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Abstract

Emission kinetic spectroscopy of [Rh(2,2’-bipyridine),Cl,] (PFs) and [Rh(1,10-phenanthroline),Cl,] (PFg) was studied in crystalline
form up to 536 K. A dramatic shift of the emission peak from 14 600 cm~* to 12 800 cm™~* and an increasein the full width at half-maximum
of the whole spectrum from 2850 cm™* to 5450 cm ™~ * were observed for [ Rh(2,2’-bipyridine) ,Cl,] (PFs) with increasing temperature from
77 t0 536 K. The unusual spectral change with temperature can be interpreted in terms of atwo 3(d— d) emitting states model. The Franck—
Condon energies for the 3(d—d) emissions are determined to be about 3700 cm~* for the excited state of *(d— d), and 6400 cm™* for the
excited state of 3(d—d),. The non-radiative transition of 3(d—d),; occurs via the following successive processes: 3(d—d);—
3(d—d),— ground state. The well-displaced potential curve of ;(d—d), lowers the activation energy of the non-radiative process above

350 K. © 1997 Elsevier Science SA.
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1. Introduction

Photoinduced electron transfer reactions within donor—
acceptor compounds containing d® metal ions (Ru(ll),
Os(11),Rh(l1l) andCo(lll)) insolutionand crystallineform
at room temperature have been studied in detail [1-7]. In
electron transfer processes, the solvation energy and solvent
orientation relative to charged solutes are changed and the
energy and distance of coordination bonds between the rho-
dium (or cobalt) ion and the ligands are reorganized to a
large extent. The energetics and dynamics of the reorgani-
zation of solvation and coordination play akey roleinelectron
transfer reactions.

Reduced complexes of rhodium(11) and cobalt(1l), hav-
ing an electron on the anti-bonding do* orbital, are unstable
and undergo ligand exchangereactions [ 8,9] andintersystem
crossing [3,4] respectively. The short lifetimes of the
reduced species makes the determination of the reorganiza-
tion energy for the reduction process difficult. However, the
Franck—Condon energy of the emission originating from the
excited states of d#°do™* configuration can be assumed to be
closeto the reorganization energy of the rhodium redox reac-
tion. The lowest d—d excited state of a rhodium(l1l) com-
pound in low-temperature rigid glass exhibits a broad
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emission [ 10-15] . Increasing temperature producesashorter
lifetime [16-19] and alarger width of emission [ 19]. More-
over, dissolving arhodium(111) compound influid polar sol-
vents leads to another decay channel of the excited state
resulting in ligand exchange reactions [14-17,19-21]. It is
important to determine the characteristics of the lowest
excited d—d state as well as the higher excited d—d states of
the d® metal ion, and the solvation effects, in order tointerpret
the electron transfer dynamics. For this purpose, excited d—d
states of ruthenium(11) and rhodium(111) compoundsover a
wide temperature range have been examined in crystaline
form [22,23]. In this paper, solid samples of cis-
[RhL,CI,] (PFg) (L =2,2"-bipyridine (bpy) and 1,10-phen-
anthroline (phen)) in the temperature range 77-586 K were
investigated to clarify therole of displaced excited d—d states
in both radiative and non-radiative transitions.

2. Experimental details
2.1. Materials

ClS'[Rh(bpy)zclz] (PFG) and CiS'[ Rh(pheﬂ)2C|2] (PF6)
were prepared by the method of Gidney et a. [24]. The

Rh(I1l') complexeswererecrystallized several timesandlight
yellow crystalsweregrown from acetone—acetonitrile (1 : 4)
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by slow evaporation of the solvent at room temperature. All
emission measurements were carried out on the crystalline
form.

2.2. Measurements

For the emission measurements, the THG (355 nm; full
width at haf-maximum (FWHM), 10 ns) pulse of a Q-
switched Nd®*:YAG laser (Quantel YG580) was used to
excite the sample. The emitted light, monitored at 60° from
theexcitation beam, passed through agrating monochromator
(Jasco CT250) with a silicon diode array (Hamamatsu
S3901-512Q). The detector sensitivity was corrected using
a bromine lamp (Ushio IPD 100 V500 WCS). For decay
time measurements, the excitation laser intensity was atten-
uated to less than approximately 100 p.J per pulse by neutral
density filters to avoid non-linear photoprocesses [23]. A
cryostat (Oxford ND-1740) with a temperature controller
(Oxford ITC-4) was used in the temperature region 77-300
K. Above 300 K, the sampleto be taken in a capillary quartz
cell were placed into an aluminium block and heated by ahot
plate.

