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Abstract
Summarized are recent studies concerned with the use of hydrostatic

pressure to probe bimolecular mechanisms for the deactivation of transition
metal complex excited states. These include investigations of Brgnsted base
quenching of rhodium(III) amine ligand field states, Lewis base quenching of
the metal-to-ligand charge transfer state of Cu(dmp)z* (dmp = 2,9-dimethyl-
1,10-phenanthroline), reactive quenching by various organic substrates of the
long-lived 6*— oP state of the platinum dimer Pty(u—n2-HyPy05)44- and the
competitive electron transfer and energy transfer quenching of the MLCT
excited state of the copper(I) complex Cu(dpp)2* (dpp = 2,9-diphenyl-1,10-
phenanthroline) by various substrates.
Introduction

The use of hydrostatic pressure allows for the systematic and continu-
ous variation of solution properties as a probe of excited state energies and
mechanisms [1-3]. Earlier studies in this laboratory (some in collaboration
with others) have used pressure (0.1 to 400 MPa) to probe the "unimolecular”
deactivation mechanisms of the electronic excited states (ES) of various
transition metal complexes including ligand substitution and isomerization
reactions as well as nonradiative and radiative deactivation to the ground
state (GS) [ 4-9]. Our more recent emphasis has been on bimolecular path-
ways such as ES quenching by electronic energy transfer and by chemical
processes such as electron transfer, atom transfer or proton transfer as well
as by excited state complex ("exciplex") formation. The experiments
described here are concerned with evaluating the resulting effects on the
dynamics of the bimolecular quenching of luminescent metal complex ES.

The quenching constants ky were determined according to

kg = (1l - o DQM! M

where 1 and 1, are the measured lifetimes of the luminescent ES in the
presence and absence of quencher Q, respectively, under otherwise identical
conditions. The volume of activation for any dynamic process is defined by
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dlnk;
AV = RT (Cgpor @

where kj is the rate constant at a particular pressure. In general, the sign
and magnitude of a AV¥; may reflect changes in intrinsic volumes of the reac-
tants and/or in solvation volumes (especially if there is creation or depletion of
charged species), but it should be noted that the term "volume of activation” is
a convenient representation of pressure effects and should not be overinter-
preted as solely indicating actual volume changes along a reaction coor-
dinate. The AViq values described here were determined from the slopes of
plots of In(kq/kq?) vs P at constant T, where kg2 and kg are the quenching rate
constants measured at ambient pressure and at pressure P, respectively,
calculated according to Eq. 1 with concentrations corrected for solvent
compressibility. These plots were linear (within experimental uncertainty)
for the pressure ranges investigated (e.g., Figure 1); however, it should also
be noted that second order effects may indeed lead to nonlinear behavior [10].

Brgnsted Base Quenching of Rhodium(III) Amines Ligand Field States

The trans-Rh(cyclam)(CN)g* ion (I, cyclam = 1,4,8,11-tetraazacyclotetra-
decane) displays luminescence from a ligand field excited state (3LF*) in room
temperature, aqueous solution with a lifetime (8.1us) [11] several orders of
magnitude longer than generally observed for rhodium(III) amine complexes
[12]. As has been observed for some other Rh(II1) amines , the 3LF* emission
from I is quenched by OH- in solution (Eq. 3), a process attributed to amine de-
protonation [13]. The rates for this process approach the diffusion limit (k3 =
1010 M-15-1)[11,13]. The pressure effect on k3 and on the rate constant for sim-
ilar quenching of the 3LF* emission from Rh(ND3)¢3+ (by OD- in D20) have
been examined in this laboratory [14]. The resulting AViq values were posi-
tive, +4.1 £ 0.5 and +4.0 + 0.6 cm3 mol-1, respectively. In these cases positive
AViq's would be predicted by two factors. For reactions which approach diffu-
sion limiting rates, positive AV¥'s are often seen owing to the increased viscos-
ity of the solvent under pressure. However, the relative incompressibility of
water makes this contribution very small (< 1 em3 mol-1) [15]. Of much
greater impact would be desolvation of the ions, hence a postitive contribution
to AV#q, accompanying the charge neutralization resulting from proton
transfer from the LF ES of the rhodium cations to OH-. The change in partial
molar volumes AV would be quite large for complete proton transfer (the AV
between OH- and H20 is ~ +16 cm3 mol-! and desolvation of the complex ion
should give a comparably large and positive AV as well [1]). Thus, the much
smaller value of AV¥, likely reflects a very early transition state for the proton
transfer process leading to ES quenching. Such a result is certainly not
unexpected given the kq values near the diffusion limit in aqueous solution.

