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Intersystem crossing is the crucial first step determining the quantum efficiency of
very many photochemical and photophysical processes. Spin-crossover compounds
of first-row transition metal ions, in particular of Fe(Il), provide model systems for
studying it in detail. Because in these compounds there are no competing relaxation
processes, intersystem crossing rate constants can be determined over a large tempera-
ture interval. The characteristic features are tunnelling at temperatures below ~80
K and a thermally activated process above ~100 K. This, as well as the twelve order
of magnitude increase of the low-temperature tunnelling rate constant on going from
a spin-crossover compound with a small zero-point energy difference to a low-spin
compound with a substantially larger one, can be understood on the basis of a
nonadiabatic multiphonon process in the strong vibronic coupling limit.

Key Words: intersystem crossing, spin-crossover, iron(Il} coordination compounds,
nonadiabatic multiphonon relaxation, strong vibronic coupling limit, tunnelling

1. INTRODUCTION

Intersystem crossing (ISC), that is, the radiationless transition
between electronic states of a system involving a change in spin

Comments Inorg. Chem. © 1995 OPA (Overseas Publishers Association)

1995, Vol. 17, No. 1, pp. 1740 Amsterdam B.V.,
Reprints available directly from the publisher Published under license by
Photocopying permitted by license only Gordon and Breach Science Publishers S.A.

Printed in Malaysia

17



12: 45 15 January 2011

Downl oaded At:

quantum number S, is one of the most simple yet universal radiation-
less processes in chemistry and physics. In very many photochemical
and photophysical processes of technological relevance it constitutes
the crucial first step, taking the system from the initially excited and
usually short-lived state to the metastable state with a lifetime long
enough for the processes of interest to actually have a chance of
occurring. The three-level ruby laser,' for example, is based on the
ISC step from the initially excited *T, to the metastable E state and
the subsequent radiative transition back to the ‘A, ground state of
Cr(IIT) doped into Al,O;. In a more recent application, the ISC process
from an excited 'MLCT to the low-lying *MLCT state of [Ru(bpy):]**
(bpy = 2,2'-bipyridin) led to the development of a photovoltaic cell,
making use of the resulting photoredox properties.’

For a given photochemical or photophysical process to be of
potential technological use, its quantum efficiency must be above
some limiting value. Thus the success of the above examples is due
to quantum efficiencies of the respective ISC processes of close to
one. However, this is the case for but a few Cr(III) as well as
Ru(Il) complexes. Particularly for the former, there is a vast and
controversial literature discussing the reasons for the observed varia-
tion in photophysical and photochemical behaviour.’

Given the central role of ISC processes in photochemistry and
photophysics, it is of paramount importance to arrive at a clear
understanding of the parameters which govern their rates and their
quantum efficiencies. The theoretical background to this problem
was provided quite some time ago in the shape of the theory of non-
adiabatic multiphonon relaxation.*’ This theory has been successfully
applied to radiationless transitions in complexes of rare earth ions,
that is, in the weak vibronic coupling limit, with small horizontal
and comparatively large vertical displacements of the potential wells
of the f states relative to each other.® For transition metal ions the
situation is different: due to the larger effect of the ligands on the d
orbitals, they show a much larger diversity in their electronic structure
and bonding properties. As a consequence there is a large variation
in the horizontal displacements of the relevant states relative to each
other. Since in general excited state geometries are only accessible
indirectly from spectroscopic data,’ the all important reaction coordi-
nate for ISC processes, and indeed for most other processes, is not
usually known at the required level of accuracy. Thus, more often than
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not, estimates of ISC rate constants for transition metal complexes are
off by many orders of magnitude.

Spin-crossover compounds of first-row transition metal ions pro-
vide the ideal systems to study the dynamics of ISC processes. Buhks
et al ® suggested at quite an early stage that in these compounds the
high-spin — low-spin relaxation should be regarded as a nonadiabatic
multiphonon process in the strong vibronic coupling limit. Despite
this, it continued to be treated mostly in terms of classical transition
state theory.>" This is in all probability due to the fact that the
majority of studies have been performed in solution at ambient
temperatures, and that Arrhenius plots of the observed rate constants
usually gave straight lines over the limited temperature range accessi-
ble. However, for Fe(II) compounds it has been shown that at temper-
atures below ~ 100 K there are strong deviations from such a classical
behaviour towards temperature independent tunnelling.'!:'?

