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Abstract

At temperatures below 150K in rigid glycerol glasses [Rh(&BINN),]PFs complexes display &rw* — gs phosphorescence charac-
teristic of the s-NN ligand [s-NN =1,10-phenanthroline (phen), 4-Mephen, 4 pMm, and 3,4,7,8-Mphen]. Above 150K but below the
melting point of glycerol a temperature-dependent first-order reaction occurs upon irradiation with UV light. The temperature dependences
of these photochemical reactions conform to the Arrhenius equation with an activation energy range of 2000=250hichis a range
averaging 725 crrt lower than that previously reported for [Rh(s-NNPFs)s complexes. These results are interpreted in terms of the thermall
redistribution of energy from an unreacti¥ew* excited term to a close-lying chemically reactiekl level that has been lowered in energy
with respect to that of the corresponding [Rh(s-BIKPFs)s 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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction To effect purification, the crystals were collected and
redissolved in warm water. The crude product was then
Photosubstitutional reactions of [Rh(diimigE}" com- loaded on a CM-Sephadex-C25 cation exchange column

plexes (tris complexes) in solid glycerol glasses at tempera-(12in.x 1in. i.d.), which had been equilibrated with deion-
tures above 150 K have been reporfe@]. These reactions  ized water. The column was interfaced with a Pharmacia UV
produce single photoproducts that have been tentatively iden-detector and a stripchart recorder to monitor the emerging
tified as [Rh(diimine)(diimine:H")(glyceroxide)}* species. bands. The eluant was water followed by solutions of NaCl
The reaction rates were highly temperature-dependent andstepped from 0.1 to 0.5N. A very small colorless band came
activation energies were determined. These activation ener-off with the mobile water phase. The largest band, containing
gies were related to the gap between the lowest* level the product, came off with the application of 0.1N NaCl. A
and a higher-lying chemically reactiild manifold. The very small dark impurity band was washed off the column
initial investigation quantified the effect of tuning the lowest during the 0.5N NaCl step. Hexafluorophosphate salts of the
Sww* level, through methyl substitution on the phen back- complexes were produced through metathesis of the chlorides
bone, on the photochemical activation enefgy. In the with a concentrated, filtered, neutralized solution of NaPF
present contribution the strength of the crystal field around All complexes were obtained as white powders.

the central rhodium ion has been varied by ligand substi-

tution. Specifically, one of the diimine ligands (tris com- i

plexes) has been replaced by two stronger field cyanide lig-2-2- Sample preparation

ands (dicyano complexes). Activation energies of the di- o o

cyano complexes are then compared with those obtained from E4m|55|on and lifetime measurements were performed on
the corresponding tris complexes. Finally, the chemical and 10~* M solutions in glycerol. Photochemical reaction rates

) . Lo
photophysical natures of the new photoproducts have beenVere measured on:610"M solutions in rigorously de-
investigated. gassed glycerol kept Ofree with ambient N gas. Photo-

chemical reaction rate measurements were always conducted
on fresh samples. For spectroscopic characterization photo-

2. Experimental products were generated through exhaustive photolysis of
10~4 M [Rh(CN),(s-NN),]PFs in glycerol glasses at 200 K.
2.1. Syntheses [The glycerol was vigorously degassed prior to use and sam-

ples were kept free of £]

[Rh(Cl)2(s-NN)]CI complexes were anaerobically pre-
pared from RhG hydrate (2 mmol) and a slight excess of 2.3. Spectroscopic measurements
the diimine ligand (4.2 mmol) in a reaction vessel attached to

a vacuum line. The reactants were degassed by maintaining Steady-state emission and lifetime measurements were

them at a pressure below 1 mTorr fofl2h. A 75% aque- 4 cted as described previoufgy. The excitation source
ous ethanol solvent, rigorously degassed, was condensed Olas the 325-nm line of a 4-mW HeCd laser. The detection
the reactant mixture. The resultant slurry was stirred under system was a thermoelectrically cooled Hamématsu R943-02
gentle warming and after1 h a yellow-orange solution ap-  pyp coupled to an SRS-400 photon counter. For decay-time

peared. The solution was then allowed to evaporat_e to dry'measurements the excitation beam was modulated mechani-
ness, and the product was subsequently recrystallized from

hot methanol. In all cases, well-formed bright yellow crystals cally.
of [Rh(Cl)2(s-NN)]Cl were obtained.

