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Abstract

At temperatures below 150 K in rigid glycerol glasses [Rh(CN)2(s-NN)2]PF6 complexes display a3��∗ → gs phosphorescence char
teristic of the s-NN ligand [s-NN = 1,10-phenanthroline (phen), 4-Mephen, 4,7-Me2phen, and 3,4,7,8-Me4phen]. Above 150 K but below th
melting point of glycerol a temperature-dependent first-order reaction occurs upon irradiation with UV light. The temperature dep
of these photochemical reactions conform to the Arrhenius equation with an activation energy range of 2000–2500 cm−1, which is a range
averaging 725 cm−1 lower than that previously reported for [Rh(s-NN)3](PF6)3 complexes. These results are interpreted in terms of the th
redistribution of energy from an unreactive3��∗ excited term to a close-lying chemically reactive3dd level that has been lowered in ene

with respect to that of the corresponding [Rh(s-NN)3](PF6)3 complex. The relationships of the Arrhenius activation energies to the electronic
structures of the parent complexes and to the natures of the products are discussed.
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1. Introduction

Photosubstitutional reactions of [Rh(diimine)3]3+ com-
plexes (tris complexes) in solid glycerol glasses at tempera-
tures above 150 K have been reported[1,2]. These reactions
produce single photoproducts that have been tentatively iden-
tified as [Rh(diimine)2(diimine:H+)(glyceroxide)]3+ species.
The reaction rates were highly temperature-dependent and
activation energies were determined. These activation ener-
gies were related to the gap between the lowest3��∗ level
and a higher-lying chemically reactive3dd manifold. The
initial investigation quantified the effect of tuning the lowest
3��∗ level, through methyl substitution on the phen back-
bone, on the photochemical activation energy[2]. In the
present contribution the strength of the crystal field around
the central rhodium ion has been varied by ligand substi-
tution. Specifically, one of the diimine ligands (tris com-
plexes) has been replaced by two stronger field cyanide lig-
ands (dicyano complexes). Activation energies of the di-
cyano complexes are then compared with those obtained from
the corresponding tris complexes. Finally, the chemical and
photophysical natures of the new photoproducts have been
investigated.

2. Experimental
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To effect purification, the crystals were collected and
redissolved in warm water. The crude product was then
loaded on a CM-Sephadex-C25 cation exchange column
(12 in.× 1 in. i.d.), which had been equilibrated with deion-
ized water. The column was interfaced with a Pharmacia UV
detector and a stripchart recorder to monitor the emerging
bands. The eluant was water followed by solutions of NaCl
stepped from 0.1 to 0.5N. A very small colorless band came
off with the mobile water phase. The largest band, containing
the product, came off with the application of 0.1N NaCl. A
very small dark impurity band was washed off the column
during the 0.5N NaCl step. Hexafluorophosphate salts of the
complexes were produced through metathesis of the chlorides
with a concentrated, filtered, neutralized solution of NaPF6.
All complexes were obtained as white powders.

2.2. Sample preparation

Emission and lifetime measurements were performed on
10−4 M solutions in glycerol. Photochemical reaction rates
were measured on 5× 10−6 M solutions in rigorously de-
gassed glycerol kept O2 free with ambient N2 gas. Photo-
chemical reaction rate measurements were always conducted
on fresh samples. For spectroscopic characterization photo-
products were generated through exhaustive photolysis of
1 K.
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.1. Syntheses

[Rh(Cl)2(s-NN)2]Cl complexes were anaerobically p
ared from RhCl3 hydrate (2 mmol) and a slight excess

he diimine ligand (4.2 mmol) in a reaction vessel attache
vacuum line. The reactants were degassed by mainta

hem at a pressure below 1 mTorr for∼12 h. A 75% aque
us ethanol solvent, rigorously degassed, was condens

he reactant mixture. The resultant slurry was stirred u
entle warming and after∼1 h a yellow-orange solution a
eared. The solution was then allowed to evaporate to
ess, and the product was subsequently recrystallized
ot methanol. In all cases, well-formed bright yellow crys
f [Rh(Cl)2(s-NN)2]Cl were obtained.