2.3. Emission spectral fitting

For emission spectra fitting, a single-mode Franck—Con-
don analysis of the emission spectrawas used [25]. Eq. (1)
was used in the fitting procedure, where I(v) isthe relative
emitted light intensity at a certain energy (in wavenumbers)

( 7 ) 41n2
I(v)=

Vo—o AVl/z

n =0

><expl:_4|n2(v v?2,0+n,_v|_) ] 1)
Avip

InEq. (1), n, isthevibrational quantum number for alow-
frequency vibrational progression of the accepting mode, S,
isthe electron—vibrational coupling constant or Huang—-Rhys
factor, which is related to the distortion in the molecular
coordinate corresponding to the low-frequency accepting
mode, vy 4 isthe energy difference between the excited and
ground states in the lowest energy vibrational levels and
Av,,, isthe FWHM of the vibronic lines of the emission; it
includes contributions from both very low-frequency modes
and inhomogeneous broadening depending on the tempera-
ture. Thevalue of A v, ,, isassumed to be equal to that of the
metal-to-ligand charge transfer (MLCT) phosphorescence
(550 cm™1) of asingle crystal of [Ru(bpy)s] (PFe), at 77
K [23] and increaseswith the square root of thetemperature.
v, istaken as atypical metal-ligand stretching frequency of
400 cm~*. The values of S, and 7,_, were varied to obtain
the best fit of the observed spectra.
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Fig. 1. Temperature dependence of the emission spectra of Rh(lll) com-
pounds: (a) [Rh(bpy),Cl,](PFe): , 77T K; ---, 297 K; —- —,
441 K; - - -, 536 K; (b) [Rh(phen),Cl,](PFs): , (71K, ---,
298K;— - —436K; - - -, 528 K. Theintensities of the emission peaks are
normalized.

3. Results
3.1. Emission spectra

Anhydrous crystals of [Rh(bpy),Cl,](PFs) and
[Rh(phen),Cl,] (PFs) at 77 K emit a broad emission on
excitation at thetail of thestrong 7—=* absorptionband [ 26].
The broad emission is denoted as EM;. Fig. 1 shows the
temperature-dependent emission spectra of [ Rh(bpy),Cl,]-
(PFg) and [ Rh(phen),Cl,] (PFg) crystalsinthetemperature
range 77-536 K. Theemission of [ Rh(bpy),Cl,] (PFe) crys-
tal displays a dramatic shift in the peak energy from about
14 600 cm~* to 12 800 cm~* and an increase in the FWHM
from about 2850 cm™~* to 5450 cm ™ * with increasing tem-
perature from 77 to 536 K as shown in Fig. 1 and Table 1.
Similar emission spectrawereobserved for [ Rh(phen) ,Cl,]-
(PFg) inthe same temperature range, but the emission band-
widths were allittle narrower than for [ Rh(bpy),Cl,] (PFg).

The spectral profiles of EM, were analysed in terms of the
Franck—Condon factor of a low-frequency vibrational mode
outlined above. Thefrequency of thismodewasfixed asthere
was insufficient resolution in the spectra until 77 K to deter-
mine it accurately. The values of the parameters v,, S, and
Vy_o Were obtained from the spectral fitting procedure of the
77 K emission spectrum of the complex as shown in Fig. 2.
It should also be noted that v, _, cannot be rigorously deter-
mined, because of the approximationsrequired inthe spectral
modelling of the lower frequency modes and the lack of
spectral resolution.