The [Rh(CN)(s-NN)]PFs complexes were prepared 2.4. Measurement of activation energies
anaerobically from [Rh(C§)(s-NN)]CI (1 mmol) and a two-
fold excess of NaCN (4 mmol) in a reaction vessel attached  Photochemical reaction rates were obtained by measuring
to a vacuum line. The solid reactants were degassed bythe rate of disappearance of the characterfdtie* — gs
maintaining them at a pressure below 1 mTorr fet2 h. phosphorescence of the parent [Rh(&)NN)]PFs com-
Deionized water, carefully degassed by three consecutiveplex. The band was monitored at the emission maximum. The
freeze—pump-thaw cycles, was then condensed on the reoptical setup and the fiber-optic sample rod constructed for
actants. The mixture was stirred under gentle warming. Im- measuring the photochemical reaction rates were described
mediately, while still cold, the slurry turned from yellow to  previously{2]. Activation energies were determined by fitting
clear producing a white precipitate. Warming was continued the photochemical rates to the Arrhenius equation:
until all the precipitate had dissolved and a colorless solution
appeared. The solution was removed from the vacuum line INkops = —(Aeg/k)(L/T)+1InA
and treated with concentrated HCI to remove excess @H
HCN gas. The solution was concentrated and cooled in anwherekgps is the observed reaction ratag the activation
ice bath whereupon small crystals formed. energy, and the Boltzmann constant (in cthK —1).



1312

(a)

Normalized Intensity

500 550 600 650 700

Wavelength / nm

Fig. 1. Steady-state emission spectra at 77 K of [Rh¢@NNN)L]PFs
complexes (---) and the corresponding photoproducts (—) in glycerol
glasses at 10" M. Samples excited with a 325-nm HeCd laser line: (a)
[Rh(CN)(phen}]PFs, (b) [Rh(CN)(4-Mephenj]PFs, (c) [Rh(CN)(4,7-
Mezphen}]PFg, (d) [Rh(CN)(3,4,7,8-Maphen}]PFs.

3. Results
3.1. Emission spectra

Displayed inFig. 1 are the steady-state emission spec-
tra of the [Rh(CN)(s-NN)]PFs complexes and their
corresponding photoproducts. The spectra of the title
complexes are typically structuretrm* — gs phospho-
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Table 1
Lifetimes of monoprotonated ligands, dicyano complexes, and photoprod-
uctsat 77K

s-NN s-NN:H?2  [Rh(CN)(s-NNx]PFRs® Photoproducét
phen 1.873 55.% 1073 2.56x 1073
4-Mephen 2.018 62.%10°3 3.19x 1073
4,7-Mexphen 1.783 7251073 2.91x 1073
3,4,7,8-Mgphen  1.938 67.% 1073 2.57%x 1073

a All lifetimes in seconds.

corresponding [Rh(s-NN)(PFs)s photoproduct$2]. Simi-

lar to the [Rh(s-NN3](PFs)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{GN)
NN)2]PFs complexes were fit to a single exponential over five
lives with minimal residuals. Their lifetimes and those of the
corresponding photoproducts are listedable 1 Phospho-
rescence decays of the title complexes ranged from 55.1 to
72.5ms, arange that is slightly higher than that observed for
the corresponding [Rh(s-NBIPFs)3 series (40.6—-48.6 ms)
[2]. Phosphorescence decays of the [Rh(§&ISNN)]PFg
photoproducts ranged from 2.6 to 3.2ms, again a range
slightly higher than that observed for the corresponding
[Rh(s-NNX](PFg)3 photoproducts (2.0-2.8 mg)].

3.3. Activation energies

As reported for complexes of the type [Rh(s-NNIPFg)3,
the photochemical reactions of the [Rh(GI$NN)]PFs
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
illumination. As expected, the observed reaction rates were
independent of concentration but directly proportional to ex-
citation intensity. As shown iifrig. 2, the temperature de-
pendence of this first-order reaction follows the Arrhenius
equation yielding activation energies that range from 2000 to
2500 cnt! (Table 9. Onaverage the values are 725 crtess
than those obtained for the corresponding [Rh(s-4J(RFs)3
complexes. Unlike the [Rh(s-NR)PFes)3 complexes, how-
ever, which show only a rough correlation between activation

rescences. The energies of the band maxima and the ban@nergies and thénm* phosphorescence band maxima, the
profiles are similar to the phosphorescences observedirp(CN),(s-NN)]PFs complexes display quantitativecor-

from the corresponding free ligands and they are almost
identical to those of the corresponding tris molecules

[2]. The energies of the phosphorescence band maximaSummary ofwn* energies and Arrhenius activation barriers

decrease in the order [Rh(CNphen}]PFgs > [Rh(CN)(4-
Mephen}]PFs > [Rh(CN)(4,7-Mephen}]PFs > [Rh(CN)
(3,4,7,8-Maphen}]PFs.

