compound was
and the emission lifetime is reduced by decreasing the determined to be only 46t 15 fs by means of an

dihedral angle (dha) between two ligands in [Cu(dmp}j&n)
(X = BF4, ClO4, NOs~, and CI).2° The distortion of the
pseudotetrahedral structure in MLCT states of [Cu(d-
mphen)]* was directly measured with nanosecond X-ray

(3) Meyer, T. JAcc. Chem. Red989 22, 163.
(4) Kalyanasundaram, KCoord. Chem. Re 1982 46, 159.
(5) Tachibana, Y.; Moser, J. E.; Gratzel, M.; Klug, D. R.; Durrant, J. R.
J. Phys. Chem1996 100, 20056.
(6) Ferrere, S.; Gregg, B. Al. Am. Chem. Sod 998 120, 843.
(7) Eggleston, M. K.; McMillin, D. R.; Koenig, K. S.; Pallenberg, A. J.
Inorg. Chem 1997, 36, 172.
(8) Blaskie, M. W.; McMillin, D. R.Inorg. Chem 198Q 19, 3519.
(9) McMillin, D. R.; Kirchhoff, J. R.; Goodwin, K. VCoord. Chem. Re
1985 64, 83.
(10) Cunningham, C. T.; Moore, J. J.; Cunningham, K. L. H.; Fanwick, P.
E.; McMillin, D. R. Inorg. Chem 2000 39, 3638.
(11) Kirchhoff, J. R.; Gamache, R. E.; Blaskie, M. W.; Paggio, A. D;
Lengel, R. K.; McMillin, D. R.Inorg. Chem 1983 22, 2380.
(12) Buckner, M. T.; Matthews, T. G.; Lytle, F. E.; McMillin, D. R.
Am. Chem. Sod 979 101, 5846.
(13) Ichinaga, A. K.; Kirchoff, J. R.; McMillin, D. R.; Dietrich-Buchecker,
C. O.; Marnot, P. A.; Sauvage, J. Porg. Chem 1987, 26, 4290.
(14) Cunningham, C. T.; Cunningham, K. L. H.; Michalec, J. F.; McMillin,
D. R. Inorg. Chem 1999 38, 4388.
(15) Burke, P. J.; McMillin, D. R.; Robinson, W. Rnorg. Chem.198Q
19, 1211.
(16) Palmer, C. E. A.; McMillin, D. R.; Kirmaier, C.; Holten, Dnorg.
Chem.1987, 26, 3167.
(17) Everly, R. M.; McMillin, D. R.Photochem. Photobioll989 6, 711.
(18) Everly, R. M.; McMillin, D. R.J. Phys. Chem1991, 95, 9071.
(19) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Binorg. Chem 1999
38, 3414.
(20) Shinozaki, K.; Kaizu, YBull. Chem. Soc. Jpr1994 67, 2435.
(21) (a) Scaltrio, D. V.; Thompson, D. W.; O'Callaghan, J. A.; Meyer, G.
J.Coord. Chem. Re 2000 208, 243. (b) Ruthosky, M. R.; Kelly, C.
A.; Castellano, F. N.; Meyer, G. Loord. Chem. Re 1998 171,
309.
(22) Parker, W. L.; Croshy, G. Al. Phys. Cheml1989 93, 5692.
(23) Sakaki, S.; Mizutani, H.; Kase, Ynorg. Chem 1992 31, 4375.

up-conversion technique, and the quantum yield was esti-
mated to be less than 1¥?¢ The spin-orbit coupling
constant (829 cmi) of 3d electrons in copper(l) is almost
comparable to that of 4d electrons in ruthenium(ll) (990
cm 1).2728Thus, a question arises regarding the unexpected
strong intensity of the prompt fluorescence frélhLCT in
these copper(l) compounds.

In this study, short-lived emissions from copper(l) bis-
(diimine) compounds were examined using a time-correlated
single photon counting (TCSPC) technique with picosecond
time resolution. The!MLCT lifetime of copper(l) bis-
(diimine) compounds was 1316 ps, ca. 400 times longer
than that of [Ru(bpy]?".26 We rationalized the unexpectedly
long lifetime of 'IMLCT on the basis of quantum chemical
calculations using density functional theory (DFT). Analysis
of the spin-orbit interaction between the lowedLCT and
all 3MLCT states revealed that the flattening distortion in
MLCT was responsible for the sluggishness of the intersys-
tem crossing in these copper(l) compounds. The origin of

(24) Chen, L. X.; Jennings, G.; Liu, T.; Gosztola, D. J.; Hessler, J. P.;
Scaltrito, D. V.; Meyer, G. JJ. Am. Chem. So@002 124, 10861.

(25) (a) Damrauer, N. H.; Cerullo, G.; Yeh, A.; Shank, C. V.; McCusker,
J. K. Sciencel997, 275, 54. (b) Yeh, A. T.; Shank, C. V.; McCusker,
J. K. Science200Q 289, 935.

(26) Bhasikuttan, A. C.; Suzuki, M.; Nakashima, S.; Okadal. Rm. Chem.
Soc 2002 124, 8398.

(27) (a) Griffith, J. S.The Theory of Transition-Metal ion&ambridge
University Press: London, 1964; p 113. (b) Khudyakov, I. V;
Serebremnikov, Y. A.; Turro, N. lhem. Re. 1993 93, 537. (c)
Bendix, J.; Brorson, M.; Schaffer, C. Fiorg. Chem1993 32, 2838.

(d) Sugar, J.; Musgrove, Al. Phys. Chem. Ref. Daft99Q 19, 527.

(28) Murov, S. L.; Carmichael, I.; Hug, G. Handbook of Photochemistry
2nd ed.; Marcel Dekker: New York, 1993; p 9.
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the phosphorescence in [Cu(dmphgh)was also studied
theoretically.
Experimental Section

(I) Materials. n-Butyllithium was purchased from Aldrich
Chemical Co. Dichloromethane (GEl,), acetonitrile, and toluene

Siddique et al.

of the respective solvent(v,t) is the time profile of the counted
photons at each wavenumbé¥) (Ebtained after correction of the
spectrum sensitivity of the TCSPC system. For the copper(l)
compounds| (7, t) was well fitted to eq 2:

1(7,t) = IRF()*[ B,(?) exp(—t/Ty) + B,(¥V)exp(—tiz,)] (2)

used for spectral measurements were a special grade for fluoreswhere the asterisk (*) is the convolution operator and tRfiénotes
cence measurements (Nacalai Tesque, Inc.). All other chemicalsthe instrumental response functidy(7), By(7) are intensities at

were of analytical grade and were used as received. Bia(Biyl)-
phenanthroline was synthesized as described in the lite?aand
then purified on a silica gel chromatographic column (1.5 xm
20 cm) where +5% methanol in CHCl, was used as the eluant.

