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ABSTRACT

Variations in the radiative rate constants, ke, for the 2E emission of chromium(ITE) am{n)ine
complexes span at least a 73-fold range and are determined by spin-orbit coupling to the nearest
quartet excited states. The 77K lifetimes of most of the {N-H) perdeuterated complexes are found to
be correlated with the same spin-orbit coupling parameters. The notable exception found to this
corrclation is the N-H deuterated 1,2-his {1,4,7-tnaza-l-cvclononyllethane-chromium(iil),
Cr{{9]aneN1)}pEii+, complex for which the observed lifetime at 77K 15 15% of that predicted by
correlation with other am{m)ine complexes. This exception demonstrates thal some low frequency
mode mediated, non-radiative relaxation pathway can coniribute 1o relaxation of the 2E excited state
of Crilll) complexes. The exceptional photophysical behavior of this complex extends to its
emission spectra which are broad and matrix sensitive. 1t is postulated that the 2E excited state of
Cri|Y}aneN3 9Bl iy digtorted owing 1o the tendency of the bis-macrocyelic ligand to twist owands
a prismatic geometry. It is inferred that variatons in the electronic coupling matrix elements account
for much of the variation in 77K CE)Cr(LT) lifetimes.

INTRODUCTION

The nse of transition metal excited states as chemical reagents or as energy transducers
necessiates a good understanding of the processes which unproductively deactvate these species,
degrading the electronic excitation energy into heat. The excited state behavior of transition metal
complexes has been especially chullenging since there are generally many pathways for excited stae
relaxation. Some relationships between complex soructure and excited siate lifetimes are evolving
for the 2E excited states of chroraiurmd[11) {refs, 1-4). However, even for (ZE)Cr{II1) species the
picture is complicated under ambient conditions with the matrix {i.e., solvent, crystal lattice, etc.)
mediating much of the excited state relaxation behavior ar room temperature (refs. 1-4). In
principle, if such molecular properties as stereochemistry and electronic siructure do direcdy
inflnence excited state relaxation the way in which these influences alter the low lemperature excited
state relaxation rates should be relatively clear. It has been especially difficult 1o evaluate the excited
state-ground state (?E-*A3) electranic coupling, and the influence of this coupling on excited suate
lifetimes..

The 2E excited state lifetimes of Cr(II) complexes tend o approach values, Tlin, at low
temperantres (refs. 1-4), These limiting lifetimes thus seem to be tme melecular properties, yet theit
variations, spanning a range ol more than 103 (refs. 1-4), have been difficult 10 correlate with
variations in simple structural parameters. For example, high frequency vibrarional modes
{e.g., O-H or N-H streiching frequencies) asseciated with coordinated atorns are effective in
yuenching the 2E excied states (refs. 1-11), but the expected (refs.12-15) dependence of Tty on
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the number of coupled high frequency acceptor inades, dy, has been difficult to demonstrale over a
variety of complexes (refs. 4, 5, B). Thus simple cotrelations of T;m with the number of high
frequency osciliators, Ny, generally fail for large classes of complexes. On the other hand
cotrelations of the form of eguation (1) seem to work relatively well {(Fig. 1)
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Tigure 1. Mustration of the dependence of non-radiative relaxaton rates of 2E}CH{IIN-am{m)ine
complexes on the number of coordinated high [requency oscillators (Nyp). The 77K data were taken
from Table 1 of Ref. 16, and are numbered as in that table, The mean lifetime of (N} prodated
complexes is designated kyyp of (ND) deuterated complexes, knpy ; hvy taken to be the measured
IR {NH) stretching frequency; Eg == electronic origin of 2E emission.