The parameters derived from the low-temperature spec-
trum do not provideafit for the higher temperatureemissions,
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Tablel
Peak energy (7)), full width at half-maximum (FWHM ) and lifetime of d—d emission of rhodium(1I1) crystalsat 77, 297 and 536 K
Compound 77K 297 K 536 K

Dy FWHM T Dimax FWHM T Dy FWHM T

(em™b) (em™b) (10-%5s) (em™Y) (em™h) (10~ %s) (em™1) (em™b) (10-%5s)
[Rh(bpy).Cl,] (PFe) 14600 2850 98 13500 4250 24 12800 5450 0.2
[Rh(phen),Cl,] (PFg) 14600 2700 71 138002 4200 212 13000 5400 ® 0.1°
[Rh(bpy),Cl,] * 14200 ¢ 3500 ¢ 46 ¢ - - -
[Rh(phen),Cl,] * 14100 ¢ - 4149 14300°¢ - 0.7°¢
aDataat 298 K.
°Dataat 528 K.

¢ In ethanol-methanol (from Ref. [19]).
9 1n ethanol-methanol (from Ref. [11]).
¢ At room temperature in acetonitrile (from Ref. [18]).
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Fig. 2. Emission spectrum ( ) and calculated best fit (- - -) using
Eq. (1) and the spectral fitting parametersin Table 2 at 77 K (top) and 536
K (bottom) for [Rh(bpy).Cl,] (PFs) crystal; - - -, calculated spectrum of
EM;; — - —, calculated spectrum of EM,,.

which exhibit large red shifts and much larger FWHM. The
presence of two emitting states is postulated for these com-
plexes. Another emission with alower energy peak, denoted
by EM,, is presumed to originate from the second lowest
excited state with alarger 7,_, value (500 cm™* larger than
thelargest v,_, value of EM,). The broader emission spectra
at higher temperatures are decomposed into two emissions,
EM; and EM,, in the following ways. The temperature-inde-

Table2

pendent values of S, and v, _, for EM; were taken as those
determined at 77 K. Thetemperature-independent S, and v o
values for EM, and the temperature-dependent intensity
ratio of EM, to EM; were varied to obtain a fit of the
higher temperature spectra. The emission spectra of
[Rh(bpy),Cl,] (PF) at 536 K are shown to be decomposed
into two spectra in Fig. 2. The values of the spectral fitting
parameters.i.e. v,_,, S, and v, arecollectedin Table 2. The
EM, peak is so far from the EM, peak that both S, and
Vy_o for EM, were determined nearly independently of the
intensity ratio of EM, to EM;. The emission spectra at 536
K do not provide an accurate fit in the higher energy region
due to hot bands occurring in this energy region.

3.2. Emission decay

The emissions of [ Rh(bpy),Cl,] (PFg) and [ Rh(phen) -
Cl,] (PFg) decay via a single exponential mode over the
whole temperature range studied. The temperature depend-
ences of the emission decays are shownin Fig. 3. The decay
rate of the emission gradually increases up to 150 K with
increasing temperature. Above 350 K, the non-radiative
decay rate increases abruptly as the temperature increases.
The temperature-dependent decay rates were fitted using an
Arrheniustype equation (Eq.(2)) with three decay
processes

+ Ay exp( —EL/RT) (2)

where A, E,, Ay, Ey and Ay, Ey are the frequency factor
and activation energy for the low-, medium- and high-tem-

Emitting state (ES), 0-0 energy (7,_,), Huang—Rhysfactor (S, ) and Franck—Condon energy (FC) of emissions

Compound ES(cm™Y) Do_o (cm™h) S, FC (cm™%)

[Rh(bpy).Cl,] (PFs) 3(d—d), 18 300 11 3700
*(d—d), 18 400 18 6400

[Rh(phen),Cl,] (PFg) 3d—d), 18 000 10 3400
3(d—d), 18 200 17 5900
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peratureregionsrespectively. Vauesof A, and E, weredeter-
mined first and then the other parameters were obtained by
subtracting the decay rate of the lower temperature decay
channel(s). The parameters obtained are summarized in
Table 3.