This ligand was recrystallized several times in pentane. [Cu-

(dmphen)]PFs, [Cu(dbphen)PFs, and [Cu(dmbpy)PFs were
synthesized according to the literatdPeThe compounds, after

several recrystallizations, were purified in an activated alumina

column (1.5 cmx 20 cm) with 1-10% acetonitrile in ChCl, as

= 0 for the prompt {;) and delayed lifetime) components,
respectively. Finally, eq 1 is simplified as

o JBO) B adts | qghe
. s

% ref _A
fB;ef(i;) di}'Bref(i;max,reaTref 1- 10 nref

prompt —

®

whereB) (V) andB,.(¥) are normalized spectra of the sample and

the eluant. Further purifications were undergone for all these 'eference, respectively. As the emission spectra of the short-lived
compounds by recrystallization in water. Elemental analyses and SPecies of the copper(l) compounds were not measured in a

IH NMR spectra were used to ascertain the purity.
[Cu(dmphen);]PFs. Anal. Calcd for GgH.4N4sCuPR: C, 53.81;
H, 3.87; N, 8.96. Found: C, 53.81; H, 4.01; N, 8.97
[Cu(dbphen), JPFs. Anal. Calcd for GoH4gN4CuPFRs: C, 60.56;
H, 6.10; N, 7.10. Found: C, 60.63; H, 6.16; N, 7.12
[Cu(dmbpy),]PFe. Anal. Calcd for G4H24N4CuPFRs: C, 49.96;
H, 4.19; N, 9.71. Found: C, 49.87; H, 4.23; N, 9.71

wavenumber region lower than 12 10° cm1, the spectra in
calculating/B;(v) dv were assumed to be symmetrical.

In determining the quantum yields using TCSPC, we used
2-aminoanthraquinone (emission quantum yiefbls§ = 0.012 and
lifetime (r ) = 740 ps, air saturated solution) and 8-anilino-1-
naphthalene sulfonic acidb¢, = 0.0028 andr = 200 ps, air
saturated solution) as reference compounds in view of their wider

(I) Instrumentation. Emission spectra (steady state) were absorption region, moderate quantum yields and lifetimes. These

recorded using a grating monochromator (Triax 1900) with a CCD Pem values were determined using 9,10-diphenylanthracéng (
image sensor (Hamamatsu S7031). The spectral sensitivity of the= 0-91, deaerated solutigfi)as a standard compound and were
spectrofluorometer was corrected using a bromine lamp (Ushio IPD close to the reported valuesb{, = 0.008 for 2-aminoan-
100V 500WCS). A samplenia 1 cmquartz cell was excited using thraquinon& and®,, = 0.003 for 8-anilino-1-naphthalene sulfonic
an argon ion laser (488 nm, 100 mW, INNOVA 300, Coherent acid)3 The dependence of the quantum yield on the excitation
Co.). A cryostat (Oxford ND-1740) with a temperature controller Wavelength was measured using two methods. Method a: Assuming
(Oxford ITC-502) was used. Picosecond time-resolved emission that the ®em of 2-aminoanthraquinone is independent of the
spectra were measured using two time-correlated single photon€Xcitation wavelength, the quantum yields of prompt fluorescence
counting (TCSPC) systems. To determine the emission lifetime, a ©f the copper(l) compounds are determined at the excitation
sample solutionri a 1 mmquartz cell was excited with the second ~ Wavelengths of 380, 400, and 430 nm. Method b: The relative
harmonics (400 nm, 700 kHz repetition rate) of a lab-constructed guantum yields of the same sample are determined from the ratio
cavity-dumped mode-locked Fi-sapphire laser. To measure the of counted photons from the sample and the total number of

emission spectra, the second harmonics (400 nm500mW, 80
MHz repetition rate) of a mode-locked®Tisapphire laser (Tsunami

Spectra Physics) were used for excitation. The TCSPC data were

recorded every 10 nm in the range 5310 nm. One set of data

absorbed photons calculated from the energy of the excitation pulse
and absorbance of the sample.

(IV) Computational Chemistry. Density functional calculations
were carried out using the Amsterdam Density Functional program

was scanned within £530 min. Emission spectra were constructed Package (version 1999):33 An uncontracted triple-Z Slater-type

by accumu|ating the 5 sets Of data_ The instrumental responseorbital (STO) basis set W|th one polal’ization fUnCtiOn was Used fOI’
function (IRF) of the TCSPC system was 35 ps at the full width at the C, N, and H atoms. For Cu, a tripteC, 3s, 3p, 3d, and 4s
half-maximum (fwhm). The details of the TCSPC system are basis with one 4p STO was used. The cores (C, N, 1s; Ct2(ip

described elsewhef8 Depolarized light was used in all cases for
the determination of the emission quantum yield.

(1) Determination of Quantum Yield Using TCSPC. Quan-
tum yields of prompt fluorescence®fomy) Of the copper(l)
compounds were determined from TCSPC data using eq 1:

ffl(f/,t)df/dt 1-10%
ref _
[ [indra 1-107

where® is the quantum yield of a reference compouAds the
absorbance at the excitation wavelength, arsithe refractive index

i 1)

prompt —

(29) Pallenberg, A. J.; Koenig, K. S.; Barnhart, D. Morg. Chem 1995
34, 2833.

(30) Tsushima, M.; lkeda, N.; Nozaki, K.; Ohno, J. Phys. Chem. A
2000 104, 5176.
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were kept frozen. The generalized gradient approximated (GGA)
potentials by Beck¥ and Perde# were employed for geometry
optimization. The Van Leeuwen-Baerends potentials (LB%xgre

used to calculate the excitation energy using the time-dependent
density functional theory (TDDFTY.

(31) Inoue, H.; Hida, M.; Nakashima, N.; Yoshihara, X.Phys. Chem.
1982 86, 3184.

(32) Robinson, G. W.; Robbins, R. J.; Fleming, G. R.; Morris, J. M.; Knight,
A. E. W.J. Am. Chem. Sod 978 100, 7145.

(33) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1993 2, 42. (b)
Boerrigter, P. M.; Velde, G. te.; Baerends, EIni. J. Quantum Chem.
1988 33, 87. (c) Velde, G. te.; Baerends, EJJComput. Physl 992
99, 84.

(34) Becke, A. D.Phys. Re. A 1988 38, 3098.

(35) Perdew, J. PPhys. Re. B 1986 33, 8822.

(36) van Leeuwen, R.; Baerends, E.Rhys. Re. A 1994 49 (4), 2421.

(37) Gross, E. K. U.; Dobson, J. F.; Petersilka, M.Oensity Functional
Theory Nalewajski, R. F., Ed.; Springer: Heidelberg, 1996.



Singlet and Triplet MLCT of Cu(l) Compounds

(V) Calculation of Spin—Orbit Integrals. The following fer) band at around 21.% 1 cm™* (¢ = 8.4 x 1C°
assumptions were made to simplify the calculation of sjairbit M~icm™, band Il according to the scheme of Ichinaga et
integrals between the MLCT states of the copper(l) compounds: al13) and a shoulder at a low wavenumber around 19.5
(@) The integral was calculated using a one-electron one-centerqm cpy-1 (e = ca. 1.5x 10° M~lcm%, band I) (Figure 1a).

operator Similar shapes of MLCT absorption bands were observed
Nel in the same spectral region also for [Cu(dbphEndr [Cu-
Hso= Czh'S (4) (dmbpy)]* compounds (Figure 1b,c). The appearance of

band | is indicative of flattening distortion of the ground

(b) The excited state is represented as a one-electron excitatiorstate structure in solutiort.The peak was observed at around
configuration between two molecular orbital - ¢;). (c) Spin- 13.1 x 10° cmtin the steady state emission spectrum of
orbit coupling involving light atoms (C, N, H) is ignored. (d) MO [Cu(dmphen)]™ in CH,Cl, (dotted line in Figure 1a). In
(¢) is represented by the linear combination of atomic orbital temperature-dependent emission spectra (Figure 2), a blue
(LCAQ) approximation, shift and an increase in intensity were observed with an

In consideratio_n of these assumptions, the sjpirbit integrals increase in temperature from 173 to 298 K as reported by
between two excited states are reduced to those between any tW(kirchoff et al! The emission at 173 K peaked at 11x7