In[(kNH - IDYRND] = glaNp + b {1

(for kNH and kND the inverse values of Tjjyg for protiated (NH) and perdeuterated (ND),
respectively, am(m)ine complexes) {ref. 16). While equation (1) seetns to be useful for most simple
an{m)ine complexes, it does not correlate data reported for fluoro-am(mine complexes and there
are appreciable deviations for cvane-amimiines, Furthermore. there are large variations in Tijm,
even when high frequency accepting modes are ahsent {refs. 1 -1, 16}, and there seem to be no good
criteny for relating these vanations (© structural parameters,

In general, one would expect the rate of excited state relaxation 1o be the sum of the
contributions from competing pathways. In the simplest form, the mear relaxation rate constant can
be represented as the sum of the rare constants for radiative relaxation, kr, non radiative relaxation

mediaied by high frequency vibrational modes, kg. and pessible contributions frotn non-radiative
relaxation pathways not involving high frequency modes, k;fr, as in equation (2).

nf If
(Tl = ke = LSSt )
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The low frequency pathways are a special concern for d-d excited states since metal-ligand angular
motions couple saongly with the metal centered d-orbitals, and such motions could facilitate the
relaxanion of the Laporte selection rules. However, there has been no clear demonsiration, prior 1o
this work, that k:f_ is ever much greater than k;. Tt is convenient to factor the non-radiative
relaxation rate constants into scparate contributions from the electronic and nuclear consiraints on

the mansidon invelved (Bom-Oppenbeimer approximation); the semi-clagsical form, equation {3), is
i iod oL
Ky = Kt Vi ©)

useful for our further discussion (i = hf or 1f), where k. is an electronic retardarion factor {or
transmission coefficient), kyy is a nuclear retardation factor and vere is the frequency of the
unrestricted ransition, The observarion that a simple rate ratio, such as equation {1}, seems to
improve the quality of the correlation between (1im)"! and Ny suggests that kg1 < 1 for the non-
radiative processes, and that it conibutes & great deal to the variations in Tjim.

One expects the elecironic coupling berween the ground and excited state to be most
unequivocally manifested in kp. In this report we consider the information regarding the influence
of electronic coupling on Tjm, and (his has necessitated (he determination of some values of ki, the
evaluation of their variations and the implications for electronic contribntions to k,‘|r

OBSERVED VARIATION IN THE ((E)CHROMIUM(III) RADIATIVE
RELAXATION RATES AT 17K

There have been surprisingly few systematic studies and there are many difficulties. Most
of the published work and most of the problems are discussed in Forsier's recent review (ref.4).
We have wied to make our determinations in a consistent mediom {(DMSO/A 20 glass). While the
determinations of 1y, are reasonably straightforward, dererminations of k; are subject o many
crrars {g.g., see refs, 4 and 17). We have devised a method, outlined below, for the determination
of relative values of the radiative yields {more correctly the relatve values of npk, where p is the
intersvsiem crossing efficiency of the Cr{Ill} complex). Relative vields are sufficient for many of
Qur puUrposes.

h i issi nts.

Samples dissoived in 100 ml high purity DMSCG/H20 {57:43, V:V) containing 0.1 g NaClO4
were placed in a 1.2 cm 1.d., 28 cm long pyrex wbe, degassed and immersed in liguid nirogen.
Measurements were only made on clear glasses. The sample cell was lowered into a cylindrical
quartz dewar so that the excitaton beam traversed it 1.5 cm from its base. This apparatus was
adjusted so that the laser beams reflected from the front and rear surfaces were colinear with the
incident beam. Once the sample tube was aligned, the solution absorbance at the excitation
wavelengih and the emission intensity were determined.



A Molectron UV-10190 nitrogen pumped Molectron DL-14 dye laser {pulse width at half
maximum = 10 ns) was emploved as the light source with the laser dyes coumarin 440, BIS-MSB
and DPS emploved for excitations at 449, 420 and 407 nm respectively.

Lior the determination of sample absorbance, the laser beamn was passed through a glass filter
{Hova 3390) to remove background (uorescence ol the dye laser. A 2 mm aperture 3 m from the
dye laser resulted in a well coilimated, homogeneous output beam. A plano-convex lens {f = 40
cm) focussed this beam through the sample to a spot just behind the dewar, and a second plana-
convex lens (f =5 cm) tghtly focussed the transmitied light (of intensity 1)) onte a Molecrron J-3
pyroelectric joulometer. The joulometer output was passed through an Ortec Model 535 amplificr
(10x gain) to a Gould-Bivwmation model 4500 wransient recorder. The peak voltage of the joulometer
{50 s mean signal lifetime) is proportional to the total energy of the incident photons {Nhv) and
was recorded 3 ps after firing the laser. Lach determination was the average of 64 laser shots, The
incident light intensity, kg, was determined using the same apparatus and procedures, but with the
sample eell containing only the glassy solvent, The intensity of light absorhed by the solution, T,
could be olwained {rom,