4. Discussion
4.1. Closely lying d—d excited states

The cis-[ Rh(bpy),Cl,] (PFs) and cis-[ Rh(phen),Cl,]-
(PFg) complexes at 77 K exhibit a broad emission (EM;)
similar to the emission of [Rh(bpy),Cl,]Cl powder [10],
which has been attributed to the(d—d) excited state with a
configuration d7°do*. Theemission spectrumof [ Rh(NH;) 6] -
[Rh(CN)g] recorded at 78 K revealsastructural feature, and
cooling from 78 to 4.2 K causes only an increased clarity of
the fine structure of the vibronic bands [12]. At 77 K, both
[Rh(bpy),Cl,] (PFs) and [Rh(phen),Cl,] (PF;) crystals
show an emission peak maximum at 14 600 cm™*, whichis
red shifted to about 400 cm ™~ inrigid glass. The broad band
of EM; of [Rh(bpy).Cl.] (PFs) and [Rh(phen).Cl,] (PFs)
iscomposed of a progression of vibronic lines, which arenot
seen because of the larger FWHM than the vibrational fre-
guency of the accepting mode (Fig. 2). Satisfactory fitswere
obtained with 7, =400cm™~*and S, = 11 for the compounds.
The magnitude of S, issimilar to that of the low-temperature
emission of Rh(I1l) compounds [12,14].

Onincreasing thetemperature of [ Rh(bpy),Cl,] (PFg) up
t0 536 K, the peak shift of the emission is 1800 cm™~* with a
considerable reduction in intensity and the FWHM of the
whole band increases in width from 2850 cm~* to 5450
cm™*. Good fits for the higher temperature spectra could not
be obtained using the parameters of EM ;. The temperature-
dependent emission spectral change can be interpreted in
terms of the two emitting states model described above. The
3(d—d), state responsible for EM, lies about 150 cm™*
above the *(d—d), state and is more displaced from the
ground state than *(d—d), (Table 2). The Franck—Condon
energies of EM, and EM,, are determined to be 3700 cm~*
and 6400 cm™* respectively from the 7,_, and emission
peak. Likewise, the Franck—Condon energies of EM, and
EM, for [Rh(phen),Cl,] (PFg) are determined to be 3400
cm~* and 5900 cm™* respectively. The intense EM, peak,
as shown in Fig. 2, suggests that EM,, can be attributed to a
symmetry-allowed transition from B, and °B, of the C,,
group, which originates from *T,, of the O, group in the
symmetry reduction. The EM; peak can be assigned to a
symmetry-forbidden transition from *A,.

Such a large Franck—Condon energy of the d—d emission
(7500 cm™~1) was estimated for Rh(bpy) ,( N-methyl-2-( 2-
pyridyl) benzimidazole)®* in butyronitrile from the differ-
encein energy between the 0-0 peak of the well-resolved 7—
7* emission and the broad d—d emission peak at 300K [27].

A decreasing peak energy and increasing width of the d—d
emission with temperature were observed for Rh(3,3'-
dimethyl-2,2'-bipyridine)3* in rigid solvents [19]. The
presence of a dlightly higher lying and more displaced d-d
excited state may be responsible for the strange temperature
dependence of the emission spectrum.

4.2. Three decay channels of 3(d— d) excited states

Both [Rh(bpy).Cl;](PFs) and [Rh(phen).Cl.](PFe)
crystals show a long emission lifetime at 77 K compared
with that in solution (Tablel). At room temperature,
[Rh(phen),Cl,] (PFg) exhibits an emission lifetime of 21
ws, which decreasesto 0.7 psin acetonitrile and depends on
the type of solvent [18]. The*(d—d) excited states of both
complexes decay viathree decay channelsasshowninFig. 3.
The weak temperature dependence below 150 K is due to
the non-radiative transition via weak coupling (Table 3),
because the small value of the frequency factor (10%s™1) is
characteristic of weak coupling. The temperature-independ-
ent non-radiative transition of *(d—d) has been observed to
decrease on deuteration of NH; for Rh(NH3) 2+ [20,21].