The [Rh(CN)2(s-NN)2]PF6 complexes were prepar
naerobically from [Rh(Cl)2(s-NN)2]Cl (1 mmol) and a two

old excess of NaCN (4 mmol) in a reaction vessel attac
o a vacuum line. The solid reactants were degasse
aintaining them at a pressure below 1 mTorr for∼12 h.
eionized water, carefully degassed by three consec

reeze–pump–thaw cycles, was then condensed on th
ctants. The mixture was stirred under gentle warming
ediately, while still cold, the slurry turned from yellow

lear producing a white precipitate. Warming was contin
ntil all the precipitate had dissolved and a colorless solu
ppeared. The solution was removed from the vacuum
nd treated with concentrated HCl to remove excess CN− as
CN gas. The solution was concentrated and cooled

ce bath whereupon small crystals formed.
0−4 M [Rh(CN)2(s-NN)2]PF6 in glycerol glasses at 200
The glycerol was vigorously degassed prior to use and
les were kept free of O2.]

.3. Spectroscopic measurements

Steady-state emission and lifetime measurements
onducted as described previously[2]. The excitation sourc
as the 325-nm line of a 4-mW HeCd laser. The detec
ystem was a thermoelectrically cooled Hamamatsu R94
MT coupled to an SRS-400 photon counter. For decay
easurements the excitation beam was modulated mec

ally.

.4. Measurement of activation energies

Photochemical reaction rates were obtained by meas
he rate of disappearance of the characteristic3��∗ → gs
hosphorescence of the parent [Rh(CN)2(s-NN)2]PF6 com-
lex. The band was monitored at the emission maximum
ptical setup and the fiber-optic sample rod constructe
easuring the photochemical reaction rates were desc
reviously[2]. Activation energies were determined by fitt

he photochemical rates to the Arrhenius equation:

ln kobs = −(�ε/k)(1/T ) + ln A

herekobs is the observed reaction rate,�ε the activation
nergy, andk the Boltzmann constant (in cm−1 K−1).
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Fig. 1. Steady-state emission spectra at 77 K of [Rh(CN)2(s-NN)2]PF6

complexes (- - -) and the corresponding photoproducts (—) in glycerol
glasses at 10−4 M. Samples excited with a 325-nm HeCd laser line: (a)
[Rh(CN)2(phen)2]PF6, (b) [Rh(CN)2(4-Mephen)2]PF6, (c) [Rh(CN)2(4,7-
Me2phen)2]PF6, (d) [Rh(CN)2(3,4,7,8-Me4phen)2]PF6.

3. Results

3.1. Emission spectra

Displayed inFig. 1 are the steady-state emission spec-
tra of the [Rh(CN)2(s-NN)2]PF6 complexes and their
corresponding photoproducts. The spectra of the title
complexes are typically structured3��∗ → gs phospho-
rescences. The energies of the band maxima and the band
profiles are similar to the phosphorescences observed
from the corresponding free ligands and they are almost
identical to those of the corresponding tris molecules
[2]. The energies of the phosphorescence band maxima
decrease in the order [Rh(CN)2(phen)2]PF6 > [Rh(CN)2(4-
Mephen)2]PF6 > [Rh(CN)2(4,7-Me2phen)2]PF6 > [Rh(CN)2
(3,4,7,8-Me4phen)2]PF6.

Steady-state UV irradiation of the photoproducts gen-
erates intense phosphorescences with band shapes and en
ergies similar to those of the phosphorescences of the
monoprotonated ligands and nearly identical to those of the

Table 1
Lifetimes of monoprotonated ligands, dicyano complexes, and photoprod-
ucts at 77 K

s-NN s-NN:H+a [Rh(CN)2(s-NN)2]PF6
a Photoproducta

phen 1.873 55.1× 10−3 2.56× 10−3

4-Mephen 2.018 62.7× 10−3 3.19× 10−3

4,7-Me2phen 1.783 72.5× 10−3 2.91× 10−3

3,4,7,8-Me4phen 1.938 67.7× 10−3 2.57× 10−3

a All lifetimes in seconds.

corresponding [Rh(s-NN)3](PF6)3 photoproducts[2]. Simi-
lar to the [Rh(s-NN)3](PF6)3 photoproducts, but unlike the
monoprotonated ligands, the photoproducts of the dicyano
complexes emit no detectable fluorescence.