3d atomic orbitals centered on copper(l). _y - .
In the D, point group, three components of the spin functions of t1h03 cm L’ ‘?‘33'9”6‘:‘( asa trangnon frogldltLCl';. Q&Z%E,
triplet states|XO0= 1/«/§|ﬁ[)’ — ool |YO= i/«/§|ﬁﬁ + aal] and ,e 'eml'ssmn peak energy I.ncreas.e . 0 : e,
originating from an upper lying emissive state.

|[Z0= 1/«/§|aﬂ + pal) have B, B,, and B symmetry, respec- "
tively.3® SinceHso is totally symmetric, the spirorbit integrals When CHCI; solutions of these copper(l) compounds

have nonzero values only when both spbit functions of singlet ~ Were excited with a 400 nm subpicosecond laser pulse, a
and triplet states are at the same symmetry. For example, in theshort-lived emission was detected. Figure 3 demonstrates the

integral between B;(21h, — 22by) and BA(21b, — 22by), the time profile of the TCSPC data at 700 nm for [Cu-
following integral has only a nonzero value. (dmphen)]*. The TCSPC data were analyzed using two
exponential functions including a convolution of the IRF of

352
(9 151/ Hsol @1 = the TCSPC system. The lifetime of the short-lived excited

%@E)ﬁmf%zbgﬂ = Pt Boopa 1S P15 Doond + Porpd Dopps = state was 13 ps, and the _Iong-lived component was Ionger
1 5 5 . . than 50 ns. The gated_ emission spectrum for the short—h_ved
56 aabs 11*SIb2202 L= [Pa003 11Sl¢222 T (5) component was obtained by integrating the photons (i.e.,
relative emission intensity) counted in the time range from
where sz, denotes 1B, state and’®], is the z-component of  _20 tg 150 ps at each wavelength (from 550 to 810 nm for
spin—orbit function of FA state. [Cu(dmpheny*). The resulting emission spectrum (solid line

The spin-orbit integrals between MOs are further simplified as

a product of the spinorbit integral between d atomic orbitals and . .
their coefficients’® Thus, the spir-orbit integral betweer®;g; peak energy was slightly higher (about 500¢jnThe peak

and *®Z, is simply given as eq 6, wher@,, (22h;) denotes the energy and the lifetime of the short-lived emission are

coefficient of ¢, in 22k orbital andC,(22hy) denotes ¢ in the s_ummari_zet_:l in Table 1. The quantum yield of the short-
22h, orbital. lived emission was (2.& 0.8) x 10°°, about one-seventh

i of that for the steady state emission quantum yield (2.1
B, 5y Hgo*PTa = lzgcyi(llbs)cxz(zzbz) (6) 104 of [Cu(dmpheny*.}! It has been observed that the
short-lived emission quantum vyield varied with excitation
The spin-orbit coupling constantf, is inversely proportional to  wavelength. The quantum yields were determined to be 1.7
the mean cubic radial distributiori3f of the electron and thus x 1075, 2.0 x 107°, and 2.4x 1075 at excitations of 380,
depends on the shape of the 3d atomic orbitals. The 3d atomic 400, and 430 nm, respectively (Table 1), provided that the
orbitals used were those optimized as gaseous copper ion for WhiChquantum yield of the reference compound (2-amminoan-
the spin-orbit coupling constant was determined (829 éj#7.28 thraquinone) is independent of the excitation wavelength.
Since the difference in shape of the d orbitals between the free This wavelength dependency was confirmed by the relative
copper ion and those of the copper(l) compounds was negligible, uantum vyield determination without using a reference
the coefficients of these orbitals in MOs were used to evaluate the 9 y i . 9 ;
spin—orbit integrals. compound (described as method b in the Experimental
Section). The radiative rate constaritss) calculated from
Results the decay constantg(*’s) and the quantum yieldsi(s)
are 2.2x 1, 1.9 x 10, and 1.4x 1 s! for [Cu-
s- (dmpheny]™, [Cu(dbphery ™, and [Cu(dmbpy] ™, respec-
tively (Table 1) assuming that the formation yield of the

in Figure 1a) was close to the steady state ones although the

The absorption spectrum of [Cu(dmphgm)in CH.CI,
showed an intense MLCT (copper(l)-to-ligand charge tran

(38) Transformation matrix of symmetry operatioBsCs(2), Ca(y), and emissive state is unity. The quantum yield in an acetonitrile
Ce(¥) for spin functionsa., j are _ solution of [Cu(dmphen)* was 1.9x 1075, slightly lower
10\fi o)fo 1 0 i )
(0 1).(0 _i).(_l 0),and(i o) than that in CHCl,.

) Quantum Chemical Calculations. To understand the
respectively.

(39) A table containing spinorbit integrals among eight spirorbitals in photophysmal properties of the copper(l) compounds, aDFT
D, symmetry is shown in Supporting Information. calculation on [Cu(dmphesj) was performed. First, to check
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R = CH3;, [Cu(dmphen),]*

R = n-C4Hy, [Cu(dbphen),]*

R = CHj, [Cu(dmbpy)]"

Siddique et al.
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Figure 1. Absorption (- - —), steady state emissiorr{), and short-lived component in the time-resolved emissiehspectra in CHCI, at 298 K for (a)
[Cu(dmpheny]*, (b) [Cu(dbpher)™, and (c) [Cu(dmbpy]* time-gated from—20 to 150 ps,—200 to 50 ps, and-80 to 100 ps, respectively.

Table 1. Peak Energyi(™®), Quantum Yield ¢), Lifetime (z),
Apparent Radiative Ratej, and Oscillator Strengthf)(of Short-Lived

Emission of Copper(l) Compounds in GEl, at 298 K

pmay1 8 ®/107°° ki/10°
compd cm?! (Aex'nm) 7/ps s7ld
[Cu(dmphen)+ 135  2.8+0.8(400) 13 2.2
2.4 (430)
2.0F (400)
1.7 (380)
13.3  1.92(400) 12 1.8
[Cu(dbpherny]*  13.7 3.0 (400) 16 1.9
[Cu(dmbpy}]* 132  2.1(400) 15 1.4

aln acetonitrile at 298 KP Average of 4 data point§.Determined in

lengths and angles in the geometry optimized as [Cu-
(dmphen)]* are in good agreement with the observed ones
within 1% error (Figure 4a). One exception is the dihedral
angle between the phenanthroline planes (dha). The calcu-
lated dha is 90whereas the observed ones for the crystalline
solid [Cu(NN)]X complexes (where NN means 2,9-dim-
ethyl-1,10-phenanthroline, 4,8,6-tetramethyl-2,2bipyri-
dine, or 6,6-dimethyl-2,2-bipyridine; X is NG;~, CIO4~ or
BF4) are 68-81° and depend on the counterant§rilhe
deviation observed in the dha is presumed to be due to
packing forces in the crystal.

the same condition except for excitation wavelength and assumed that the The excitation energies and the oscillator strengths of

guantum yield of the reference compound (2-aminoanthraquinone) is
independent of the excitation wavelengttAssumed that the quantum yield
of the production of fluorescent state from FC state is urity.