3[tmns-Rh(cyc]am)(CN)2+]* ------------- > trans-Rh(cyclam)(CN)g+ 3)
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Quenching of [Pta2(POP)44T* by H-Atom Abstraction from Benzylic Substrates

The d8-d8 dimer of platinum(II) Pty(u-n2-HyP205)44 (subsequently de-
noted as Ptg) displays strong, long-lived phosphorescence with tr, ~10 us and
or = 0.55 moles/einstein in aqueous solution [16]. The luminescent excited
state 3Ptg" is quenched by substates such as benzylic alcohols and ethers,
main group hydrides and halocarbons [17] from which atom abstraction can
occur readily and has been shown to be active in the photodehydrogenation of
alcohols to the homologous ketone (Eq. 4) [18]. The manner by which PtoHs in
Eq. 4 forms is uncertain, but the monohydride species PtgH has been demon-
strated to form under conditions relevant to the photodehydrogenation, and
atom abstraction to give an organic free radical plus a Pt(ID-Pt(III) mixed
valence dimer (e.g. Eq. 5) is considered to be the probable first step.

Pte* + PhCH(OH)CH3 -—--- > HPtz + PhC(O)CH3 CY)

Ptz* + RH - > HPty* + R* 5

The effect of pressure on the quenching of phosphorescence from Ptg*
was examined in this laboratory [19] for a series of benzylic substrates and the
relevant AViq data are summarized in Table 1. In each case, the rates for
these relatively slow quenching processes are enhanced by higher pressure
G.e., AV*q's are negative). Furthermore, although a kinetic isotope effect
(kn/kg) of 3.6 is apparent for deuterium replacement of the benzylic hydrogen
of a-methylbenzyl alcohol, the AWq values for the protio and deuterio sub-
strates are experimentally indistinguishable. Notably, activation parameters
determined by Harvey [20] from the temperature dependence of kq show that
the rates are largely governed by the negative entropies with AH and ASt

Table 1: Volumes of Activation Measured for the Quenchm:g of 3Pty" in

CH30H by Benzylic Quenchers (AV¥ values in cm3 mol-1)2
Quencher AV#(em3 mol' )P kg, Lmolls1c

CeHCH20H 54 1.6 x 106
(C¢Hg)2CHOH 28 7.1x 106
CgHsCH(OH)C2Hs -2.6 46x105
C¢HsCH(OH)CH3 44 9.4 x 105
CeHsCD(OH)CH3 4.7 2.6 x 105

_CeHfCHpOCH; 41 taxis

a 21+ 1°C

b estimated uncertainty is < + 1 cm3mol-1
c kq at ambient pressure
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equal to +2.4 kcal mol-1 and -19 eu, respectively, for benzyl alcohol, and +1.6
kcal mol-1 and -26 eu for a-methylbenzyl alcohol. The substantially negative
AS*Q values are consistent with the negative AV¥q values for these two sub-
strates and point to significant organization in the formation of the transition
state for the step leading to quenching and the associated hydrogen atom.
These results would be consistent with a transition state formed by an assoc-
iative interaction between the benzylic H-atom donor and a site on the excited
state complex 3Pty*, presumably one of the metal atoms.

Lewis Base Quenching of [Cu(dmp)s*]* by Excited State Complex Formation

The copper(l) complex Cu{dmp)a* (dmp = 2,9-dimethyl-1,10-phenanthro-
line) displays metal to ligand charge transfer (MLCT) luminescence in amb-
ient temperature CH2Cla solutions [21]. This emission has been shown to be
quenched by various Lewis bases B and the reaction of B with the MLCT state
3T* at the metal center to give "exciplex” formation has been proposed as the
responsible mechanism (Scheme I) [21]. The viability of this mechanism was
tested in this laboratory by comparing, in the presence and absence of Lewis
base quenchers, the pressure effects on the emission lifetimes of Cu(dmp)a+*
with those on the emission lifetimes of the analogous 2,9-diphenyl-1,10-phen-
anthroline (dpp) complex Cu(dpp)2* [22]. Lewis base quenching of the latter
species is much less significant, apparently because the much bulkier phenyl
substituents are more effective in blocking the copper center from increasing
its coordination number,

Scheme I
.. KB .
[Cu(dmp) , ¥ —/————% [Cu(dmp) ,:B']*
k, +k, k,"
-hv
+ -B .
Cu(dmp) , *;a-—s?—— [Cu(dmp) ,:B ]