3.2. Lifetimes

Phosphorescence decay curves of the [Rh(CN)2(s-
NN)2]PF6 complexes were fit to a single exponential over five
lives with minimal residuals. Their lifetimes and those of the
corresponding photoproducts are listed inTable 1. Phospho-
rescence decays of the title complexes ranged from 55.1 to
72.5 ms, a range that is slightly higher than that observed for
the corresponding [Rh(s-NN)3](PF6)3 series (40.6–48.6 ms)
[2]. Phosphorescence decays of the [Rh(CN)2(s-NN)2]PF6
photoproducts ranged from 2.6 to 3.2 ms, again a range
slightly higher than that observed for the corresponding
[Rh(s-NN)3](PF6)3 photoproducts (2.0–2.8 ms)[2].

3.3. Activation energies

As reported for complexes of the type [Rh(s-NN)3](PF6)3,
the photochemical reactions of the [Rh(CN)2(s-NN)2]PF6
species in solid glycerol glasses were also first order as in-
ferred from the rigorously exponential decay of the phos-
phorescence intensity of each parent complex under constant
i were
i ex-
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llumination. As expected, the observed reaction rates
ndependent of concentration but directly proportional to
itation intensity. As shown inFig. 2, the temperature d
endence of this first-order reaction follows the Arrhe
quation yielding activation energies that range from 200
500 cm−1 (Table 2). On average the values are 725 cm−1 less

han those obtained for the corresponding [Rh(s-NN)3](PF6)3
omplexes. Unlike the [Rh(s-NN)3](PF6)3 complexes, how
ver, which show only a rough correlation between activa
nergies and the3��∗ phosphorescence band maxima,

Rh(CN)2(s-NN)2]PF6 complexes display aquantitativecor-

able 2
ummary of3��∗ energies and Arrhenius activation barriers

omplex First3��∗ →
gs band max
(cm−1)

Activation
energies
(±50 cm−1)

Rh(CN)2(phen)2]PF6 22260 2000
Rh(CN)2(4-Mephen)2]PF6 22030 2200
Rh(CN)2(4,7-Me2phen)2]PF6 21850 2400
Rh(CN)2(3,4,7,8-Me4phen)2]PF6 21720 2500
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Fig. 2. Arrhenius plots for the photochemical reaction of [Rh(CN)2(s-
NN)2]PF6 complexes. Each point obtained from a fit to a single expo-
nential over four natural lives: (a) [Rh(CN)2(phen)2]PF6, (b) [Rh(CN)2(4-
Mephen)2]PF6, (c) [Rh(CN)2(4,7-Me2phen)2]PF6, (d) [Rh(CN)2(3,4,7,8-
Me4phen)2]PF6.

relation within the experimental error of the measurements
(seeFig. 3). Specifically, the energies of the band maxima
are linearly related to the activation energies with a slope of
∼−1. Analogous to the results from the [Rh(s-NN)3](PF6)3
series, the species with the highest energy phosphorescence
band maximum has the lowest activation energy, whereas the
complex with the lowest energy phosphorescence possesses
the highest activation energy.

4. Discussion

4.1. Kinetic model

It is clear that the photoreactions of the dicyano complexes,
[Rh(CN)2(s-NN)2]PF6, proceed in the same manner as re-
ported previously for the tris complexes, [Rh(s-NN)3](PF6)3.
Both series are structurally similar and have similar excited-
state properties. Both sets of photoreactions follow character-
istic first-order kinetics in solid glycerol matrices to produce
spectroscopically similar photoproducts. The reaction rates

Fig. 3. Correlation between the phosphorescence band maxima and the mea-
sured activation energies for [Rh(CN)2(s-NN)2]PF6 complexes.

for both series of molecules display temperature dependences
that rigorously follow the Arrhenius relation.