Ii=lg- Ly =1 {1- 108

where the instantaneous intensities are proportional to the voltage readings for a given excitation
wavelength, and the nurber of photons absorbed can be obtained from the voliage readings:
AV /hy.x =7 (ny); where AY = V-V .. Ambient absorbance readings using this procedure were
within 0.002 absorbance units of those determined using 2 Perkin-Elmer Lambda 3B UV/VIS
specirophotometer,

Emitted light was collected and collimated at 90° to the excitation beam using a planc-convex
lens (f = 7 cm). The collimated beam was passed through a 70 cm long tube containing a
KaCrQg/Ks[Fe(CM)gl filter solution {greater than or equal to 92% transmittance for A > 525 am)
and focussed by means of planoconvex lens {f = 15 cmy} onto a red sensitive PMT (Hamamatsu
model R928) biased ar - 800 V, The PMT output was ransmitted 1o the Gould-Biomation 4500
which had a digitization rate of | sampic/10 ns. No correction was made for PMT wavelength
response since most of the intensity of the CEYCr({II)} emissions vecur wver a parrow spectral range
a1 77K. The teroporal and lincar responses of the PMT were checked. The "instantaneous” intensity
of emission, 1y, was tecorded at 100 ns after the leading edge of the scattered laser light. The
relative emnission rate constants could then be obtained from,

Mk, = mi (i) = mle Vo - Vi

where m and m' are systern constants and T; = Mok Timla = Modda. The system constants were
established for each excitation wavelength relative o Cr{[9]aneNs)2*.

Results. Values of nDk; for several complexes are listed in Table 1.
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Figure 2. Emissicn spectra of [Cr({91aneN3),]Cl5 in different matices: (1) DMSO/HL0 (1:1,
V:V) fluid solution at 298K; (3) DMSOM,0 (1:1, V:V) glass at 77K; (3) crystalline solid at 77K,
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Figure 3. Comparison of 77K emission specira of Cr{OAcs[9aneN,) in: (1) DMSO/MH;0 (1:1,
V:V) : and, (2) pure solid.



71

EMISSION SPECTRA AND LIFETIMES.

Emission spectra were determined using either the Princeton Applied Research OMA-1 with
SIT vidicon detector and On Line Instruments Systems, Inc. {OLIS) software as described
elsewhere (refs 16, 18), or a Princeten Insruments IRY-512 diede array system. Emission
lifetimes were determined using the Gould-Biomation 4500, OL1S software and a R955 PMT as
deseribed previously (refs. 16, 18). The Molectron UV 1010 pumped DI~ 14 dyc laser output was
used for excitation in both kinds of measurement. Values of Tiim the 2E elecironic origing (E%) are
theluded in Table 1.

While the (2E)Cr{TI1) emission liferimes lend to be nearly independent of the matrix at 77K if
the Cr{Ill} complexes are reasonably dilute {glasses or doped crystalline solids), there are some
striking variations in the emission specira. Many, perhaps most Cr(TT1) complexes have very
similar glassy solution and solid state {even the pure Cr{lIl) complex salis) specira, but the band
widths are greater for the spectra obtained {rom glassy solutions. The band shapes do differ in
solutions and solid state for a fow complexes, usually with enhanced intensity of the electronic
origin accompanying the appreciable solution broadening of all components. This behavior was
most noticeable for Cr([9]ancN3}23+ {Fig. 2) and Cr{OQAc3[%]aneN3) (Fig. 3). However, the
emission found for Cr{[9]aneN3)zEr3+ was unique, among the complexes that we have examined,
for its broad, relatively featurcless emission, and the sensitivity of the band maximum to the solvent
matrix  (Fig. 4), Even more unusual, Cr([9]aneN3)2Et3+ doped into
|Rhi{]9laneN1)2Et {PTig)a {1:30) exhibited two emission maxima {Fig. 5) at about 710 and 730 nm.
The relative intensitics of these maxima varied with the excitation wavelength through the low
energy {Amax = 480 nm) ligand field absorption maximum as illusmated in Fig. 5.