The application of pressure to CHoClg solutions of either Cu(dmp)a+ or
Cu(dpp)2* led to systematic decreases in the emission lifetimes even in the ab-
sence of added Lewis bases (Figure 1). However, it is clear from the In{t%/1) vs
P plots of Fig. 1 that the emission lifetimes of [Cu(dmp)o*I*are significantly
the more pressure sensitive. In the absence of quencher, 1 = kq'1, where kq is
the sum of the radiative (k;), unimolecular reaction (kp) and nonradiative (kp)
rate constants for ES deactivation. For [Cu(dmp)2*]* and [Cu(dpp)e+]®, the
emission quantum yields at ambient temperature are small (<10-3) and uni-
molecular photoreactions are not cbserved. Thus, the dominant deactivation
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pathway is nonradiative and the pressure sensitivity of 1 reflects that of the
various nonradiative deactivation pathways. From Figure 1 the respective

AYTE ol A amed 18 o 121 PSRN NI, [ AU o Y S IUNIE WIS, PR |
AvVTp Vaiues 01 -3.4 and -1.6 cm® mol-! were determined for L\;u\u.l.uplz 17 ana

[Cu(dpp)2*]® [22]). The small negative value for [Cu(dpp)2*]® is within the
range of those seen for other metal complexes decaying nonradiatively via a
unimolecular weak coupling mechanism [1,8]. The more negative AVip for
[Cu(dmp)t]* is outside this range and suggests participation of an assoc-
iative pathway as one component of the the nonradiative deactivation of this
less sterically crowded complex, i.e. that the k,, pathway in this case may
involve formation of a solvent complex with the ES prior to nonradiative decay.
The differences between the ES properties of these two complex ions were
further accentuated when Lewis base quenchers were present. The presence
of 0.30 M CH30H or CH3CN in the CH3Clj solutions shortened the ambient
pressure and temperature emission lifetime of [Cu(dmp)2*]* from 90 ns to 66
ns or 63 ns, respectively, but did not affect t for [Cu(dpp)2*]* [22]. The use of
Eq. 1 allowed the calculation of kq values for the individual pressures from
which were determined the AVig's -5.4 and -6.2 cm3 mol-1 for the quenching
of [Cu(dmp)2+]* by methanol and acetonitrile, respectively Although the par-
tial molar volumes of neither the excited state [ [Cul{dmp)g*1* nor of the piiLaLiVe
excited state/Lewis base complex are known, one may safely conclude that
forming the latter should lead to reduced total partial molar volume. Thus,
an associative pathway, such as illustrated in Scheme I, where kq = Kpky'
should display a negative AVig. The negative values both of AVip and of
AV*q for [Cu(dmp)g+]* are cons1stent with the major role of associative path-
ways for the deactivation of this MLCT ES. Correspondingly, the medium in-
sensitive lifetime for [Cu(dpp)2*]* with but a small negative value of AV¥,
confirms the role of the bulky 2,9-diphenylphenanthroline ligand in blocking
access of various bases to metal coordination sites of the MLCT excited state

Figure 1: Dependence of MLCT

lifetimes of Cu(dmp)e* and of i
Cu(dpp)2t* in CH2Cl; on pres-
sure at 23 °C. - 380 Cu(dmp)s*
dpp = .280
In %7 N
. 150
1 . Cu(dpp)z”

. 050~

dmp = Ha \ . : . . .
50.0 150, 250, 350

CH, Pressure (MPa)
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Energy and Electron Transfer Quenching of [Cu(dpp)2*]*

That the MLCT ES of the Cu(dpp)e* ion is susceptible to quenching by
various electron and energy acceptors has been demonstrated [23] for a series
of electron and energy acceptors such as the B-dionato derivatives CrLg3 (Eq. 5).
These Cr(III) complexes display a remarkable range of reduction potentials
(-0.79 V to -2.43 V referenced to ferrocenium/ferrocene in CH2Clg dependent
on the nature of L) [23], but their doublet ligand field ES energies are relatively
invariant (12.5 + 0.4 x 103 cm-1) [24]. These uncharged complexes are an at-
tractive series of quenchers given the absence of ground state (GS) ion pairing
interactions with 3[Cu(dpp)2+]*. Electron transfer leads to charge creation,
i.e., formation of a dication Cu(dpp)22+ and of anions CrL3", but energy trans-
fer does not. Rates of electron transfer should thus be the more susceptible to
perturbations of the medium.

Cu(dpp),?* + Cr(acac-x);’

. ke
°[Cu(dpp)2’] + Cr(acac-x),
kon

Cu(dpp),” + [Cr(acac-x);] (5)

Table 2 lists the kq and AV¥; values determined for quenching of
3[Cu(dpp)2*]* by different CrLs complexes plus p-dinitrobenzene and p-chloro-
nitrobenzene, the low reduction potentials and high triplet state energies of
which limit their quenching of 3[Cu(dpp)2*]* to electron transfer pathways
[25]. Figure 2 displays AV¢q plots for Q = Cr(acac)3, Cr(tfac)s and Cr(hfac)s,
and illustrates three markedly different responses of kg to pressure, the res-
pective AV, values being -0.1 £ 0.8, -8.1+ 1.0 and +8.0 + 0.8 cm3 mol-L.