As detailed for the tris complexes, the proposed scheme
to account for the photochemistry of the dicyano complexes
again invokes the participation of a photoactive3dd level.
To generate this model we first assume that the metal–ligand
bonding and the crystal (electrostatic) field strengths of all
the diimine ligands are similar, thus placing the nearby-lying
3dd level at approximately the same energy in every com-
plex. Upon irradiation, energy from the lowest3��∗ level
is thermally redistributed to a nearby chemically active3dd
manifold that leads to a rapid photosubstitution reaction. Such
a mechanism is consistent with the fact that the complex with
thehighest3��∗ energy possesses thelowestactivation en-
ergy. This is also in concert with the nearly exact negative
correlation observed between the highest energy3��∗ peak
and the measured activation energy in each dicyano complex.

As already noted, there are two major differences between
the sets of activation energies determined for the [Rh(CN)2(s-
NN)2]PF6 complexes and those for the [Rh(s-NN)3](PF6)3
series. For corresponding s-phen ligands (a) the values for
the dicyano complexes average∼725 cm−1 lower in energy
and (b) there is an exact negative correlation between the
3��∗ band maxima and the measured activation energies for
the dicyano species, whereas the values for the tris complexes
displayed a rough correlation only. The first observation can
b ntral
m und
t -
t
m split
i
r an-
i ger
fi ed.
e understood by simply analyzing the field around the ce
etal ion. If one considers only the microsymmetry aro

he Rh3+ ion, the tris complexes have nearlyOh microsymme
ry whereas the dicyano complexes possessC2v microsym-
etry. Therefore, in the tris complexes, the d-orbitals are

nto the well known t2g and eg sets. As shown inFig. 4, upon
eplacement of one of the s-NN ligands with two cyanide
ons three of the d-orbitals will be perturbed by the stron
eld ligands, while two will remain essentially undisturb
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Fig. 4. The d-orbital correlation scheme for [Rh(s-NN)3](PF6)3 underOh

microsymmetry and [Rh(CN)2(s-NN)2]PF6 underC2v microsymmetry. La-
bels are chosen to makez the principal axis inC2v.

The unoccupied dyz (eg underOh symmetry) orbital will be
pushed up in energy the most because its lobes are directed
toward the cyanide ligands; the dx2 orbital will be basically
unperturbed by the higher field ligands because its lobes are
perpendicular to the plane containing the cyanides.

Of the occupied orbitals (t2g in Oh), the dz2−y2 will be af-
fected the most because one of the lobes is directed between
the CN− ligands while the dxzwill only be slightly perturbed.
The dxyorbital should remain essentially undisturbed because
it lies in a plane perpendicular to the plane containing the
cyanide ligands. These simple crystal-field arguments lead
to the prediction that the gap between the highest occupied
and the lowest unoccupied d-orbital is somewhat smaller for
the dicyano complexes than for the tris complexes. Conse-
quently the3dd manifold should lie lower in energy in the
dicyano series, thus placing it closer to the3��∗ level of the
heterocyclic ligand than in the tris series. Accordingly, the
narrowing of the3dd–3��∗ gap should cause the dicyano
complexes to have lower activation energies than the cor-
responding tris species. As noted above, the average of the
measured activation energies for the dicyano complexes is
∼725 cm−1 lower than that of the tris series lending even
greater credence to the proposed photochemical pathway.

We emphasize that the rationalization of the lowering of
the photochemical activation energies of the dicyano com-
plexes relative to their parent tris molecules rests on purely
e ering
o tion
o two
c , the
e en-
e lts. A

simple average (octahedral) field model will not suffice. To
account for the experimental results quantitatively, a model
that takes into account the reduction in total charge of the
species and the effects of covalency would be required.