NS

MLCT transitions in [Cu(dmpheg)*t were calculated using
TDDFT as a function of the dha with the other geometry
being frozen. The symmetry was set @ in all the
calculations. A change in the dha greatly affects the MLCT

the quality of the calculation, the geometry obtained by DFT (40) Dobson, J. F.. Green, B. F.; Healy, P. C.. Kennard, C. H. L.

was compared with the X-ray structufeMost of the bond
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Wavelength / nm
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Figure 2. Emission spectra (corrected) of [Cu(dmphgh)n CH.CI, at
variable temperatures: from top to bottom, 298, 273, 253, 233, 213, 193,
and 173 K, respectively.
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Figure 3. Time profile of TCSPC data at 700 nm for [Cu(dmphgnh)in
CHCI; when excited with 400 nm; the instrumental response function is
shown as a dotted line-¢).

transition energies as well as their oscillator strengths. In

Table 2, the excitation energy and the oscillator strength for

transitions to'B; states are summarized. Oscillator strengths
of !MLCT transitions to the other state¥( 'B,, and'Bs)

are less than 0.007 and are not shown. When the dha was

90°, one!MLCT transition to'B; appeared at 18.5 10°
cm™! with an oscillator strength of 0.132. Since the lowest
1B, is denoted byA, in D,g symmetry, the transition to this
state is symmetrically forbiden. However, only a slight
deviation (ca. 8) from D,q symmetry allows this transition.
By decreasing the dha, namely with flattening distortion from
D4 to Do, the oscillator strength of the transition to the lowest
1B, state increases, while that of the transition to the higher-

lying 1B; state decreases (Table 2). Excitation energies also
depend on the dha. Copper(l) bis(diimine) compounds exhibit

two MLCT bands in the visible region, denoted by band |
and band I3 Band | appears as a shoulder lying on the
low-energy side of an intense MLCT band (band Il). In the
case of [Cu(dmphesg))' in a fluid solution, the peak energy
of band | and band Il was around 19:510° and 21.9x

10 cm L, respectively. It seems reasonable that the two major

transitions around 1% 10° and 19x 10° cm! calculated
at the dha of near 90are assigned to band | and band II,

) 90 (68~81)

S
/
) 124.6

821 2062

Figure 4. Structures of [Cu(dmphes)” optimized for the ground state

(a) and for the lowestMLCT (1!B1: 21k, — 22hy) state (b). Some of the

bond distanes in picometers and bond angles in degrees are shown together
with the observed values for [Cu(dmphgBirH,0]*° in parentheses (dha
observed for [Cu(NNJX, where NN means 2,9-dimethyl-1,10-phenan-
throline, 4,4,6,6-tetramethyl-2,2bipyridine, or 6,6-dimethyl-2,2-bipyri-

dine, and X is N@~, ClO4~, or BF).

respectively, considering the accuracy of TDDFT to be ca.
0.3 eV*' The excited states corresponding to band I and band
Il are mixtures of two electronic configurations described
by 21 — 22b; and 21k — 22ky. The molecular orbitals
(MOs) of 21 and 21 are HOMO and HOMO— 1,
respectively, mainly localized on the copper(l) ion.

Figure 5a shows the energy levels of MOs in a singlet
ground state (A) at the ground state (GS) geometry (Figure
4a). The MO of 22pis out of phase, and that of 22Is an
in-phase combination of LUMO®)] of phenanthrolines. The
¢ orbital is antisymmetric with respect to tl@& operation
of the ligand. When the dha is near’981OMOs (21h and
21ks) as well as LUMOs (22band 22k) are located at
almost the same energy level. As a result, two transitions
involving electronic configurations, 21b~ 22k and 21k
22y, interact with each other to give tw, states. As
the dha decreases, however, the energy of, 2idreases
while that of 21k decreases. Such changes in the orbital
energy decrease the excitation energy of,24h22b; and
increase that of 2kb— 22ky. Consequently, when the dha
is lower than 80, two lower-lying !B; states are well
described as pure electronic transitions, 24b 22b; and
21b; — 22by, respectively, and the interactions between the
two electronic configurations can be ignored.

Figure 6 shows the potential energy curves of the ground
and MLCT states versus the dha. All the triplet and singlet
states lie in the 2:02.4 eV region when dha 90°. By
decreasing the dha, the energy of the MLCT involving21b
(1'B4, 2'A, 1'B3, 1'B, and A, 13B4, 1°B,, 1°Bs) is lowered
and minimized at about dha 70° whereas the energies of
the MLCT involving 21k (2'B;, 3'A, 2!B,, 2'B; and 2A,
23B;, 2°B,, 2°By) are increased. The results predict that the

—

(41) Nguyen, K. A.; Day, P. N.; Pachter, B. Chem. Phys1999 110,
9135.
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Table 2. Calculated Excitation Energyegy) and Oscillator Strengthf)(of *MLCT Transition to Two'B; States in [Cu(dmphesl)” (D2 Symmetry) at
Various dha

dha
90° 85° 80° 75° 7 65° 60°
Band |
Ee/10°cmt 17.2 16.9 16.4 15.7 15.1 14.4 125
f 0 0.021 0.035 0.042 0.043 0.043 0.041
contributior? 1: 0.50 1: 0.87 1:0.95 1»0.98 1:>0.98 1:>0.99 1:>0.99
2: 0.50 2: 0.13
Band Il
Ee/10®cmt 18.5 18.8 19.3 19.9 20.5 20.9 20.1
f 0.132 0.112 0.094 0.086 0.079 0.071 0.060
contributior? 1: 0.50 1: 0.87 2: 0.95 2>0.97 2:>0.98 2:>0.97 2:>0.97
2: 0.50 2:0.13
21 = 21hy(d) — 223 (¢ + ¢). 2= 21by(dy) — 22by (¢ — ¢).
ey A b
-5.0—
24a 24a
(d,, : 0.00 (d,,:0.013
dep,p: 0.107) gyt 0.101)
23b,(d,,  0.00) 23b,(d,, : -0.046)
-5.5_ 225, 220,
(d,, : -0.232) (dyz :-0.232) 22D, 22b,
(d_, : -0.263) (dvz :0.234)
~
216, |}
-7.0— (d,, : 0.819)
21b, |} 216, |}
(d,, : 0.853) (d,, : -0.853)
-7.5—
21b, |}
: 0.845
220, |} (e 0089
80 (d, : 0.944) 228, |
’ (d,, : -0.939)
y
N ‘ Figure 6. Potential energy curves vs dha for the singlet and the triplet
— X states of [Cu(dmpheg])” by TDDFT calculation are shown by the blue
_N N_ solid line and the red dashed line, respectively.

Figure 5. MO energy levels of [Cu(dmphes}) at the ground state . .
geometry (a) and those at tHMLCT geometry (b). The numbers in  Structure is flattened due to the Jatireller effect in the &

parentheses are coefficients of d orbitals in each MO. The orientation of g|actronic configuration, and the dihedral ang|e between two
the molecule in the coordinate system used for calculation is shown at the . . .
el nate system u diation s show phenanthroline planes (dha) is about Whereas the dihedral

bottom.

angle between two NCu—N planes is 67.2 The deviation
relaxed structure in the lowedMLCT(11B1) will be flat- between these two angles is due to a slight out-of plane
tened; i.e., dha is ca. 70 distortion of the phenanthroline resulting from the mutual

Current DFT programs do not have the functiona"ty for balance between the Jahfeller effect and steric hindrance

geometrical optimization in fluorescent states involving Of two methyl groups. The CtN bond distance in [Cu-
configurational interaction. Fortunately, the relaxéBilin (dmphenj]* at the GS geometry is about 206 pm whereas
[Cu(dmphen)]* is represented as a simple electronic con- that for the'MLCT geometry is 203 pm. The NCu—N bond
figuration (21b — 22ks) as shown in Table 2. Therefore, angle is 82.5.

