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doublet-state deactivation
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Abstract

The frans-Cr(NH,),X(CNY* ions, where X denmotes CN", NH,, NCS", H,0, F and C1",
exhibit fairly intense and long-lived emissions compared with those of apalogous species
Bot containing cyanide ligands. The phosphorescence decay rates in acidic agueous
solution around room temperature, and their activation parameters, are examined for the
whole series. The lifetime values at 20 °C vary between 40 and 0.26 ps, and obey
Adamson’s empirical emission rules. The activation energies are in the 25-55 kJ mol!
range. The data are discussed in terms of the possible processes controlling the doublet-
state lifetime uwnder ambient corditions.

1. INTRODUCTION

The involvement of the lowest excited doublet state in the photochemical reactivity of
chromium({IIf} complexes has long been a poiat of major interest [1-5]. The recognition
that such a state often emits detectable phosphorescence in ambieni-temperature fluid
solution has provided a valuable tool for addressing the question mainly by two kinds of
procedures: (i) comparison of emission and photoreaction quenching under identical
conditions and (i) study of ligand, structural and environmental effects on the
phosphorescence lifetimes and on their temperature dependence.

As a result of the former investigations the unquemchable photochemistty upon
complete doublet quenching has unanimonsly been attributed to the short-lived, lowest
excited quartet state formed in competiion with prompt intersystem crossing to the
longes-lived doublet during vibrational relaxation of Frank-Condon states. In regard to
the quenchable, doublet-mediated reactivity, it has been customary to explore three
possibilities: (a) back intersystem crossing followed by quartet reaction, (b} direct doubiet
reaction and {¢) crossing to a reactive ground-state intermediate. There is evidence that
no uniform mechanism applies to all chromium{IIl) species, and indications as to which
process is prevailing in a given system are songht ¢hrough the second type of experiments,
specially in relation to the thermal activation expected for each of these pathways. For
such an approach, series of closely related complexes are, of conrse, desirable, enabling
systematic variations of single factors such as, for example, one of the ligands, the
geometric isomerism, the degree of steric restriction, and so forth.
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Table 1
Photophysical parameters ard ligand-field photoaquation behavior of
trans-Cr(NH,),X(CNY" complexes in acid aqueous solution

X N E* oA SE(*E-'B,) Photolyzed

s kI mof! ey’ ligands
CN™ 40 275 214 2520 NH,»CN" ©
NH, 22 470 309 1260 NH,»CN"™ *
NCS™ ¢ 30 381 26.1 300 NH,>CN™>NC§™ *
H,O* 1.10 54.9 36.3 -170 H,0>CN ~NH, *
F 0.26 46.8 344 -280 NH,>CN >F *
r 0.26 455 338 -860 CN >NH,»CI" /

< Emission data from [16). * Emission data from [14]. °[12). ¢[i1]. “[14}. /[15}

The trans-Cr{NH,) X{CNY* compounds with X = CN", NH,, H;0, NC§", F" aad CI",
synthesized [6-9] and characterized both thermally [6,9,10] and photochemically [11-15)
in this laboratory over the past decade, form a particularly homogeneous and fairly wide-
ranging group of good chromivm{Ill} emitters. Their phosphorescence lifetimes in
solution are, in fact, at least two orders of magnitude longer than those of the analogous
trans-Cr(NH,), XY** or trans-Cr(en},XY** ions with Y » CN [5], so that rate and
activation parameters for the decay of the emitting state are measurable with accuracy.
This report combines previous separate results [14,16] as well as new data on the
photophysics of these complexes in aqueous medium, in order to compare the behavior
of the whole family with the models proposed for doublet-state deactivation of
chrominm(II).

2. EXPERIMENTAL

The frans-Cr(NH,),X(CNY* complexes, where X stands for NH, [6], CN™ [7,8], H,0 [8],
NCS", F~ and CI” [9), were prepared by publisked methods, as the perchlorate salts. The
apparatus and procedures for measuring absorption and emission spectra and for
determining the phosphorescence decay rates have been described elsewhere [14,16).
Excitation in the ligand-field absorption region was by measns of 20-ns pulses from either
a frequency-tripled Nd laser (353 nm) or a frequency-doubled ruby laser (347 am).
Samples were (1.0-2.0) X 102 M in complex and 1 x 10° M in HCIO,, and were filtered
through 0.45-pm Millipore cellulose filters. The temperature was controlled within 0.2
°C. Lifetime values were obtained from least-squares fittings of the first-order decay
plots, with correlation cocfficients larger thas 0.998 and reproducibilities within 5%.
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Figure 1. Temperature dependence of the emission lifetimes of #rans-Cr(NH,) X{CN)*
ions in 1 X 10* M HCIO, solution: (@)X = CT” (right scale); (@) X = F~ (left scale).