Classical and semi-classical theories, i.e., transition state theory
and Marcus’ Theory, have been compared to multiphonon relaxation
before,"* and the limits of their respective validity have been thor-
oughly expounded. The aim of this Comment is to discuss a real
process, namely the high-spin — low-spin relaxation in spin-cross-
over compounds, as a model process between classical and quantum
mechanical behaviour.

For all those who are not familiar with the phenomena, Section
2 contains the briefest of introductions on thermal and light-induced
spin transitions. Section 3.1 gives a review of the experimental results
on relaxation dynamics both in the solid state and in solution, fol-
lowed by theoretical considerations and a discussion in Sections 3.2
and 3.3, respectively. In the final section, conclusions regarding ISC
processes in other systems are attempted.

2. THERMAL AND LIGHT-INDUCED SPIN TRANSITIONS

Octahedral complexes of transition metal ions with a d* to d’ electron
configuration can either have a low-spin (LS) ground state, with as
many electrons as possible paired up in the t;, orbitals, or a high-
spin (HS) ground state with the electrons occupying the d orbitals
according to Hund’s Rule. The former situation is the result of a
strong ligand field, the latter of a weak one. If for a given ligand

19



12: 45 15 January 2011

Downl oaded At:

the zero-point energy difference between the HS and the LS state
AE}. = Efs — Els is positive and of the order of k7, a thermal
transition from the LS state at low temperatures to an almost quantita-
tive, entropy-driven population of the HS state at elevated tempera-
tures may be observed.'* Figure 1 shows the potential wells of the
'A, (LS) and the °T, (HS) state appropriate for an Fe(II) spin-crossover
compound with six d-electrons. The transition temperature T;,
defined as the temperature at which the HS fraction +yys is equal to
the LS fraction vy, is a measure for AE}, but the exact relationship
between the two is not known a priori. For dilute systems T\, =
AHY, /AS)y, but as both AHY, and AS{, are temperature dependent,”
it is not possible to just set AE} equal to AHY, ! However, AEj
can be set equal to AG}y (T — 0), which can be extrapolated from
experimental thermal transition curves. In Table I values for AEf
and T, for the much investigated complex [Fe(pic);]** in a number
of dilute mixed crystal matrices as well as in aqueous solution taken
from Refs. 16 and 17 are given. The different matrices exert varying
internal or chemical pressures and thus influence AE},. Figure 2
shows AE(, as a function of T\, for the [Fe(pic);]** series. Within
limits, this curve may be considered typical for Fe(Il) coordina-
tion compounds.

The simplistic treatment of the spin transition as a unimolecular
process exhibiting a temperature dependent LS 2 HS equilibrium
is valid for spin-crossover complexes in solution, in amorphous
matrices and in dilute mixed crystal systems. In concentrated crystal-
line materials, cooperative effects have to be taken into account.
Those will not be discussed in this Comment.

In addition to the two low-energy ligand field states responsible
for the thermal spin transition, spin-crossover compounds possess
excited ligand field as well as charge transfer states (see Fig. 1).
Some ten years ago Decurtins et al.'® discovered that in Fe(Il) systems
in the solid state it is possible to achieve complete light-induced LS
— HS conversions well below the thermal transition temperatures
by irradiating either into spin-allowed d-d or MLCT bands. At 20
K lifetimes of these metastable HS states of up to 10% s were observed.
A mechanism for the light-induced spin transition was proposed'®
and justified experimentally.”® It involves several extremely rapid
ISC steps (k > 10" s™' %) between excited states, the energy barrier
due to the large change in metal-ligand bond length Ary, of ~0.16-
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FIGURE 1 Configurational coordinate diagram appropriate for a d® spin-crossover
system. Arrows indicate the mechanism of light-induced processes.
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TABLE [

Transition temperatures 7\, and zero-point energy differences AE(, =
AG (T — 0) for the [Fe(pic))]** spin-crossover complex in a number of
crystalline host materials in low concentrations.