the structure at the relaxedBl, was obtained after geometry

optimization under the restriction of the electronic Config_ (42) In this calculation, MOs were not fully optimized for the excited state
: . e 2 electronic configuration. The resultafi¥iLCT geometry is not as
uration as 1Bl(21b2 ZZQ) within D2 Symmetry‘} The reliable as that obtained with wave function based multiconfigurational

resulting structure is shown in Figure 4b. The optimized SCF procedures such as MCSCF or CASPT2.
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Table 3. Excitation Energy Ee,) and Oscillator Strengthf)(of *MLCT

degenerate at the GS geometry because there is no interaction
in [Cu(dmpheny]* at theMLCT Geometry

Ee/1C3 cm™L, (f)

IMLCT
1'By: 21, — 22by
2tA: 21, — 22y

1'Bg: 21b, — 23by
1'By: 21, — 24a
2By 21y — 22by
3tA: 21 — 22by
21By: 21y — 23hy
2'B3: 21— 24a
3'B3: 22 — 22y
3By 22k — 220

13.3 (4.1x 10°?)
13.7 (0.0)

14.6 (4.2x 1079
14.8 (3.0« 1079
19.9 (9.5x 10°?)
20.9 (0.0)

21.6 (5.2x 1079
21.8 (8.4 1079
22.4 (7.6x 1074)
22.7 (2.9x 1074)

between thep orbitals on the orthogonal phenanthrolines.
With flattening distortion, these orbitals weakly interact
through the copper metal, and thus, 22bd 22k are split
with an energy gap of 520 criy, which is double of the
strength of the through-copper interaction.

The excitation energy and oscillator strength of all the
IMLCT states of [Cu(dmphegl)" at the MLCT geometry are
given in Table 3, and the excitation energies of all the
SMLCT states are listed in Table 4. At tARILCT geometry,
the transitions to 1B1(21kp — 22ks) and 2B;(21k; — 22ky)

Table 4. Excitation Energy Esy of 3MLCT in [Cu(dmphen)]* at the have the highest oscillator strengths of 0.041 and 0.095, re-
IMLCT Geometry spectively, among all thitMLCT states. Their excitation en-

MLCT E./10° et ergies are 13.3« 10° and 19.9x 10° cm?, respectively.
The lowest3MLCT state at the!MLCT geometry is 3A

13A: 21b, — 22by 11.3 . L

19B;: 21k — 22hs 11.9 (21 — 22hy) having an excitation energy of 113 10°
13B3: 21k, — 23hy 14.2 cm L

138, 21y — 24a 14.3 _ _
23B,: 21k — 22by 18.4 Discussion

3A - —
33‘5\'2:2213; ﬁ2223tﬁl ;3;? Itis of significant interest to assign the short-lived emission
23B4: 21y — 24a 20.9 in a picosecond time region (Figure 3). A radiative rate con-
3By 221y — 22y 21.6 i i ani iati
3By 226 — 220 519 stant k) plays a supportive role in assigning the radiative

process to be spin-allowed or spin-forbidden. The radiative
A close resemblance was found between the structure atrate constants of phosphorescence in the compounds of first
the ?MLCT and that of [Cu(Il)(dmphen)?*. The calculated series transition metals are estimated to be less thasr 6%

bond distance of G is 204 pm, the N-Cu—N bond angle The value 01!<r for the short-lived emission in_the_ coppe_r(l)
is 82.7, and the dha is ca. 7%or the copper(ll) compound. _compounds is greater than"k0" (Table 1), which is signif-
These results indicate that the flattening structure at-the |_cantly 9r ee}ter .than .that GMLCT. Therefore, the short-
MLCT is almost dominated by a 8electronic configuration. Illved emission 1S aSS|gneq to t.he prompt fluorescencg ffom
In addition, close similarity was also found between the MLCT. Qur assignments in this work support the emission
MLCT and the3MLCT geometries. At the latter geometry mechanism of the copper(l) compound proposed by Kirch-
the Cu-N bond distance is 204 pm; the-\Cu—N bond " hoff et al.} that is, steady state emission at an ambient temp-
angle and dha are 82.4nd about 7é’; respectively. The erature is main!y delayed fl_uorescence. The valuk ¢2.2
features of the structure changes in the MLCT state, i.e. x 10° ™) obtained from direct observation of the prompt

flattening distortion and shortening of the €N bond fluorescence s, 7hoyyever, about 10 times smaller than
distance, are in line with those obtained by the ab initio MO that ofk (2 x .10. §) calculated from the temperaiure-
method with the second-order MgltePlesset perturbation dependent radiative rates of th_e delayed fluorescénce.
theory for [Cu(diN)(PH),]*+.23 Furthermore, the observed oscillator strength of [Cu(d-
The MO energy levels of [Cu(dmphei) at the'MLCT mphen)] ™ in CH,CI, at 298 K is 0.018 (Table 1),_\(vh|ch is
(13B;) geometry are shown in Figure 5b with 3d orbital smaller than the calculated strength for the transition'& 1

coefficients. At the GS geometry, where the true symmetry ?tate (0.04) at thtéilr\:ll_thT ge?metrfy téT?Ib le 3). Thteste tdn;—
is Dys, two HOMOs (21b, 21k) and two LUMOs (226, erences suggest that formation of the fluorescent state from

22by) are degenerate (Figure 5a). At tHdLCT geometry, the Franck-Condon (FC) state is not efficient (less than 1).

21, is destabilized, and 23hbs stabilized, increasing the When the relgxanon pathways of the FC_ state are
energy difference to 6.% 10° cm-L The changes in the represented as in Scheme 1, the quantum yield and the

orbital energies of HOMOs are due to the change in radiative rate constant for the prompt fluorescence are
interaction energy between the 3d orbital and occupied MOs expressed as eqs 7 and 8, respectively.

of dmphens. 214is the antibonding MO involving 3d 21k
involves 3¢, and the corresponding bonding MOs are D ompt= % =
located around-11 eV. On changing from the GS to the Kot Kage  kip Koo ko

Kate Ky

IMLCT geometry, the overlap integral between.athd the P Ky, —® k(7
occupied MO increases by 22% (fror0.125 to—0.152) LT Rt ATt "
while it decreases to the same extent (22%, froh125 to

—0.097) for 3¢, causing large energy splitting of 6:910° Ky = Ppromp{ Pa—aT (8)

cm ! between 21pand 21k. The degenerate LUMOs (22b

and 22h) also split at the!MLCT geometry. These MOs There are two possible relaxation pathways from the FC
are formed as an in-phase and out-of-phase combination ofstate: one is to the lowest singlet stake ), and the other
the LUMOs @) of two phenanthrolines. These MOs are one is to the lowest triplet stat&fy). With the assumption
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Scheme 1. Diagram of the Proposed Relaxation Model for because the potential energy curve with respect to the dha
Photoexcited [Cu(dmphes) is rather shallow around dha 90° as shown in Figure 6.
A The calculated energy difference between the structures at
90° and at 85 (177 cmt?) indicates that about 30% of
Ks1c molecules can be thermally populated to the distorted
Kaze structure of dha= 85° at room temperature. This idea is
also supported as the ratio of the intensity of band | to that
DN

of band Il decreased at 90 K.
2 The fluorescence froMMLCT displays a large Stokes shift
from band I, about 5.4 10° cm™ for [Cu(dmphen]*. As
n has been noted, the MLCT states @f chetal compounds
involve a @ electron configuration and then experience
appreciable JahnTeller effect. Therefore, the copper(l)
YY 3 compounds at the MLCT undergo considerable distortion
from the pseudotetrahedral as seen in the structure optimized
as'MLCT (Figure 4b). Such flattening distortion causes a

that @4, equals 1, nameljuic > ki, We determined the large displacement along the intramolecular coordinate in
ky, value to be 2.2« 10° s, that is, about 10 times smaller  the IMLCT against the ground state and thereby produces a
than 2x 107 s~* which was determined from the delayed large Stokes shift of fluorescence.