3. RESULTS

The phosphorescence lifetimes at 20 °C, 7, and their activation parameters are
coliected in Table 1, where the six complexes are arranged according to decreasing field-
strength of the X ligand. New results are those relative to the species with X = F and
CI. Ten to twenty emission decay rates were genmeraily measured for each compound
over 20-30 °C temperature intervals between O and 35 °C. The decays were mono-
exponential in all cases. For the systems having the fonger-lived emissions, some lifetime
variations were noticed, arising either from changes of the complex concentration or from
the quenching by thermat and photochemical aquation products. Care was taken to
mingnize these effects.

The temperature dependence for X = F~ aad {1 is iilustrated in Figure 1. Analogous
plots for the other complexes have already been reported [14,16]. The apparent activation
energies, E*, and frequency factors, 4, were obtained by fitting the data to the equation
7! = A exp(-E*/RT). Least-squares correlation coefficients were always greater than 0.995
and standard deviations less than +3%.

Table 1 includes the first-order energy separations, 3E, between the ‘E and ‘B, excited
states of octahedral *T,, parentage, which are directly related to the spectrochemical
position of X. Such splittings are evaluated by means of the angular overlap model
relationship 3/2(c, - 0,,) - 2(7, - 7.}, as a function of the axial and equatorial averages
of the o; and m; ligand parameters available from the literature [4). The last column of
the Table summarizes the photochemistry of the complexes by reporting the order of
leaving ability of the various ligands upon excitation in the ligand-field region [11-15]

Figure 2 displays the Arrhenins parameters in a Barclay-Builer plot. ']}ae line represents
the best fit previously reported for a dozen complex-solvent combinations involving
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Figure 2, Barclay-Butler plot of the Asrhenius parameters for emission decay of
trans-Cy(NH,), X(CNY* complexes in aqueous solution. The line is from [16).

Cr(NH;){(CN)** and the two Cr(NH,)(CN)," isomers [16], and is given by eqn. (1)
InA4 = 102 + 0.418E* (1)

The ligand-field absorption and emission maxima in aqueous schitior (pH 3, HCIQ,)
are listed in Table 2. The anticipated splittings of the low-energy quartet absorption
bands are in no case apparent due to the relatively small SE(*E-*B,) values (Table 1). The
first excited quartet state and the associated maximum are designated by the gemeral
notation Q,. The energy of the thermally equilibrated excited quartet, Q. is estimated
from the empirical equation E{Q,") = L.1lv,y - 0.88, where voqs {in 10° cm™ units)
denotes the position at which the absorption intensity is 5% of that of the band maximum
[17]. The corresponding wavelengths are indicaied ip the Table as A(Q,)qos. The
phosphorescence spectra are narrow and structured [13,14,16]: as usual, the prominent
peaks are taken to measure the emergy of the zero vibrational level of the lowest doublet
state, labeled D,°.

4. DISCUSSION

Table 1 shows that within the frans-Cr(NH,) X(CN)Y* series the doublet-state solution
lifetimes vary over more than a 100-fold range, and suggests a first empirical comparison
with the emission rules formulated by Adamson [18]. The rule applicable to mixed-ligand
systems is that, when the complex is treated as pseudooctahedral, the emission lifetime in
room-temperature fluid solution will be relatively short (< 1 us) if that ligand which is
preferentially substituted in the thermal reaction lies on the weak-field axis.

This prediction is well obeyed here. For all complexes the ground-state reactivity
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Table 2
Spectral data for frans-Cr{NH,), X(CNy* complexes and related quantities

X AQyY MQoosy  ADYY EQ% -‘-\Eqn‘ E*/
am nm o em? e cm?!