ELECTRONIC COUPLING AND (2E)CR(II} RELAXATION RATES,

The variations in the radiative rates of the spin and Laporte forbidden 2E — 4A; mansitions
are in principle very swwaightforward (refs. 19, 203, The values of k, should increase with: (1)
decreases of the ZE - 4Ty energy gap; and (2) decreases in complex symmetry.

The mean radiagve Tate constant for an allowed Tansition can be writien {rf, 12),
kr = Bigle—)? ¥ (Voe—gm) | ¥* oe (@ W mpiqidai @)
T He g) e g, mgkiaq
m

where B is a collection of constants, Us—y {hersafter fleg) is the mean transition dipole moment,
h¥oe_~mg is the energy of transition from the zeroth vibrational level of the excited state of the mth
vibrational level of the ground stare, and the corresponding vibronic wavefunctions are integrated
over the normal coordinates . Strictly speaking, equation (4) is not correct for the 2E — 4,
radiative rates, but it is a plausible basis for discussing the relarive rates. The spin selection rule is
relaxed through spin-orbit coupling of the 2E and 9T excited statcs (refs. 19, 20), the Laporte
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Figure 4. Emission spectra of [Cr{[9laneN4),Et1{Cl0,)4 in different matrices at 77K: (1)
crystalline solid; (2} powder; (3) DMSO/MHO (1:1, V:V).
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Figure 5. Excitation wavelength dependent luminescence of [Cr([f)}aneN3)2Et13+ doped (1:30)
into solid [Rh{[9]aneN;},Et]{PFg)y at 77K, Excitation wavelengths through the lowest energy
absorption band are indicated along the right axis.
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selection rule is relaxed in complexes without an inversion center or by means of coupling to
symmetry reducing vibrations. One expects spin-orbit voupling to dominate the 2E — 4A5
transition (refs. 19, 20), and this is most conveniently expressed in terms of the perturbational
mixing of the zero-order doublet {"I’g) and quartet (‘{’%J excited state wave functions,

(YRI&a¥] )
R A ek &
E €, B T

where 2,is the spin-orbit Hamiltonian. Since (‘{j AIM‘-I’E} =0, for ‘I-‘i; the zero-order ground state
wavefunction, only the spin-orbit terms contribute to equation (4) and the radiative relaxation rate
constant has the form kp(2E) = Cgok(*T2). The spin-orbit coefficient, Cgo, may be expressed in
terms of a spin-orbit coupling constant, &, the energies of the quartet absorption (hvr) and doublet
ernission (hvg) maxima, AE = (Et - Eg) and the multiplicity ratio {vefs. 19, 20),

ke(E) = ;- ( MAE)2vENTIKAT) (5)
The radiative rate of the guartet may be written {ref. 12,
k(4 T2} = 3.06 x 107 w13 12 ooy AV13/Vmax )

where n i3 the index of refraction, €qmux 15 the melar extinction coefficient at the absorption
maximum and Avyp is the full width at half maximum, Thus, from equatdons {5) and {6) we expect
a corelation of the form,

ke2E) = 1.4 x 109 02 (WAE)2 vEvT? £max AVL/2 Mmax @

‘Lo ailow for the possibility that other terms might vontribute we the wansition probability {e.g., spin
orbit coupling to other states, non-dipolar contributions (o %, etc.) we have plotted [1~|;:)L{[(2E‘.)]11’2
vs [(AJAL) (vgvi. emaxﬂvmjvma,)m} in Fig. 6. However, there is no evidence for olher
contributions to ky{ZE), and Fig. 6 demonstrates that the (2EYCr{IET) radiatve relaxation dynasmics
are dictated by spin-orbit coupling between the 2E and 4T excited states. This correlation also
indicates that fp has very similar values in most of the Cr{fIl} complexes. The appreciably smaller
value of n Dk; for (CEICr([14)aneNa}(CNyz* than expocted for the correlation in Fig. 6 could
indicate that np is unusually small for this complex; however the signal was so weak in this
particular determination that a strong inference is not justified.