fluorescence. Assuming thg, in eq 8 is equal to Z 107 The extent of the Stokes shift of the fluorescence for [Cu-
sL, one can determine the quantum yiefi,(;) from the ~ (dmphenj]* is then examined using DFT. The apparent
FC state to the lowest singlet state to be 0.1. Such a low reorganization energyl] for fluorescence is equal to half
®,, value suggests that formation of the lowéstLCT of the Stokes shift provided that the potential energy curves
from the FC stateky;) competes with the fast intersystem for both GS andMLCT have the same curvature and thus
crossing téMLCT (ks2d. The quantum yields for the prompt 4 = 2.7 x 10° cm™* in CH,Cl,. The reorganization energy
fluorescence of [Cu(dmphed} depended on the excitation ~ (4) is composed of intramolecular reorganization enefgy (
wavelength, which indicates the presence of competition in @nd solvent reorganization energy.f). The value ofii, for

the relaxation of the FC states because the ratios of thethe radiative transition ofB, — GS was given as the
internal conversion rate(,) to the intersystem crossing rate ~ difference in bonding energy between GS at tWLCT

(kiz) is likely to vary with the vibronic state formed on geometry (Figure 4b) and GS at the GS geometry (Figure
excitation. 4a) and was computed to be 2110° cm™. The calculated

The X-ray structures of [Cu(dmpheiBr-H,0% and [Cu- Ain is close to but 600 cnt smaller than the observed

(dmbpy)]BF.5 disclosed that the dha's between the ligand 1S small difference may be due to the lowering from the
planes vary in the range 681°, smaller than that expected D, structure into a distorted trigonal pyramidal accompanied

for regular tetrahedral coordination. Each of the-Gubond by_exciplex_formation with the solvent as recently observed
distances (203205 pm) also shows a small difference for using tranS|ent_X-ray spectroscoplyThus, most (78%) of
[Cu(dmphenyBr-H.O which does not match the tru2y the Stokes. shift of the fluprescence was r.eproduced as
symmetry structure. The structure in solution is, however, reorgamzauon energy resulting from the considerable struc-
not the same as that in the crystal, since considerabletUra! difference betweetMLCT and GS.

differences in the absorption spectra have been demonstrated 1N€ témperature dependence of the emission spectrum
for some copper(l) bis(diimine) compour®land a packing shows that the intensity is decreased and the peak is red-

force probably causes flattening distortions in crystals to Shiftéd as the temperature decreases (Figure 2). This tem-
some extent® Although it is difficult to measure the dha in  Perature-dependent behavior was well explained using a two
solution, the structure can be estimated by comparing thethermally equilibrated emitting s_tates model, and the energy
observed oscillator strength and the computed strength. Two32P betwefrhtwo states was estimated as 1800 fon[Cu-
MLCT absorption bands appear at 195 10° cm! (dmphen)]*.** The difference in peak energy between the
(shoulder, band 1) and 21.9 10® cm™ (band II) having prompft fI_uorescence and phosphor_esce_nce at 173 K (1800
oscillator strengths of 0.016 and 0.135, respectively. The ST ) IS in excellent agreement with this reported value.
appearance of band | indicates that the dha is nbE9@n TDDFT calculation illustrated that the energy difference
in solution because band | is symmetrically forbiddeDat betl/\l/een the lowesMLCT (1'By) and*MLCT (1°A) is 2000
symmetry (dha= 90°) (Table 2). The ratio of the observed C™ The agrgement confirms that the emission at higher
oscillator strength of band II to that of band I is ca. 0.22 ( (€mperatures is delayed fluorescence and both the prompt
0.016/0.135), slightly smaller than the ratio of the computed 2nd the delayed fluorescences occurred as a transitioief 1

values at dha 850.19) (Table 2). The most probable reason GS. . . . )
for the slight deviation from 90is thermal fluctuation The presence of exciplex or distortion other than flattening
in the excited state may reduce the radiative rate constant of

1 S . o i
(43) Balzani, V.; Carassitti, \Photochemistry of Coordiantion Compounds 1By, espeC|aIIy in basic SOIVent§ S_UCh as acetonitrile. In [Cu
Academic Press: New York, 1970; p 28. (dmphen)]*, the apparent radiative rate constant of the

k1 r k1

a1, IMLCT; 2, 3MLCT; 3, GS; 4, FC state.
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Figure 7. Spin—orbit integrals (cm?) between 1B; and triplet states (a) and those betweéA and singlet states (b) at the MLCT geometry of [Cu-
(dmphen)]*.

prompt fluorescence was determined as %.60° st in where

acetonitrile, slightly smaller than 2.2 1¢° s in CH,Cl,.

Thermodynamic analysis of the nonradiative rates has Vo = B0, (0,0)|Hso(0)] '@ (01,0) T, (10a)
indicated that th6MLCT of [Cu(dmphen)]* is in equilib-

rium with an exciplex of five-coordinated speciésvery Vnm(2)=

recent transient X-ray measurements of an MLCT structure [(3/8Q)(®,(0,Q)|Hs o(Q)llq)m(q,Q)[ﬂQ:o@MQleD (10b)
of [Cu(dmpheny]* also support the presence of an exciplex

with a solvent or counterion. Further theoretical investigations B0, [Heo) '@, M, | Ty '@, 0
on the photophysical properties of the exciplex are necessary.\/nm(3> = z +
The lifetimes of the!MLCT of copper(l) bis(diimine) | E-E,
compounds are 1316 ps, ca. 400 times longer than that of B, | Ty M, |He o) '@,
Ru(ll) MLCT (40 4+ 15 fs)?6 although the spirorbit ! (10c)
coupling constant of the 3d electron of copper (829 ¥m ] E —En

is comparable to that of 4d electrons of Ru (990 &n3"-28 ) _
Since the lifetimes ofMLCT are considered to be dominated ~ Here, ®(a,Q) andy(Q) are an electronic wave function
by ISC induced by the spirorbit coupling of the d electrons, and a vibrational wave function, respectively, @&hdenotes

understanding the sluggishness of the transition fiiinCT a nuclegr coorqmate./nm(l) IS a_sq—called d_irect sp+ﬂo_rbit
to 3MLCT in the Cu(l) compounds requires deep insight into |nt.eract|qn.subject. to Fhe restrictive selection rwﬁ@ is a
the ISC mechanism. spin—orbit interaction induced by HerzberJ eller vibronic
The rate of transition between vibronic states can be COUPIiNg, andVu, is a spin-orbit interaction induced by
expressed as Fermi's golden rule: Born—Oppenheimer vibronic couplirg:® .
We here considered ISC induced by the direct sjoirbit
KMLCT, — 3MLCT ) = interaction between the'8; and*MLCT states. In this case,
m " the rate is expressed simply as the product of the square of
Z‘nlﬁy)SMLCTn'\/lwlMLCTmEUz the spin-orbit integral, B3®,(g,0)|Hso(0)| P (q,0)] and
A P(Esvc™ Emer) = FCWD (Franck-Condon-weighted density of the final
2ﬂ|Vnm|2 vibronic states):
TP(E3MLCT: Eicn) (9) 1 3
KCMLCT,,— °MLCT,) =
wherep(Esvicr = Ewier) is the density of the final vibronic %n|ﬁcI>n(q,O)|Hso(O)|1<I>m(q,0)E|]2 FCWD (11)

states {3u.ct,) having the same energy as the initial states

(ymiet,) andVis the perturbation of nuclear kinetic energy  where FCWD= | Gu|ymlP p(Esmcr = Eiwier)

Tn and spin-orbit coupling Hso. Siebrand et al. have The spin-orbit integrals betwee?MLCT and the lowest
formulated the matrix elementé., using the pure spin  1MLCT (1!B,) were calculated using the procedure described
Born—Oppenheimer function®:° in the Experimental Section and are shown in Figure 7a. Both

— 1 2 3 i
V.. = Vnm( ) 4 Vnm( ) Vnm( ) (10) (44) Siebrand, WChem. Phys. Letfl97Q 6, 192.