Tip AE?{L

Host [K] [cm™"
[Mn(NH;-pic);]Cl,-EtOH 75 80
[Zn(NH,-pic),]Cl,-EtOH 78 95
[Co(NH:-pic):]JCl-EtOH ]9 ii5
[Zn{ND»-pic),JCl,-EtOH 102 181
[Mn(NH,-pic);]Cl,-MeOH 117 204
[Zn(NH,-pic);]Cl;> MeOH 140 320
[Co(NH;-pic):]Cl,-MeOH 148 338
[Zn(ND;-pic);]Cl,-MeOH 154 377
[Fe(pic).)** in H,O 295 900

All values from Refs. 16 and 17.

0.21 A'°2'22 being responsible for the trapping of the HS state at lov
enough temperatures. First observations of such long-lived metasta
ble HS states were made for neat spin-crossover compounds, bu
later they were found both for spin-crossover complexes in dilut
mixed crystals® as well as embedded in polymer matrices.”* Thu
the long lifetime of the trapped HS state is really a property of th
individual complex.

Transient populations of the HS state are also possible at elevatec
terperatures. In fact, prior to the discovery of Decurtins et al.
McGarvey and Lawthers® noticed a rapid depopulation of the 'A
state in some Fe(II) compounds upon pulsed laser irradiation, bu
with relaxation rates on the order of 107 s7! in solution and ai
ambient temperatures, their light-induced states were comparatively
short-lived.

In addition, transient populations of the T, state have been found
for Fe(II) low-spin complexes such as [Fe(bipy);}** following pulsed
laser excitation both at room temperature in solution® as well as at
cryogenic temperatures in the solid state,” and as an after-effect
of the nuclear decay of Co.® The Mossbauer emission study of
Deisenroth et al., in fact, proves the transient state to be the T, state.

No long-lived HS states have been observed at low temperatures
for Fe(Ill) and Co(II) spin-crossover systems so far. Indeed, none
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FIGURE 2 The zero-point energy difference AE{y as a function of the transition
temperature of the thermal spin transition 7', for the spin-crossover complex
[Fe(pic);]** in various matrices (according to Table I).

are expected (vide infra), but Lawthers and McGarvey”® once again
observed a light-induced perturbation of the 2T, « %A, equilibrium
in some Fe(1ll) systems in solution.

3. THE LS & HS RELAXATION DYNAMICS

3.1 Experimental Results

Initial studies on the LS # HS relaxation dynamics in spin-crossover
compounds were mostly performed at ambient temperatures in solu-
tion,® using such diverse methods as Raman temperature jump tech-
niques,* ultrasonic relaxation,” and laser perturbation.”*? In solution
only a limited temperature range is accessible and (except for laser
perturbation) studies are restricted to systems with transition tempera-
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tures T, within this range, because these methods require both spe-
cies of the unimolecular process to be present in a dynamic
equilibrium. The relaxation rate constants for the forward and back
reaction can be calculated from the observed relaxation rate constant:

ks = kg  kw = k(1 + K), (h
where the equilibrium constant K is given by

k
= Yo L B o p(—AGY kT, @

Yis HL

K

Arrhenius or Eyring plots of the experimentally determined rate
constants according to Eqs. (3) and (4), respectively:

k = A exp(—E'/kgT), 3
ksT
k = o exp(—(AH* — TAS"/kgT), “@)

usually gave straight lines, from which activation parameters were
extracted. Table Ila gives ky. at 295 K, activation energies Ef,
frequency factors Ay, as well as transition temperatures 7, calcu-
lated from the activation parameters collected by Refs. 9 and 10 for
a series of Fe(Il) spin-crossover compounds in solution. There is no
obvious correlation between any of these quantities! In addition,
Table Ila includes the results of laser perturbation experiments on
three low-spin compounds.'®** The only thing to note at this stage
is the comparatively small range of 10°%-10% s™' spanned by k,_ at
room temperature for the spin-crossover systems and the somewhat
higher values for the low-spin systems.

Similar LS 2 HS relaxation rate constants and activation parame-
ters as in solution were obtained for some Fe(Il) spin-crossover
systems at ambient temperatures in the solid state using line-shape
analysis of Mdssbauer spectra. Unfortunately this technique is
restricted to the small range of rate constants ~10°~10® s™' and
requires both species to be present in appreciable amounts, too. Thus,
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TABLE Ila

Transition temperatures T, activation energies Efy and frequency factors Ay,
and kg (295 K) for some spin-crossover compounds in solution.