RELAXATION RATES OF THE PERDEUTERO COMPLEXES

In principle, (im0 =k + k}fr. where k:fr represents non-radiative relaxation pathways
mediated by low frequency vibrational modes. The limiting, low temperature non-radiative
relaxation rates can be viewed as vibronically mediated tunneling processes. (refs, 12, 13), Even
0, one expects some similarities between k; and the electronic components (as manifested in k) of
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ki, (i=hfor If). For example, the contribution 1o k; of "intensity stealing” from spin-allowed
transitions depends on the magnitude of the spin-otbit coupling constant, A, and the energy
separation of the coupled states, AE, and the similar quantities are expected to contribute 10 xg|.

Mpkd'?

0 I 1 i L P L
50 100 150 200

B/AE

Figure 6. Dependence of the relative radiative emission rates {npk ) on the enerpy difference (AE)
between the 2E and lowest energy quartet {designated "4T2") excited states, modified by the reladve
oscillator strengths for the Jowest energy quarlet absorption (YA —4T1) as predicted for spin orbit
perturbational coupling of the 2E excited stare with the 4Ao groand state; B =
?L[vE\fTsmx&v”;jvmax]lﬂ, where A is the spin orbit coupling constant, vg nd vy are the emission
maxima doublet and (hypothetical) quartet emissions and €qy. Viy2 a0d Yy are A2 —4T2
absorption parumeters. Based on refs, 12, 20, 21. Points numbered according to the descending
sequence in Table L

ELECTRONIC CONTRIBUTIONS TO THE NONRADIATIVE RATES

For an electronically forbidden non- radiative process kel <<1 and can be expressed as {ref.
2.

Kol = [(2Vied/) (23 Baghvng River

where the clectronic matrix element Vip= {¥ |7 'I‘{’i), # ' is the Harmniltonian term which induccs
the wansitions, Epy is the energy of the nuclear displacements which accompany the transition {(Eny
= one half the stokes-shift) and vy is the associated nuclear frequency. For the 2E — 443 non-
radiative wansitdon, one rmight expect spin-urbit coupling to dominate so that "= Hyp and Vipto be
approximarely of the form (ref. 13),

Viez ), (Voo VENAE) Bra
J
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where Jiga is the vibronic coupling constant which describes the electron-nuclear coupling for the
prometing modes, j, which are effective in coupling the 2E excited state and the *A7 ground state,
For our purposes 1t 18 sufficient w© weat ZJjEA as a constant, i, for this series of

complexes. Then, ]

K= (2MB'/AR)2(2r3 / Enghvagienn = BOVAE) 2k,

where all the constants or presumably slowly varying terms bave been collected in .

100

0r

(TND)-IR, S-Ip"z

B/AE

Figure 7. Comparison of inverse mean lifetimes of N-I> perdeutero (2E)Cr(IIl) excited states to
radiative-spin-orbit coupling parameters; B and AF asin Fig. 6,

Forster hay rcccntly {ref 4) raised the possibility that [T?]?n)_ might be nearly egual to k. In
wecord with thJS view, {1 1111'1) is not correlated simply with {(AE)2, as equation (7) suggests that it
should be if ki were much greater than k;. Rather, Fig. 7 demonstrates a good correlation but not
as pood as the correlation of kr in Fig. 6) of (TN D] U with O\;‘AE)(\EvTama,&vlm’vmax‘m
consistent with a very substantial contribution of k; to (TTI%) ~ for mast of the complexes,
However, the form of the electronic matrix element contribution to knr is not known with sofficient
certainty to base guantitative inferences about the relative magnitudes of k . and kr tor most
complexes on the correlation in Fig. 7. There is onc outstanding exception: (1":1)1) U2 tor the
Cr{[9]aneN3)2EC+ complcx is nowhere close to the value based on the correlation line in Fig. 7.
This srongly suggests that k >3 ki for this complex. In view of this, it is very unlikely that ky >
k" for all the other comp].cxes and much of the scatter of data around the correlation ling in Fig, 7
could be the consequence of comparable contributions of kr and kl with their s.hghtl:,r different
dependencies on system parameters.  An cxceptionally la:rgc value of k! ap 1nferred for
Cr([#]aneNa);E3+ would be consistent with an excepdonally, for ZE)CH{IIT), distorted excited
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state Tesulting in a larger than usual probability for nuclear tunneling; i.¢., the contribution of kny is
expected to increase with nuclear distortion. Thus, the 2E relaxation dynamics of
Cr{[9]aneN3)2Et3* seem consistent with the unusual spectroscopic behavior of this complex
discussed above.