(45) Lawetz, V.; Orlandi, G.; Siebrand, W. Chem. Physl972 56, 4058.
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ISC channels, B; — 2°A and 1B;— 3°B,, involve the
spin—orbit integral of ca. 300 crt. Such large values are
ascribed to the large spiorbit integrals between the metal-
centered MOs (between HOMO and HOM®OL or between
HOMO and HOMO- 2). However, both 2A and 3B; lie
more than 5000 cnt higher than 1B; so that these ISC

Siddique et al.

when the dha decreases from°9Q1k is destabilized and

21b; is stabilized. Due to the changes in the MO energy,

the state energy of*A rises much higher than that ofB;

as shown in Figure 7a, and this ISC channel does not work.
As for [Ru(bpy)]?", HOMO(dr,y) lies 2.4 x 10° cm™!

above degenerate HOM® 1 (dr.-; and dre,).*” Since

channels are strongly endothermic and thus possess veryhese orbitals are nonbonding, torbitals, the structural

small FCWD. This is the case for the other lower-lyirg\2
1'Bs, and 1By; all of the ISC channels with a large spin

change in MLCT formation is quite small. The spiarbit
integral between a; and dr. is calculated to be ca. 300

orbit integral are strongly endothermic. Possible ISC due to cm™ from Table 3 in ref 47, and = 990 cnt?, and that

spin—orbit interaction is therefore from'®; to the lower-
lying triplet states (34, 1°Bs, and £B,), and the correspond-
ing spin—orbit integrals are less than 30 ciworking

between ligand-centered MOs. Thus, this theoretical analysisdownhill ISC1E(dre—

definitely indicates that the large spirbit coupling of the

between e.; and dre, is ca. 200 cm'. The former spin-
orbit integral works slightly uphill (ca. 1000 cr) ISC*A,-
(dmay — m*az) — SE(dne— m*ay), and the latter induces
*a,) — SE(dte— m*ay), shortening
the lifetime of'MLCT to the femtosecond time region. The

3d electron in these copper(l) compounds does not effectively integral of 300 cmt is 12 times larger than that (25.5 ci

work in the ISC fromtMLCT to 3MLCT, which is the reason

working in [Cu(dmphen)*, which indicates that the ISC

that the copper(l) compounds exhibited prompt fluorescencerate in the ruthenium(ll) compound is 150 times faster than

with a relatively long lifetime'é

The sluggishness of the ISC is closely related to the
flattening distortion of théMLCT structure. Very fast ISC
from singlet to triplet states in heavy metal compounds is
ascribed to the spinorbit integrals among MOs containing
a large contribution of d atomic orbitals. Considering the

that in the copper(l) compound according to eq 9 if the
difference in FCWD is ignored. The difference in the spin
orbit integrals working in energetically favorable ISC chan-
nels account for a two-order difference in the lifetime of
IMLCT between [Ru(bpyg?" (40 + 15 fsf® and the copper-
(1) compounds (ca. 15 ps) although the sparbit coupling

FCWD of ISC processes, however, the energy of these MOsconstants of both the central metal ions are comparable.

should not be very different. As for [Cu(dmphgli) in
pseudd,q geometry, 21pand 21k are almost energetically
degenerated, and therebyAmixture of 21k — 22k; and
21k, — 22by) lies near 1B; (mixture of 21 — 22k; and
21b; — 22Ip). In this situation, both large spirorbit
integrals of ca. 300 cm and an energetically preferable
transition allow very fast ISC {B;— 23A); thus, the lifetime
of the B, will be on the order of femtoseconds. However,

(46) 1SC may be induced by higher order sporbit coupling ¥an® or
V@) involving state-mixing due to vibronic coupling with higher-
lying virtual states. This mechanism is important especially when the
direct spin-orbit interaction is symmetrically forbidden. Although
evaluation oV, or V¥ is very difficult in a large molecule such
as [Cu(dmphen)™, it is unlikely that the higher order interaction is
superior to the direct interaction. To evalu®, weak dependence
of the ® on Qx (Qk is coordinate along thke-th normal mode) around
the nuclear equilibrium configuration is assumed and is obtained from
eq 10b:

Vin? = 34(0/0Q) B0 Hsg) '@ T, o2l Q] =
zkzi[ﬁcbansollfbii @[] - [, o]
30 el 0,0t (I, 1@@@ o X BnlQulzel]

The first term is the product of spirorbit interaction in a triplet state
(3®y,) with a higher-lying singlet virtual staté®;) and the degree of
vibronic mixing of the virtual state with the initial singlet stafey,).

The second term denotes the product of the degree of vibronic mixing
in a triplet state 3®y) with the higher-lying virtual triplet state’@;)

and the spir-orbit interaction of that virtual state with the initial singlet
state {®;). The third tern3dy|0Hso/dQk|*®mcan be omitted due to

its very small value. The most important higher order sprbit
interaction must involve strong spimrbit interaction betweenB;

= 25A (or 3°By) (~300 cntl). However, the energy gap between
these higher-lying triplet states’®, 3°B,) and lower-lying triplet states
(21%A, 1%By, 1°Bs, 1°By) is significant & 4000 cntl) (Table 4).
Therefore, the degree of state mixing between two groups of triplet
states due to vibration, i.e3®,|8/0Qy/*®;0term in the equation, is
fairly small. Thus, the large value dfidi|Hso|'®n1seems to be
canceled by the small value &f®,|a/dQx/3®;for all higher order
spin—orbit interaction.

9/ 9Q 9/ 9Qy

3HSO / ko
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Since the FC state retains the GS geometry (i.e., pseudot-
etrahedral), very fast ISC involving almost degenerate metal-
centered MOs of 2iband 21 may be energetically
favorable. Due to a large spiorbit integral of the process
(ca. 300 cm?), the ISC is likely to occur in the femtosecond
time region at the GS geometry and competes with structural
relaxation along with the potential energy surface ;1
(process IC in Figure 8). The presence of such competition
in the relaxation of the FC state is probably one reason for
the small formation yield of the fluorescence state< ca.

0.1) and its unusual dependence on the excitation wavelength.
The small formation yield of the fluorescence state may be
relevant to the parentage of the FC state. Since the oscillator
strength of 2B, is much greater than that ofB; at the GS
geometry (Table 2), excitation with visible light mainly
produces a vibronic state of; as the FC state. The strong
spin—orbit interaction between'B; and £A (Figure 7b) may
induce very fast ISC superior to the relaxation @841 In
copper(l) compounds having a flattened structure like the
MLCT geometry, the formation of the fluorescence state may
be efficient, and thereby, more intense prompt fluorescence
will be observed.