Compound Tin E4. AnL ka (295 K)
Solvent [K] [em™ [s™1 [s7] Ref.
[Fe(pybimH),}(BPh,), in 232 850 1.4 x 1¢F 2 X 107 [32a.c]
MeOH/acetone/H,O
[Fe(phenmethoxa),}(BF,), 250 930 1.4 X 10°  [320b]
in acetone
{Fe(paptH),ICl, in H,O 264 1497 1 X 10'° 7 X 108 [31]
{Fe(pyimH);}(BPh,), in 298 1135 2 X 10° 1 X107 [32a,c])
MeOH/acetone/H,O
[Fe(mepy).(py)itren](PFe), 320 5 % 108 [30]
in MeOH/acetone/H,0O
[Fe(biz),[(C10,), MeCN ~300 1.9 X 107 [25]
[Fe(tpchxn)(C1O,), in 321 350 8§ X 108 14 X100 [32c]
MeCN
[Fe(tppn)(C10,), in DMF 355 640 4 %100 16X 10 [32]
[Fe(HB(pz),)] in CH,Cl/ 369 420 2 X 108 2 x 107 [31]
MeOH
{Fe(ppa),}(ClO,), in 387 1320 4 x 10 6 X 10° [25]
acetone
Fe(tpmba)](Cl10,), in DMF 400 960 77X 100 63X 10 [32]
Fe(mepy)(py).tren)(PF;), 450 S % 108 [30]
in MeOH/acetone/H,O
[Fe(tptn);]** in H,O low-spin 6 X 10°  [20]
[Fe(bipy):]** in H,0 low-spin 1.2 X 10° [26])
[Fe(phen),}* in H,O low-spin 2 X 10°  {33]

as in solution, only spin-crossover compounds with T, around room
temperature are suitable for such experiments (see Table IIb).
With the discovery of the light-induced spin transitions at low
temperatures a systematic study of the LS @ HS relaxation over a
much larger temperature interval, namely 10 to 300 K, and for
compounds with 7, as low as 70 K all the way to low-spin systems
with T, well in excess of 300 K became possible. It soon emerged
that tunnelling processes are very important, becoming dominant at
temperatures below ~100 K.'"? Figure 3 shows the HS — LS
relaxation rate constants for a series of dilute single crystals plotted
as In[ky (7)] versus 1/T. The deviation from Arrhenius behaviour is
obvious. Table III gives the low temperature tunnelling rate constants
kw (T — 0) and the activation parameters for this series of complexes.
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TABLE b

Transition temperatures T\, activation energies E¢ and frequency factors Ay,
and &y (295 K) from Mossbauer line-shape analysis for some spin-crossover
compounds in the solid state.

T Efy, Anr, kin (295 K)

[K} fem™"j [s74 Is7'1 Ref.
{Fe(pic),}Cl,"MeOH 150 1050 2 X 1 7 x 10f [34b]
{Fe(pic);J(PFy), 185 1058 1.3 x 1¢¢ 6.6 X 10° [34a]
[Fe(m12),J(PFy)- 205 25 x 10 {344d]
[Fe(mepy):tren)(PFs), 220 420 3 x 10 3 x 10° {34c]
[Fe(tpen}}(C1O,), 420 ~10* {36}

In addition, it contains 7, and, for comparison, ky;, extrapolated to
room temperature using Eq. (3). The latter once again fall within
the range 10°~10% s™'. In contrast to the room temperature data, ky (T
— 0) spans 12 orders of magnitude, and as shown in Fig. 4, there
is a clear correlation between it and T,

3.2 Theoretical Considerations

Obviously, in order to arrive at a coherent understanding of the LS
& HS relaxation dynamics it 1s essential to consider the full wealth
of experimental data simultaneously. In particular, since there are no
fundamental differences between solution and solid state (in both,
the spin transition is basically a unimolecular process, albeit influ-
enced by the surrounding medium), the two should not be dis-
cussed separately!