The three pressure effects illustrated by Figure 2 represent three
different regimes of the AG®, for electron transfer. For those CrLg such as

Figure 2: Plots of In(ky/kq2) vs P
for quenching of 3[Cu(dpp)e*]*

by Cr(tfac)z (upper ), Cr(acac)s 80 r
(middle) and Cr(hfac); (lower) -
in dichloromethane at 23 °C. a0 b Critfac),

Cr{acacly

w . 4

Crihfac)y

50 |

L iy — ek I
50 150 250
Pressure (MPa)
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Cr(acac)g where AG°,) is unfavorable, the quenching process is dominated by
the relatively slow energy transfer mechanism. In this regime, AV*q is quite
small, consistent with the absence of solvation/desolvation effects from charge
creation, and probably indicating that neither 3{Cu(dpp)2+1* nor the doublet ES
formed by energy transfer to CrL3 are dramatically distorted from the respec-
tive ground state configurations. (This result also suggests that the AV for
formation of the precursor complex for electron transfer would be small as
well [25].) At the other extreme is the case where AGY] is large and negative,
and kq approaches the diffusion limit (1010 M-1s-1), In this regime, AV is
large and positive (+8.0 + 0.8 cm3 mol-1 for Cr(hfac)3) and reflects the in-
creased viscosity and consequential decreased diffusion rates in solution. The
third regime, appears where the value of AG% falls slightly to the positive
side of zero. When this is the case, the dominant pressure sensitive term in
the absence of ion pairing must be the rate of electron transfer within the
precursor complex. As would be expected for the increased solvation and

Table2 ky's at ambient pressure and AV:t 's for quenching of emission
from 3[Cu(dpp)2+]* in dichloromethane.

Q Eyp? AGP kq(107 M-15°1) Ati(cm3mol'1)
Cr(hfac)z ¢ -0.79 -0.62 940 +8.0
p-dinitro-

benzene - 1.18 -0.23 1050 +6.9
Cr(tfbzac)3 -1.43 -0.02 200 +0.8
Cr(tta)s -143 0.02 220 +2.1
Cr(tc-bzac)s (-1.48) 0.07) 60 +3.8
Cr(br-dbm)3 (-1.53) 0.12) 4.2 -3.5
Cr(n-acac)3 (-1.57) (0.16) 6.3 -3.8
p-chloronitro-

benzene -1.58 0.17 3.0 -20.4
Cr(tfac)z -1.64 0.23 4.2 -8.1
Cr(tc-acac)s (-1.66) (0.25) 34 -14
Cr(br-acac)s (-1.89) (0.48) 6.7 -2.4
Cr(dbm)3 -1.87 046 6.8 -0.3
Cr(acac)3 -2.43 1.02 15 -0.1

Eys values versus the Fe(cp)e*/Fe(cp)2 couple in CH2Clg [23]; values in
parentheses estimated from parameters according to reference [26].

b AGel® = - {Ey(Crlil/CrIl) - Ey/o(Cull/*Cul))

c acac = acetylacetone; dbm = dibenzoylmethane ; hfac = 1,1,1,5,5,5-
hexafluoro-2,4-pentanedione; tfbzac = 4,4,4-trifluorobenzoylacetone; tta
= thenoyltrifluoroacetone; tc-bzac = 2-thiocyanato-1-phenyl-1,3-butane-
dione; br-dbm = 2-bromo-1,3-diphenyl-1,3-propanedione; tfac = 1,1,1-tri-
fluoro-2,4-pentanedione; n-acac = 3-nitro-2,4-pentanedione; tc-acac = 3-
thiocyanato-2,4-pentanedione; br-acac = 3-bromo-2,4-pentanedione
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solvent rearrangement from the resulting charge creation, a large and nega-
tive value of AV¥; might be expected. Two of the quenchers in Table 2 provide
dramatic examples of this effect, Cr(tfac)s (AG%j = 0.23 V, AV¥; -8.1+1.0
cm3 mol-1) and p-chloronitrobenzene (AG%j = 0.17 V, AV -20 + 5 cm3 mol-1).
This behavior suggests that under these conditions the electron transfer is
closely coupled to solvent relaxation processes.

The above summary illustrates the effects of hydrostatic pressure on
the rates of bimolecular excited state quenching. While the pressure experi-
ment clearly is not sufficient to delineate the mechanism of such a process, it
does add new mechanistic insight which is complementary to other, more
commonly used, investigative methods applied to excited state chemistry.
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