CN™ 440 526 T0G 20 220 5930 2290
NH, 451 528 680 20 140 5430 3930
NCS™ 466 541 69 19 630 5530 3180
H,O 468 542 638 19 600 5070 4590
F 483 568 685 18 680 4080 3910
ar 488 574 697 18 48¢ 41306 3800

“ Absorption maxima. * See text. * Emissin maxima. ¢ 5% absorption rule [17).
¢ Calculated Q,°-D,° energy separations. / Experimental activation energies.

consists of acid-catalyzed aquation of cyanide [6,9,10]; in the X = CI” case this competes
with pH-independent loss of chioride [9). The thermaily labile groups thus define the
tetragonral axis. On going from X = CN™ to X = CI” the average ligand-field strength
along such a axis changes regularly from higher to lower values with respect to the field
strength of the equatorial plane. This is better evidenced by the variation of SE('E-‘B,)
(Table 1), which depends on the difference between axial and equatorial fields {4). For
X = NCS’, H,0, F and CT, the cyano and X ligands act in opposition on the *T,,
splitting, so that from am electronic point of view there is little departure from O,
symmetry, while the molecular geometries remain truly tetragonal.

The complexes with the longer-lived phosphorescence are indeed those where the weak-
field axes are the NH,-NH; ones and do not contain the thermally released ligands, The
shorter emission lifetimes are then observed when the weak-field axis is the X-CN~ one.
It may be noticed that the intermediate 7, value of ca. 1 ps pertains to the X = H,0
species which is the closest to the O, situation. As was pointed out earlier [16], any
attempt to go beyond a rough correlation between the order of magnitude of the lifetime
and the spectrochemical position of X would be meaningless: severatfold changes in  may
arise from balancing of as much as 10°fold variations of the frequency factor A and
neatly matching opposite variations of exp(E*/RT) in the Arrhenius equation.

Considering the pathway through which the emitting state actually disappears, as
already mentioned, the three potential contributions under the present conditions are back
intessystem crossing (Bisc), chemical reaction {c=) and surface crossing to an intermediate
in its ground electropic state {cs1): in priaciple,

T-! = kBISC + kCR + st! (2)
The relative importance of these processes for chromivm( 1} systems continues to draw

much attention [5,19-24], and we examine here what may be inferred from our data.
The emission rules were rationalized in terms of chemical control (k) of the doublet
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lifetime j18]. It was proposed that if the dominant photolysis mode is the same as the
thermal mode, it would be facilitated by a similar substitution mechanism because of the
clectronic and geometric similarities of the doublet and the ground state, and &, wonld
be large. Antithermal photoreactions would consequently be associated with smaller ke
values. The photochemistry of the rrans-Cr{NH,), X(CN)Y"* family is fairly consistent with
this interpretation. As summarized in Table 1, the ligand preferentially photoaquated
is, in fact, ammonia when X = CN™ [12], NH, [11] and NCS™ [14}, and one of the acido
groups when X = H,0 [14] and CI" [15]. Although in the X = F~ case the prevalent
mode is ammonia sofvation rather than acido-group solvation, the latter still represents
a substantial part of the photoreactivity [14]: this possible exception may be
accommodated by the anomalous photobehavior of fluoro-am(m)ine complexes with
respect to simple ligand-field predictions [3,4].

Since all the above processes require molecular rearrangements, they are envisaged as
thermally activated. The temperature dependence of the emission decay is, therefore,
expected to give further indications as to the choice between misc and the other two
possibilities. '

It is generally accepted that if ko is the limiting term in eqn. (2), the activation energy
should scmehow parallel the separation, AE,, between the thermally equilibrated excited
quartet (Q,°) and doublet (D,’) states (Table 2). The indirect evaluation of this gap from
the spectra is subject to uncertainty arising from the different equilibrium geometries of
Q,” and D% furthesmore, the experimental E* values for misc are likely to include
nonnegligible contributions by other factors such as, for example, solvent reorganization
accompanying conversion between these structurally different states. However, within a
grovp of very similar complexes these perturbations should be systematic and some
regularity should survive,

If regarded as a single set, the data of Table 2 show no correlation of this kind, The
lowest activation energy is exbibited by zrans-Cr(NH,),(CN),*, where the Q,"-D,® gap is
undoubtedly the largest due to the combined spectrochemical and nephelauxetic effects
of two CN ligands, which respectively raise the former energy level and depress the
latter. If there is any trend along the series, it is opposite to the sisc expectation.
Medivm effects on the compounds with X = CN™ and NH; as well as on the cis-
Cr(NH;){CN)," isomer [16] substantiate the improbability of msc, at least for these
species. For a given complex in different solveats E* can vary np to 100% {or by more
than 25 kJ mol'), whereas very small absorption and emission spectral changes suggest
a virtually constant Q,°-D,” separation. A photophysical study of several sysiems ranging
from CrQ, to CrN, coordination led to the conclusion that sisc is significant when such
a separation is less than 35-40 kJ mol’ [19]. In all the complexes considered here the
calculated quartet-doublet spacings are well above this threshold.