It is also obvious that a classical or semiclassical approach to the LS
#2 HS relaxation is not adequate for its description. In the following,
therefore, a brief outline of the quantum mechanical approach is
given. Buhks et al.® describe the LS 2 HS relaxation in terms of a
radiationless nonadiabatic multiphonon process occurring between
two distinct zeroth-order spin states characterised by different nuclear
configurations. For Fe(Il) with AS = 2, higher order spin-orbit cou-
pling provides the mixing of the two states required for such a
transition to take place. In the case of Fe(Il) spin-crossover com-
pounds it is mainly the metal-ligand bond length which is subject
to large changes. Thus the obvious choice for the reaction coordinate
is the totally symmetric normal coordinate. This leads to the so-
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v Feiptz) (BF.),, (O) [Mn, FefpichiCl-MeOH, (@) [Zn,. Fe (mepy)-
irenj PF. )., (8) [Zn,- Fe (py)itren|(PF... and (3) [Mn,. Fe (bipy :}(PF). using pulsed
‘aser excriation. x = 0.0005 except for [Zn, .., Fe {ptz).]{BF,), for which x ~ 0.1. For
soraparison data for [Fe(bipy) )™ in solution (®) from Ref 26 and for [Mn, ., Fe (bi-
Py J(PE). from the Mossbauer emission study (2) of Ref. 28 are included.

-iled ningle configurational coordinate (SCC) model, where the
potentials are taken to be displaced relative to each other by AQy,
dong a single normal coordinate ¢ only. Using Fermi’s Golden Rule
4nd ihe Condon approximation the rate constant for an intersystem
civssing process can be expressed as’

-

ke = 7 BlogFAT). (5)
@

4

‘The electronic matrix element B,,. = (@1 Hq i Pye) can be estimated
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TABLE 1II

Transition temperatures T, activation energies Ef) and frequency factors
Ay, for the high temperature region, and low temperature tunnelling
rate constants ki (T — Q) for some Fe(ll) coordination compounds in
the solid state and embedded in polymer matrices. For comparison
values of k. extrapolated to room temperature are included.

kHL kHL
Tip fiL Ay (T—0) (295 K)
(K] [em™] [s7'] [s'] {s™']
[Zn, ., Fe (ptz),)(BF,), 95 1100 5 X 107 5% 1077 ~5 X 10°
[Mn,_, Fe (pic);]Cl, - EtOH 76 6 X 107°
[Zn,_, Fe (pic);]Cl,- EtOH 95 2.5 % 1073
[Mn,_ Fe(pic)|Cl,-MeOH 118 1120 2 X 108 2.5 X 107 ~4 X 10¢
[Zn,_,Fe (pic),JCl,-MeOH 140 9 % 107}
[Zn, . Fe (mepy)tren] 210 837 5 x 10* 1.4 X 107" ~8 x 10°
(PF)
[Fe(mepy)(py)tren]** in 270 ~5 x 10
PMMA
[Fe(mepy)(py).tren]** in 370 ~2 X 10?
PMMA
[Zn,_.Fe (py)htren] >400 640 | X 10° 4 X 10*? ~5 X 10/
(PF),
[Mn,_, Fe (bipy):](PFs), low-spin 6 X 104
[Zn,_ Fe/(bipy):l(PFs), low-spin 364 2 > 10° 6 X 10° ~1 X 10°
{[Fe(phen):]** in Nafion  low-spin ~5 X 10°

All values from Ref. 12a,b.

to be =150 cm™', considering second order spin-orbit coupling via
the low-lying *T, state.® The electronic degeneracy of the final state
g is equal to 1 for the HS — LS relaxation and equal to 15 for
the LS — HS relaxation. For harmonic potentials with equal force
constants f and equal vibrational frequencies %w, the thermally aver-
aged Franck—Condon factor F(T') takes the form:

Z 1 (x| X |2 €xp(—mAicolke,T)

F(T) =~ . (6)
Z exp(—mhio/ksT)

m

The reduced energy gap p = AE}, /fw is a measure for the vertical
displacement of the potential wells of the initial and final state relative
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FIGURE 4 Experimental low-temperature tunnelling rate constants ky (T — 0) as a
function of the transition temperature 7, (®) from Table II, and &y at 295 K:
experimental solution data (M), experimental solid state data from Mossbauer line-
shape analysis (O ) and solid state data from pulsed laser excitation extrapolated to
295 K (#).

to each other. The sum goes over all the vibrational levels m of the
initial state, and the vibrational leve! of the final state n = m + p,
in order to ensure energy conservation. For T — 0, F, simplifies to