Finally, we address the observation that the tris complexes
show only a rough negative correlation between the3��∗
→ gs band maxima and the measured activation energies,
whereas the dicyano complexes display an exact negative lin-
ear correlation. In open (sterically unhindered) complexes of
the type [RhCl2(diimine)2]Cl and K[RhCl4(diimine)], which
are known3dd→ gs emitters, it has been shown that methyl
substitution of the 1,10-phenanthroline or 2,2′-bipyridine
backbone has little or no effect on the observed emission
energies[3–5]. Thus the ligand field around the Rh3+ ion ap-
pears to be unchanged upon methyl substitution. The bands
are broad, however, and the energy measured lacks precision.
Because the dicyano complexes display an exact negative cor-
relation (slope =−1) between measured activation energies
and3��∗ → gs emission maxima, we infer that this insen-
sitivity [of methyl substitution on the ligand field] also holds
within this series of rhodium(III) complexes. In contrast, the
tris complexes display only a rough negative correlation with
deviations from linearity of±500 cm−1. We conjecture that
such deviations are due to steric interactions in the crowded
tris complexes that are not present in the more open dicyano
structures.

(III)
a
[ e-
l ing.
I inter-
a
p ld be
t
s from
t wo of
t ghtly
l rrela-
t y
s son-
a and
fi ea-
s arrier
t
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N)
( og-
r duct
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e
i ith
i dox
c tural,
p ano
lectrostatic (crystal) field arguments based on the low
f the microsymmetry about the metal ion by the introduc
f the cyanide ions into the coordination sphere. Since the
yanides provide a stronger field than a single diimine
ffect of the reduction in microsymmetry on the orbital
rgies is necessary to account for the experimental resu
Steric effects have been reported for other crowded Rh
nd Ru(II) complexes, namely [Rh(dmbpy)3](ClO4)3 and

Ru(pq)3](ClO4)2 [4,6], which exhibit a lowering of a clos
ying 3dd manifold presumably caused by steric crowd
t is reasonable to expect that the same type of steric
ction may also be present in the [Rh(s-NN)3](PF6)3 com-
lexes, albeit to a much lesser extent. The net result wou

o lower the3dd manifold closer to the lowest3��∗ level,
lightly decreasing the measured activation energies
he values expected for unhindered species. Whereas t
he four tris complexes possess activation energies sli
ower than those expected from a presumed linear co
ion, [Rh(3,4,7,8-Me4phen)3](PF6)3 has an activation energ
lightly higher than expected. To account for this, it is rea
ble to suggest that steric crowding not only affects the lig
eld around the central metal ion but also modifies the m
ured activation energy by creating a Franck–Condon b
o photochemical substitution.

.2. Nature of the photoproduct

The proposed photochemical reaction for [Rh(C2
phen)2]PF6 is depicted below. Ion exchange chromat
aphy has revealed ionic properties of the photopro
dentical to those of the original parent complex; u
lution through a CM-Sephadex-C25 column (12 in.× 1 in.

.d.) both the product and starting complex came off w
dentical amounts of 0.1N NaCl, thus indicating that no re
hemistry had occurred. Moreover, because of the struc
hotochemical, and spectroscopic similarities of the dicy
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parent complexes with those of the corresponding parent
tris complexes and also the spectroscopic similarities of
the resultant photoproducts, the photochemical reaction
involving the dicyano complexes and the solid glycerol
matrix is also presumed to be substitutional in nature.
Thus, we tentatively identify the dicyano photoproducts as
[Rh(CN)2(s-NN)(s-NN:H+)(glyceroxide)]PF6:

[Rh(CN)2(s-NN)2]PF6 + C3H5(OH)3
hv→

T>150 K

[Rh(CN)2(s-NN)(s-NN : H+)C3H5(OH)2O−]PF6

Since the phosphorescence of each photoproduct is
nearly identical to that of the corresponding monoprotonated
uncomplexed ligand and also to that of the corresponding
tris photoproduct, the luminescences from the dicyano
photoproducts are assigned to3��∗ → gs phosphorescences
localized on the monodentate monoprotonated ligand. The
measured transient decays (all on the order of 2 ms) are
consistent with this assignment, because such lifetimes are

expected for spin-orbit perturbed spin-forbidden transitions
between states of primarily ligand orbital parentages[7].
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