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

Table 2

Complex FirsBrm* — Activation
gs band max energies
(cm™1) (£50cnT?t)

[Rh(CN)(phen}]PFs 22260 2000

HRN(CN)(4-Mephen}]PFs 22030 2200

[Rh(CN)(4,7-Mephen}]PFs 21850 2400

[Rh(CNX(3,4,7,8-Maphen}]PFs 21720 2500
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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 photoactidl level.

To generate this model we first assume that the metal-ligand
bonding and the crystal (electrostatic) field strengths of all

1/T 107K 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 lowestm* level

4.

Fig. 2. Arrhenius plots for the photochemical reaction of [Rh(&5
NN)2]PFs complexes. Each point obtained from a fit to a single expo-

nential over four natural lives: (a) [Rh(CAphen}]PFs, (b) [Rh(CNp(4- IS thermally redistributed to a nearby chemically acfidel
Mephen}]PFs, (c) [Rh(CN)(4,7-Mephen}]PFs, (d) [Rh(CNY(3,4,7,8- manifold that leads to a rapid photosubstitution reaction. Such
Mesphen}]PFs. amechanism is consistent with the fact that the complex with

the highest®wm* energy possesses tlmavestactivation en-
relation within the experimental error of the measurements ergy. This is also in concert with the nearly exact negative
(seeFig. 3). Specifically, the energies of the band maxima correlation observed between the highest enétgy* peak
are linearly related to the activation energies with a slope of and the measured activation energy in each dicyano complex.
~—1. Analogous to the results from the [Rh(s-NNPFs)3 As already noted, there are two major differences between
series, the species with the highest energy phosphorescencthe sets of activation energies determined for the [RheGN)
band maximum has the lowest activation energy, whereas theNN),]PF; complexes and those for the [Rh(s-NNPFs)3
complex with the lowest energy phosphorescence possesseseries. For corresponding s-phen ligands (a) the values for
the highest activation energy. the dicyano complexes averag@25 cn! lower in energy

and (b) there is an exact negative correlation between the

3ma* band maxima and the measured activation energies for

4. Discussion the dicyano species, whereas the values for the tris complexes
displayed a rough correlation only. The first observation can
4.1. Kinetic model be understood by simply analyzing the field around the central

metal ion. If one considers only the microsymmetry around
Itis clear that the photoreactions of the dicyano complexes, the RF?* ion, the tris complexes have nea@y microsymme-
[Rh(CN)(s-NN)]PFs, proceed in the same manner as re- try whereas the dicyano complexes posgessmicrosym-
ported previously for the tris complexes, [Rh(s-NNPFs)3. metry. Therefore, in the tris complexes, the d-orbitals are split
Both series are structurally similar and have similar excited- into the well known g and g sets. As shown ifrig. 4, upon
state properties. Both sets of photoreactions follow character-replacement of one of the s-NN ligands with two cyanide an-
istic first-order kinetics in solid glycerol matrices to produce ions three of the d-orbitals will be perturbed by the stronger
spectroscopically similar photoproducts. The reaction ratesfield ligands, while two will remain essentially undisturbed.
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0y Cay simple average (octahedral) field model will not suffice. To
z z account for the experimental results quantitatively, a model
i that takes into account the reduction in total charge of the
CN- ofk- species and the effects of covalency would be required.
Finally, we address the observation that the tris complexes
"""" Y Y show only a rough negative correlation between Yer*
IN — gs band maxima and the measured activation energies,
« N whereas the dicyano complexes display an exact negative lin-
: ' ear correlation. In open (sterically unhindered) complexes of