-5
Mnﬂmmwzﬁ, %

where the Huang—Rhys factor § = (1/2) fAQ} /fiw is a measure for
the relative horizontal displacement of the potential wells. For Fe(II)
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compounds with an [FeN,| coordination, average values for f and
hw are 2 X 10° dyn/cm and 250 cm ', respectively. With A0y, =
J6 Arw. = 0.5 A, a value for S of ~45 has been estimated.":
Whereas § 1s not expected to vary to a large extent within the
series of compounds all having {FeN,! coordination, the zera-poin:
energy difference and thus p will vary ali the way from p < | for
spin-crossaver compounds having transition temperatures below 10¢
K te p > 10 for true low-spin compounds. Figure 5 shows Infk, i
as a function of both p and 7, calculated according to Eq. (%3 with
S = 45 and Aiw = 250 cm™'. In the so-called strong-coupliny iime

“with § > p, the characteristic features of ky (T') are a temporature

independent tunnelling rate below 356 K and a thermally aciivared
process at elevated temperatures. The low temperature tunneli oz rat.
k(T — 0)1s predicted to increase exponentially with incressing g

ky T — 0) ~ explap), (%

with ¢ = [n$) for & 23> p and small values of p,* whereas -
ternperature a much smalier dependence of &y on p is exp: .
The vital parameters governing the temperature depende:
the low temperature tunnelling rate are § and p. Estimating = (o1
structural data is, in principle, straightforward, but p is sev v e
more difficult to get at. As discussed in Section 2, Fig. | =now
AEY, as a function of T\, for the [Fe(pic),)*” series. Of v
dividing AE}; by Aw in turn gives p as a function of 7. )
Classicalily the activation energy £ is given by the Marcu~ «4u
tton:

™

harl

Eﬁ!as e i -

~—

[N

4

which is temperature independent. With the typical values o0 " and
fiw, the activation energy for small values of p becomes 25(

which 1s clearly much larger than the experimentally det e
values. In the theory of nonadiabatic multiphonon relaxa - ‘.
activation energy defined as —diinthky /d(1/ksTY 1s temrornur
dependent, starting from zero m the low temperature tusiiine
segion and approaching the classical value only at T — o twvigwe
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FIGURE 5 Parametric surface of In[ky ( p,T)] with a Huang—Rhys factor § = 45 and
a vibrational frequency fiw = 250 cm™' according to Eqgs. (5) and (6).
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6a shows the calculated temperature dependence explicitly for § =
45 and fiw = 250 cm™!, and different values of p. What does such
a temperature dependent activation energy mean? According to Eq.
(6) the thermally averaged Franck—-Condon factor F(T) is a sum
over all vibrational levels m of products of Boltzmann factors
exp(—mfiw/kT) times Franck-Condon factors [{x-,! X !> In Fig.
7a these two factors are plotted individually against m for several
temperatures and p = 1. Clearly the overlap region is much below
the classical crossing point of m ~ §/4. In Fig. 7b the product of
the two as a function of m is shown, with T as parameter. The points
to note are the following: (i) the integral under the curves, which is
proportional to ky, increases with increasing temperature; (ii) the
maximum goes to higher values of m with increasing temperature;
(iii) the half-width is roughly four vibrational quanta. The first point
1s trivial, it just reflects the increase of ky with temperature. The
second point is more interesting: the maximum gives the thermally
populated vibrational level of the initial state from which the transi-
tion is most probable. It corresponds to the temperature dependent
activation energy of Fig. 6. The width of the distribution shows that
it is not just from the one level that the transition can occur. Although
the maximum does shift towards the classical crossing point with
increasing temperature, only a fraction of the molecules actually
cross over classically even at room temperature.