Properties of the Phosphorescent Staté&ext, we discuss
the origin and radiative rate of the phosphorescence (i.e.,
emission observed at the lower temperature of 173 K). The
energy of the phosphorescence was 24 70° cm™* (Figure
2), and the radiative rate constant estimated for phospho-
rescence was ca. 18 % When band Il was excited in
highly viscous glycerin, the phosphorescence was found to
be zpolarized, indicating that it originates from one com-
ponent of the triplet state with Bsymmetry*e

(47) Daul, C.; Baerends, E. J.; Vernooijs,IRorg. Chem 1994 33, 3538.



Singlet and Triplet MLCT of Cu(l) Compounds

2'B, Scheme 2. Comparison between the Observed and Calculated
Properties of MLCT States of [Cu(dmphel) in CH,Cl2

IMLCTI2'B,(2)]
FC state 21.9X103cm-!

A A (dha>85°)
\ c 1'B4 IMLCTIB,(2)] N ...__ Flattening to dha~75°
19.5X 103cm ™, .,
/ s “ \". . .~.,.\ k.: (;’ 7x;ooloi-1l)
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fast ISC slow ISC f=0438 n..,fsmcr (1°A) 91cm
hv dha ~70° 0018 epaxsgees (H3XI0 MmN TomamT
i| "@8x10%s) 1
k,~103s i
GS (50x10%s-) | i
\4 v
Ground state
aCalcd values are in parentheses.
dha = 90° Table 5. Radiative Rate of Phosphorescenkg és a Function of the
dha in [Cu(dmphen)*2
reaction coordinate i dha/deg kist
Figure 8. Probable relation pathway of FC state in photoexcited [Cu- 85 1.24x 10°
(dmphen)]* [FC = Franck-Condon, IC= internal conversion, ISG= 80 4.69x 10*
intersystem crossing, dha dihedral angle, GS= ground state, *B; and 75 2.19x 10
21B1(*MLCT), 13A(MLCT)]. 70 1.12x 10¢
65 6.33x 1C°
60 8.47x 1C°

When spin-orbit mixing occurs, the triplet state is
perturbed by various singlet states. Three degenerated aThe rates were calculated with the data in Table 2 using eqs 13, 14
. . ) e and 15.
components in the lowest triplet state’4} are split into

three states (B B,, and B) by second-order spinorbit 3he
interactions with singlet states. Under the Befdppenhe- M= [———f (15)
imer approximation, the energy of these states is given by 8" mecy
HygHgy _ wherem ande are the mass and charge of an electfiors
Eg =Epa t I%BllxlsA[ﬂz (i=1,273) the singlet-to-ground state transition energy in wavenumber,

 Ego — EnlB1 c is the speed of light, anflis the oscillator strength of the

(12) singlet state. The largest contribution'dfLCT in perturbed
whereHs = yig | Hsolgriadand His = s Hsolnis 0 ¢ 13A is 2'B; although the degree of perturbation is very small
andE are eigenfunctions and eigenvalues of the Hamiltonian (contribution of 1.1x 10 73).
without spin-orbit coupling, respectively. The overlap  INnek values calculated for BB,, and B are 5.0x 1C°,
integrals between the vibrational wave functiong ére 1.2, and 28 sll, respectively. This calcullatlon is in excellent
assumed to be unity in the following calculations. agreement with that~(10° s™*) determined foPMLCT.*t

The lowest MLCT is B although the energy splitting is The largest C(_)r!trlbut_lon to the transition dipole moment
very small (less than 10 cr¥) (Scheme 2). The radiative ~comes from mixing with 2B,. Hence, the phosphorescence
rate constants of phosphorescence can be calculated fronPOrrows intensity from the’®, — GS transition. Although
the transition dipole moments of singlet state components the spin-orbit interaction between“A and 2B, is strong,

involved in the lowest triplet states as eq 13 a large difference in the energy (8:610° cm™t) decreases
the degree of mixing of these states.

16m° x 10° x 73 ) The flattening distortion has a significant influence on the
k= T%“\/'T%S| (13) k- values. As the dha decreases, the energy gap betWBen 2
and PA increases, and the oscillator strength lfetween
where# is the excitation energy of the triplet state at the 2'Biand GS decreases as shown in Table 2. Since the-spin
wavenumber, andh and ¢, are Planck’s constant and the Orbit integral between these states is almost independent of
permittivity of vacuum, respectively. The transition dipole the dha, the relationship in eq 14 indicates thatkhealue

moment for phosphorescenbé—gs is hence given by decreases with a decreasing dha. Table 5 shows the variation
of k- with the dha. Thé value at 88 of the dha is about 10
[Hygl times greater than that at Z0rhus, the structural distortion
Mr_cs= D Mg ~as X = |Dug [X10a 0] (i.e., change in the dha) has a significant influencekcas
n (3Eya ~ 1Eng) well as on the ISC rate betweéRILCT and 3MLCT. The

i=1,2,3) (14 results in Table 5 favor the idea that copper(l) compounds
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with long alkyl chains at 2,9-positions of phenanthrolines has been explored extensively, especially from an economical
exhibit dramatic enhancement of the luminescence intensityand environmental viewpoint. If it is possible to increase
in the frozen regimeT < 120 K)! This behavior was the lifetime of IMLCT by regulating the ISC rates, it can
interpreted as a consequence of the blocking of the geometrywiden the area of solar energy conversion processes acting
to the ground state arrangement in the rigid matrix. The as efficient electron transfer sensitizers in solar cells. Our
results shown in Table 5 rationalize that retaining the GS experimental observations together with reliable DFT cal-
structure (i.e., dhas ca. 90) enhances the phosphorescence culations may lead the understanding of the photophysics
intensity. of copper(l) bis(diimine) compounds into a new and promis-
ing era.

In this study, the excited electron in the MLCT states of
Prompt fluorescence frofMLCT of the copper(l) bis- the copper(l) compounds was assumed to be delocalized over

Conclusions

(diimine) compound was observed. The lifetime'®fLCT the ligands because it was calculated to be in the lowest state
was ca. 15 ps. DFT studies revealed that the ISC channelsn the gas phase even without symmetry restriction. The time-
induced by large spinorbit interaction (ca. 300 cm) resolved resonance Raman spectra for a solution of [Cu-

between the metal-centered HOMO and HOMQL were (dmphen)]*, however, suggested that the excited electron
energetically unfavorable in the copper(l) compounds be- is localized as [Cu(ll)(dmphen)(dmpheh *.#¢ Such a
cause the flattening distortion caused large splitting 6.9  charged localization increases the solvent reorganization
10° cm™) between these orbitals, considerably decreasing energy and thus increases the Stokes shift. Moreover, the

the FCWDs of these channels. The possible I9GLCT localization is accompanied by symmetry lowering from
— 3MLCT) is therefore induced by small spitorbit interac- to C,. However, the weak spinorbit interaction in the
tions (ca. 30 cm!) between the ligand-centered molecular MLCT states of the copper(l) compounds is ascribed to the
orbitals. flattening structure owing to °delectronic configuration.

Scheme 2 summarizes the photophysical properties of theTherefore, the localization of the excited electron would not
MLCT states of [Cu(dmpheg])" in CH,CI, that illustrate cause substantial changes in the ISC mechanism although
the comparisons between the observed and the calculatedhe strength of the interaction may vary to some extent. A
values (in parentheses) based on the information obtainedtheoretical study on a localized MLCT is under investigation.
from DFT. Most of the calculated values are in excellent
agreement with the observed ones, indicating that the currentM
DFT calculation provides accurate information on the excited
states even in compounds of heavy metal ions, giving
valuable insights into their excited state properties.
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