dy, the type [RhCl(diimine)]Cl and K[RhCh(diimine)], which
’ are knowrPdd — gs emitters, it has been shown that methyl
substitution of the 1,10-phenanthroline or '2hoyridine
backbone has little or no effect on the observed emission
energieg3-5]. Thus the ligand field around the Rtion ap-
S dx pears to be unchanged upon methyl substitution. The bands
dy? dyy are broad, however, and the energy measured lacks precision.
iy 22 Because the dicyano complexes display an exact negative cor-
=== ].___‘__‘,_:,_A{,:_;_;,;,;.;_;.;;;.;.;.'_;{-'_{{f_{-_-_—_r_ = dyy relation (slope =1) between measured activation energies
de 2 dy dy, dxy a.n.d.3’n'1'r* — gs emission maxima, we mfer'that this insen-
’ ‘ sitivity [of methyl substitution on the ligand field] also holds
Fig. 4. The d-orbital correlation scheme for [Rh(s-N)PFe)s underOn within this series of rhodium(lll) complexes. In contrast, the
microsymmetry and [Rh(CNJs-NN),]PFs underCy,, microsymmetry. La- tris complexes display only a rough negative correlation with
bels are chosen to makehe principal axis irCay. deviations from linearity o500 cnt 1. We conjecture that

such deviations are due to steric interactions in the crowded
The unoccupied g (g underOy, symmetry) orbital will be tris complexes that are not present in the more open dicyano
pushed up in energy the most because its lobes are directedtructures.

toward the cyanide ligands; thezdorbital will be basically Steric effects have been reported for other crowded Rh(lIl)

unperturbed by the higher field ligands because its lobes areand Ru(ll) complexes, namely [Rh(dmbp}(CIO4)3 and

perpendicular to the plane containing the cyanides. [Ru(pgk](ClO4)2 [4,6], which exhibit a lowering of a close-
Of the occupied orbitals£§ in Oy), the dz_ 2 will be af- lying 3dd manifold presumably caused by steric crowding.

fected the most because one of the lobes is directed betweetlt is reasonable to expect that the same type of steric inter-
the CN~ ligands while the gy will only be slightly perturbed. action may also be present in the [Rh(s-NNPFg)3 com-

The diy orbital should remain essentially undisturbed because plexes, albeit to a much lesser extent. The net result would be
it lies in a plane perpendicular to the plane containing the to lower the3dd manifold closer to the lowestrm* level,
cyanide ligands. These simple crystal-field arguments leadslightly decreasing the measured activation energies from
to the prediction that the gap between the highest occupiedthe values expected for unhindered species. Whereas two of
and the lowest unoccupied d-orbital is somewhat smaller for the four tris complexes possess activation energies slightly
the dicyano complexes than for the tris complexes. Conse-lower than those expected from a presumed linear correla-
quently the®dd manifold should lie lower in energy in the tion, [Rh(3,4,7,8-Mgphen}](PFe)3 has an activation energy
dicyano series, thus placing it closer to ther* level of the slightly higher than expected. To account for this, it is reason-
heterocyclic ligand than in the tris series. Accordingly, the able to suggest that steric crowding not only affects the ligand
narrowing of theldd-*ww* gap should cause the dicyano field around the central metal ion but also modifies the mea-
complexes to have lower activation energies than the cor-sured activation energy by creating a Franck—Condon barrier
responding tris species. As noted above, the average of thdo photochemical substitution.

measured activation energies for the dicyano complexes is

~725cnt? lower than that of the tris series lending even 4.2. Nature of the photoproduct

greater credence to the proposed photochemical pathway.

We emphasize that the rationalization of the lowering of =~ The proposed photochemical reaction for [Rh(gN)
the photochemical activation energies of the dicyano com- (phen}]PFg is depicted below. lon exchange chromatog-
plexes relative to their parent tris molecules rests on purely raphy has revealed ionic properties of the photoproduct
electrostatic (crystal) field arguments based on the loweringidentical to those of the original parent complex; upon
of the microsymmetry about the metal ion by the introduction elution through a CM-Sephadex-C25 column (124ri in.
ofthe cyanide ions into the coordination sphere. Since thetwoi.d.) both the product and starting complex came off with
cyanides provide a stronger field than a single diimine, the identical amounts of 0.1N NacCl, thus indicating that no redox
effect of the reduction in microsymmetry on the orbital en- chemistry had occurred. Moreover, because of the structural,
ergies is necessary to account for the experimental results. Aphotochemical, and spectroscopic similarities of the dicyano
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parent complexes with those of the corresponding parentexpected for spin-orbit perturbed spin-forbidden transitions
tris complexes and also the spectroscopic similarities of between states of primarily ligand orbital parentaggs

the resultant photoproducts, the photochemical reaction

involving the dicyano complexes and the solid glycerol

matrix is also presumed to be substitutional in nature. Acknowledgment
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