3.3 Discussion

The key features of the theory of nonadiabatic multiphonon relaxation
in the strong vibronic coupling limit are the inverse energy gap law
of Eq. (8) for ky (T — 0), and the activated region for T > 100
K. Qualitatively both are found experimentally. Quantitatively it is
possible to go one step further. With the dependence of AE}; on
T\, of Fig. 2 and the typical vibrational frequency Zw = 250 cm™!,
the coefficient o in Eq. (8) can be estimated from Fig. 5 to be =4.
This is in very good agreement with a = In(S) using § ~ 45, thus
confirming the crucial estimate of S. With this value for o the more
than 12 orders of magnitude increase of ky (T — 0) between the
spin-crossover systems with 7}; << 100 K and the low-spin systems
with Ty, > 300 K can be understood quantitatively. In fact, it is
now possible to estimate p for the low-spin system [Fe(bipy)]** with
k(T — 0) =~ 10°~10° s to be =12, and therefore AEY; =~ 3000cm ™.
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FIGURE 6 (a) Calculated temperature dependence of the activation energy predicted
by the theory of nonadiabatic multiphonon relaxation in the strong vibronic coupling
limit with § = 45 and Aw = 250 cm™'. (b) Numerical evaluation of the effective
activation energy from the experimental values of ky (T) for [Mn,.,Fe(pic);]Cl,
-MeOH from Fig. 3.
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FIGURE 7 (a) The Boltzman factor exp(—mhw/kgT) for T = 100, 200 and 300 K

and the Franck—Condon factor | {X.,!| X»}|* as a function of the vibrational quantum
number of the HS state m, calculated for § = 45, iw = 250 cm™, and p = 1. (b)

Product of the Bolitzman factor and the Franck—Condon factor as a function of m
for T = 100, 200 and 300 K.
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The rate constants determined for spin-crossover complexes in
solution and in the solid state extrapolated to room temperature fall
within the comparatively small range 10°-10* s™'. Those of the low-
spin systems are only one to two orders of magnitude larger. This
much weaker dependence on p for the room temperature relaxation
rates is as predicted. The experimental high temperature activation
energies, although smaller than the classical values, should still track
p and thus 7, according to Eq. (9). Although showing a lot of scatter,
they do indeed decrease with increasing 7. For the solid state data,
which generally has been determined over a much larger temperature
interval, the tracking is better than for the solution data.

A further test is the dependence of the effective activation energy
on temperature. Figure 6b shows this dependence determined numeri-
cally from the experimental values of ky(7) for [Mn,_.Fe,
(pic);]CL -UEtOH. It follows the predicted increase from zero in
the tunnelling region to an asymptotic value of ~1500 cm™' at
high temperatures.

With hindsight, the rapidly interconverting complex [Fe(tpen)]
(Cl04), * behaves perfectly reasonably. It has a T, of 420 K and
thus quite a large energy gap. The HS state only begins to be thermally
populated above 320 K. According to Fig. S, the rate constants for
p > 5and T > 300 K are expected to be > 10° s™'. Thus, in the
Maissbauer spectra a broadening of lines and even coalescence is
expected in the temperature range where both species are present
simultaneously.

4. CONCLUSIONS

Because in spin-crossover systems there are no competing processes,
HS — LS relaxation rate constants can be determined experimentally
over a large temperature interval. This in turn allows a thorough test
of the theory of radiationless multiphonon relaxation in the strong
vibronic coupling limit. The basic message of this Comment is that
ISC in Fe(IT) spin-crossover complexes is a nonadiabatic process,
that is, in a spontaneous transition electronic energy of the initial
state is converted to vibrational energy in the final state. At low
temperature the HS — LS relaxation is a pure tunnelling process,
originating from the ground vibrational level of the HS state. The
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12 order of magnitude increase of the low-temperature tunnelling
rate from spin-crossover to low-spin compounds as well as the corre-
lation with the zero-point energy difference can be understood quanti-
tatively on the basis of the inverse energy gap law valid for § =
p. Although at elevated temperatures quasi-classical behaviour is
observed, the HS — LS relaxation still has to be considered a tunnel-
ling process, but now originating from thermally populated vibra-
tional levels of the HS state. It is therefore not appropriate to interpret
experimentally determined activation energies within a classical
framework and to identify them with saddle points of adiabatic
potentials. The initial work on solution dynamics and Mdssbauer line-
shape analysis, being confined to a very small area on the parametric
surface of Fig. 5, missed out on these essential points.