While the presumed lack of Bisc and the possible correlation of thermal lability with the
emission lifetimes are consistent with chemical deactivation of the doublet, the fact that
the present complexes contain simple monodentate ligands excludes the steric restriction
effecis that are investigated to test the osi alternative [20,23,24]. The data are, therefore,
insufficient to distingwish between the cr and csi routes. In the former case E* would
represent the activation emergy for reaction occurring directly from D,’, and in the latter
the barrier of the vibrationally promoted crossing to the distorted ground-state
intermediate from which branching would occur to either the products or the original
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undistorted complex. The previously noted tendency of the activation energy to increase
with the viscosity of the medium is also compatible with both models: remarkable is the
doubling of E* for frans-Cy(NH;)(CN),” on passing from water to dimethyl sulfoxide [16).

To the extent that the Barclay-Butler amalysis of the activation parameters is diagaostic
toward the oecurrence of one or more doublet decay processes, Figure 2 provides some
additional clwes. The data appear o group into two classes, implying two different
pathways. The species having the longer-lived emissions fit precisely equ. (1) which
describes the bebavior of a aumber of complex-solvent systems with r between 10 and 100
©s [16]. The parameters for the short-lived emissions fall outside this plot and, possibly,
define anothey line. A éwo-pathway description may still be reconciled with the c®
hypothesis by assuming two different mechanisms, i.e., two different transition states, for
the thermal and the antithermal photoreactions.

As an alternative interpretation, the shorter lifetimes can be ascribed to intervention
of sisc, that is, the six componnds would form iato two distinet groups associated with
Cr/Gst and Bisc, respectively. Various observations are congruent with this view. (i) For
the short-lived emissions F* and AE;, are comparable and indeed appear to correlate,
aithough for a lmited sei of three data poiats the correlation may be formitons. (ii} For
the three other systems the two quantities are unselated as noted before; moreover, the
E* values are definitely smaller than the AE,;, ones. (iii} In an exclusive cr context it
wonld be reasopable to expect lower activation energies for the facilitated thermal-type
doublet photoreactions than for the antithermal omes, which is contrary to the finding.
A possible difficulty with this picture is that the surmountable barrier to asc would be
raised to ca. 60 kJ mol?, a rather high value according to current thinking; in addition,
an abyupt change from one decay mode to another would take place om passing from X
= NCS™ to X = H,0O despite a relatively small change (ca. 5 kJ mol?) in AE,

To complete the survey of the existing data, independent quenching resuits for two of
the long-lived species suggest a pattern at least in partial disagreement with the above
mferences. The quenchable photoreactivities of Cr{NH,){(CNY"* aad sans-
Cr(NH,)(NCS}{CN)* occurring via D,, have been found to be the same as the
unquenchable ones which originate from Q.°. In particular, the former complex yields the
same trans-/cis-Cr{NH,),(H;O)}{CNY** ratio [13], and the latter the same proportion of
photoreleased NH,, NCS™ amd CN [14) This points to a umique precursor to all
photochemistry, to say the least. Both the competitive bond labilization and the
photostereochemistry are entirely explainable by the quartet-related models [1,3,4], and
it is higly improbable that the same photobehavior be exhibited by Q," and D,® {or an
intermediate derived from the latter state), which are characterized by different electron
distributions and conceivably different peometries. Thos, on the basis of the chemical
evidence Bisc appears to be the dominant process along the whole series. This conclusion
is ot unreasonable in the light of the recently advanced notion that in photoreactive
systems the batrier to aisc may be lowered significantly with respect to the spectroscopic
value by a strong interaction of the quartet excited state with the nucleophilic solvent,
which wonld distort the potential surface of Q, along a coordinate for chemical reaction

25).
[ T!) sum up, the data examined here are compatible with more than one interpretation,
and the apparent inconsistencies show the lack of a model that accounts for all
observations. Uncertainty remains because the intimate mechanism of each of the
postulated processes is not yet known,
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