Thedecay channel above 150K requiresthermal excitation
to an intermediate state. The activation energy of internal
conversion can be calculated from the differencesin the bot-
tomenergy, curvatureand displacement of thepotential curve
to afirst approximation. Since the small value of E,, implies
that the energy level of the intermediate is very close to that
of >(d—d),, *(d—d), isthe most probable candidate for the
intermediate. Provided that the potential curvesof theexcited
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Fig. 3. Calculated fits of the temperature dependence of the emission decay
rate constant (kops) Of [ Rh(bpy),Cl,] (PFg) (a) and [ Rh(phen),Cl,] (PFs)
(b). The raw data are plotted as open circles (O). The open squares ([J)
denote the medium-temperature region data (150-350 K) after subtracting
the contribution of the low-temperature decay channel (less than 150 K),
and thefilled circles (@) denote the high-temperature region data (greater
than 350 K) after subtracting the contribution of the low- and medium-
temperature decay channels.
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Table3
Frequency factor (A) and activation energy (E) of the temperature-dependent decay of the luminescencefor thelow- (L), medium- (M) and high-temperature
(H) channels
Compound AL (10*s™Y E_(cm™Y) Ay (10°s7 1) Ey (cm™1) Ay (10%s™Y E, (cm™Y)
[Rh(bpy),Cl,] (PFe) 17 30 850 7.0 4400
[Rh(phen),Cl,] (PFg) 19 18 860 15 3400

25 (PFs) are estimated to be 7200 cm™* and 7800 cm ™~ * respec-

20

-
(3]

Energy/ 1000 cm’™
S

1 1 1
0.0 0.5 1.0 1.5
Normalized Coordinate
Fig. 4. Schematic potential energy diagram for [ Rh(bpy).Cl,] (PFs) and
[Rh(phen),Cl,] (PFs). *(d—d), and *(d—d), are the lowest and second
lowest excited *(d—d) states respectively.

d-d states are similar with respect to curvature, the energy
gap between them is estimated to be 150 cm~* from the
difference in their Franck—Condon energies and the magni-
tudeof E,,. Thelargeradiativerateof *(d—d), isresponsible
for the large frequency factor (10° s™%) of the medium-
temperature decay channel compared with *(d—d),.

Above 350 K, the non-radiative decay rate increases
abruptly with increasing temperature. Another decay channel
is opened by thermal agitation of [Rh(bpy).Cl,] (PFs) and
[Rh(phen),Cl,] (PFs) with frequency factors of 7.0x 10™*
s~ tand 1.5 10* s~ * and activation energies of 4400cm—*
and 3400 cm™ * respectively. The potential energy diagram
of [Rh(bpy),Cl,] (PFs) crystalsis shown in Fig. 4, where
FC, and FC, arethe Franck—Condon energies of theemission
for the lowest excited *(d—d), state and the second lowest
excited *(d—d), state respectively. The non-radiative tran-
sition of the lowest excited state occurs via a potentia
crossing between the*(d —d), and ground state (GS) . From
the spectral fitting data of [ Rh(bpy).Cl,] (PFs), the values
of FC, and FC, are calculated to be 3700 cm~* and 6400
cm~* respectively. The activation energy of E,, to pass the
crossing seam between the potential curves of *(d—d), and
GS can be expressed in terms of the 0-0 emission energy
of *(d—d), and the reorganization energy (A) as E,=
(Po_o— A)?/4A. Thereorganization energiesof thenon-radi-
ative decay of [Rh(bpy).Cl,](PFs) and [Rh(phen),Cl,]-

tively from E,,, i.e. dightly larger than the Franck—Condon
energy of EM..

The high exoergonicity of intersystem crossing (18 200
cm™?) suggests that the conversion process occurs via the
potential crossing seams with the vibrationally excited
ground state in addition to classical potential crossing. Such
coupling of the non-radiative electronic transition to vibra-
tional modes has been verified for exoergonic el ectrontrans-
fer reactions [28-30]. Since the potential crossing to the
vibrationally excited ground state requires less thermal exci-
tation compared with classical potential crossing, the exoer-
gonic intersystem crossing accompanied by n quanta of
vibration reduces the extent of activation energy (E,,) and
the extrapolated intercept (Ay) as aresult. This, as well as
the small electronic coupling of intersystem crossing, may be
associated with the smaller magnitude of the intercept (Ay)
(two orders of magnitude smaller than the vibrational
frequency).

The more displaced d-d excited state of cis-
[Rh(bpy),X,]1" (X=CI~ and Br~) may lead to the dis-
sociation of one of the halogen ions at higher temperatures
in fluid solution. The high photochemical aquation yields of
cis-[Rh(NH3),X5]1 " [16] and cis-[Rh(1,3-propanedi-
amine),X,] " [17] in water compared with the trans forms
may be ascribed to the more displaced and shallow potential
curveof *(d—d),.
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