Of course, the picture developed here is still rather crude. The
SCC model in its simplest form does not cousider the more subtle
characteristics of the various ligands. The values of the relevant
parameters (p, S, fiw, By ) used in the calculations have to be regarded
as typical values. In a more complete treatment these would have
to be determined more accurately and for each complex individually.
Thus the stiffness of, say, a cage complex” or the twisting motion
in a tris-bidentate complex™ may influence the dynamics of the spin
transition, and since most spin-crossover complexes possess rather
low symmetry, there is in reality always more than one totally sym-
metric vibration to be considered."” Furthermore frequency shifts and
anharmonicity would have to be considered, too. In contrast to the
weak and intermediate coupling cases,*¥ these only play a minor
role in the strong coupling limit, even though with the large value
of Ary they are substantial. In this case this comes about because
as the force constant on the one potential is increased from the
mean value and the one on the other potential is decreased, the
Franck—Condon factor stays approximately the same, and because
the effects of anharmoncity cancel in a similar fashion.

The value for the electronic matrix element, too, would have to
be calculated for each complex individually. However, in the Condon
approximation there is not much latitude. Thus, in a severely distorted
molecule, a somewhat larger value than the one used here might be
more appropriate,”® but the much smaller values of 10 cm™ and
less,'™® which have to be invoked for a classical interpretation of
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the room-temperature data using the Landau—Zener formalism, are
highly unlikely.

What can be inferred from the above for other spin-crossover
compounds or indeed for intersystem crossing processes in transition
metal complexes in general? For the d° spin-crossover systems of
Fe(IID) with a ’T, & A, spin transition, the bond length difference
Ary is only ~0.10-0.14 A,* because compared to Fe(Il) there is
less d-m* backbonding in the LS state. This results in a substantially
smaller value for one of the vital parameters, namely the Huang-Rhys
factor S. Using a typically 50% higher vibrational frequency than
for the Fe(Il) systems, a value for § of ~25 can be estimated
for the Fe(Ill) systems. According to Eq. (7), the low-temperature
tunnelling rate constants are therefore expected and indeed found to
be seven to eight orders of magnitude larger for Fe(III) spin-crossover
compounds than those for Fe(Il) spin-crossover compounds, that is,
k(T — 0) ~ 10* s™' as compared to 107> s™' for small values of
p.® For the d’ spin-crossover systems of Co(Il) with the AS = |
spin equilibrium ’E 2 *T,, Ary, is even smaller,” and therefore the
relaxation rates are expected to be even larger. These differences of
many orders of magnitude are only expected at low temperatures,
at room temperature the relaxation in Fe(lIl) spin-crossover com-
pounds is typically only one order of magnitude faster than in the
Fe(II) compounds.® Thus, once again, to really track down the differ-
ences between the two, low-temperature data are essential.

All this has general implications for ISC in coordination com-
pounds. It shows just how susceptible ISC rate constants are to small
changes in structural and energetic parameters. Both have to be
accurately known in order to calculate rate constants. In spin-cross-
over systems they can be determined independently, but in most
systems, as for instance the Cr(III) compounds, where the interesting
ISC processes occur between higher excited states, they can only be
estimated indirectly. In addition, the determination of rate constants
is very often only possible over a very limited temperature interval,
because of competing processes. Thus, more often than not, clear-
cut statements are not possible and, if they are attempted just the
same, lead to controversies.
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APPENDIX: TABLE OF CHEMICAL ABBREVIATIONS

Rtz 1-alkyltetrazole (p = propyl-, m =
methyl)

pic 2-picolylamine

(mepy),_.(py),tren tris[(6-R)-2-pyridyl]-3-aza-6-
butenylJamine, R = H, CH;

bipy 2,2'-bipyridine

phen 1,10-phenantroline

pybimH 2-(2'-pyridyhbenzimidazole

pyimH 2-(2'-pyridylyimidazoel

phenmethoxa 3-[2-(1,10-phenantroiyl)-5-methyl-
1,2,4-oxadiazole

paptH 2-(2-pyridylamino)-4-(2-
pyridyljthiazole

biz 2,2'-bi-1,4,5,6-tetrahydropyrimidine

HB(pz), hydro-tris(pyrazoyl)borate

ppa N2-(2-pyridylmethyl)picolylamidine

tppn tetrakis(2-pyridylmethyl)-1-methyl-1,2-
propanediamine

tptn tetrakis(2-pyridylmethyl)-1,3-
popylenediamine

tpmba tetrakis(2-pyridylmethyl)-meso-2,3-
butanediamine

tpchxn tetrakis(2-pyridylmethyl)-1,2-
cyclohexanediamine

tpen tetrakis(2-pyridylmethyl)-1,2-
ethylenediamine
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