EVALUATION OF THE POTENTIAL CONTRIBUTIONS QF
STEREOCHEMICAL STRAIN TO EXCITED STATE DISTORTION IN ([9janeN3
COMPLEXES.

We have vsed MM2 calculations to examine the possibility that the ligand might promote
exeited state distordon in Cr{[9]aneN3)2E13+, but not in Cr{[9]aneN3); 3+ The Allinger-Yuh MM?2
program {ref. 22), modified 1o include 6-8 coordinate metals has been used in these calculations.
The calculational strategy was designed to assess the manner in which the amine ligands might
atfect the relaxation coordinate. To this end struclores were minimized for different Cr-N
"unstrained” bond lengths or N-Cr-N angles, but otherwisc using standard interaction parameters
(refs. 21, 22) {more detailed descriptions of vur procedures see refs. 24, 25) and all interactions of
the metal were removed from the total steric energy to obtain a residual {ligand) steric energy, AE.
For the unswained Cr-N bond length of 2.034, the ligands of both Cr(9]aneN3)23+ and
Cr({9aneN1)2E3* would tend to twist slightly if 1here were no angular dependence of the Cr-N
bond, but the. tendency to twist is about 10 times larger in the Cr([9]aneN3)EtH+ complex {Fig. 8):
minima for a wigonal twist angle of 25° and A{AEc) = -3 keal mol-!, and 18° and -7 keal moi!
respectively for the two complexes {30° for an octahedral geometry, 0° for trigonal posmatic).
Furthermore, the preferred twist angle increases very dramatically when the Cr-N distance is
increased from 2.0 102.2 A inthe Cr{{9]aneN3)2E:3* complex, but there is very litile change in the
preferred twist angle of Cr(9]aneNs)?+ as the bond length is increased (Fig. ¥). These calculations
indicate that the coordinated ([9]aneN+)2Et Jigand is trigenally swained, and that it has a very distiner
tendency to reduce this strajn by promoting a wrigonal distortion in its Cr{IIT) complex. In contrast,
the parent bis-[9]aneMN3 complex is much less distorted and tends to impede large amplitude trigonal
distertivns,

The photophysical implications of these calculations are wwo-fold, First, since the
population a guartet excited state by light absorption is expected to result in a large (about 0.1A)
increase in the Cr-N bond length (ref. 26) and the vibratienally equilibrated (4T2)Cr{[9]aneN3);Ec+
excited state is predicted to undergo a large amplitude trigonal distortion while the ligands in the
parent Cr{[#]aneN3)23+ complex would tend to hinder a simple twist for comparable bongd length
changes. Secondly, the presence of doubly occupied “tzg” orbital terms in the 2E wave function of
a trigonally distorted complex {ref. 27) will tend to make the potential energy barrier to trigonal
twisting smaller than would be the case for a moze nearly octahedral complex,
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CONCLUSIONS

The photophysical and spectroscopic behavior of the Cr{[9]aneN3)2Et3* complex strongly

suggest that its 2E excited staie is unigue amnong Cr(TD) systems in having a geometry different from
that of the ground state. Molecular modeling suggests that the excited state distordon of this
romplex is a large amplitude twist towards a trigonal prismatic geometry.

The relative radiative rate constants tor the 2E decrease as predicted with increase in the

excited swate 2E - *“T4 energy gap {i.6., Xr & (AE)2). The form of electronic matrix elememt
contributions to the non-radiative rate constants is still unclear.
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