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Abstract: Resonance and pulsed ultrasonic techniques have been used to determine relaxation times for the spin equilibrium of
tetrahydrofuran solutions of bis(hydrotris(pyrazolyl)borato)iron(ll), Fe(HB(pz)s),, and of aqueous solutions of bis(2-(2-pyri-
dylamino)-4-(2-pyridy!)thiazole)iron(ll) chloride dihydrate, [Fe(papth),]Cl,:2H,0. Relaxation times at 25 °C for the two
complexes are 33.0 £ 0.7 and 41.00 £ 0.14 ns, respectively. From the relaxation amplitudes the high-spin states were found
tobe 22 £ 1and 11.0 £ 0.3 cm? mol~! larger than their respective low-spin states. The temperature dependence of the relaxa-
tion times and the equlllbrlum constants measured by the Evans’ NMR method imply activation enthalples for the singlet-

quintet mterconversnon of AHTs = 5.64 £0.13 and AH?, = 0.62 %+ 0.13 kcal mol=! for Fe(HB(pz)3)s and AHTs

=7.63£0.25

and AHE, = 3.72 + 0.25 keal mol~! for Fe(papth),2*. Using absolute rate theory the transmission coefficients, «, are calculat-

ed to be =

Introduction

The relaxation of the thermal equilibrium between two
states of different spin multiplicities in a metal complex can
be described as an intersystem crossing process.!? These
equilibria provide a convenient means of investigating the
dynamics of intersystem crossing which are otherwise only
accessible in excited states. They are of further interest as
examples of unimolecular electronic isomerizations, and their
kinetics are important for understanding those electron transfer
reactions which are accompanied by changes in spin multi-
plicity.

Although there have been many magnetic and spectroscopic
studies of such spin equilibria, in most cases these have been
performed on solid state samples. There is evidence? that some
of the properties observed are influenced by lattice effects and,
particularly, that the dynamic properties observed are not those
of the independent molecules. For these reasons we have pur-
sued the investigation of the dynamics of spin equilibria in
metal complexes with solution studies.

Using the laser temperature-jump technique we have pre-
viously measured the rate of intersystem crossing between the
'A and SA states of bis(hydrotris(pyrazolyl)borato)iron(II),
Fe(HB(pz)3)2 (I).4

JSON SO

(I)

A relaxation time of 32 £ 10 ns was observed at 25 °C using
CH,C1;-CH3;0H solutions. Subsequently, similar studies
using other iron(1I) and iron(II1) spin equilibrium complexes
have been performed using the same apparatus with observed
relaxation times ranging from 135 ns to the 20-30-ns limit of
the method.?
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107%2 and 2107252, respectively, for these spin-forbidden AS = 2 intersystem crossing processes.

In order to obtain more accurate results, to extend the time
range of the observations to observe faster reactions, and, in
particular, to determine the activation parameters for the in-
tersystem crossing process, we have applied ultrasonic relax-
ation techniques to these equilibria. We now report our ob-
servations of ultrasonic relaxations ascribed to the spin equi-
libria in solutions (eq 1) of Fe(HB(pz)3), and of bis(2-(2-
pyridylamino)-4-(2-pyridyl)thiazole)iron(II) chloride dihy-
drate, {Fe(papth),]Cl5-2H,0 (IT).

. kls .
singlet T: quintet (N
St

From the temperature dependence of the relaxation times we
can assess the barrier to the intersystem crossing and can cal-
culate lower limits of the transmission coefficients for the
probability of the spin-forbidden intersystem crossing in these
octahedral metal complexes.

Experimental Section

Materials, The complex Fe(HB(pz)3), was prepared as described
in the literature.® The complex was purified by chromatography on
activated alumina in CH,Cl, (Merck UVASOL) under argon, re-
crystallized from toluene, and characterized by elemental analyses.
Anal. Calcd for C,sHoN2BsFe: C, 44.86; H, 4.18; N, 34.88; B, 4.49;
Fe, 11.59. Found: C, 45.10; H, 4.17; N, 34.79; B, 4.38; Fe, 11.20.
Merck UVASOL THF was used as the solvent for the ultrasonics
experiments without further purification.

The complex [Fe(papth);] Cl:2H,0 was supplied by Professor H.
A. Goodwin, UN.S.W., Sydney, Australia. The complex was re-
crystallized from distilled water before use and characterized by el-
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Figure 1. Schematic diagram of the pulsed ultrasonic absorption appa-
ratus.

emental analyses. Distilled water was used for the ultrasonics exper-
iments. Anal. Caled for CygH24NgO,S,ClhFe: C,46.51; H, 3.60; N,
16.69; 0,4.77; S, 9.55; Cl, 10.56; Fe, 8.32. Found: C, 46.29; H, 3.44;
N, 16.78; S, 9.24; Cl, 10.45; Fe, 8.08. Microanalyses were performed
by Alfred Bernhardt Microanalytical Laboratories, West Germa-
ny.

Methods, Solution magnetic moments of 0.05 M Fe(HB(pz)3); in
THF and of 0.02 M [Fe(papth),;]Cl>.2H,0 in H,O were measured
using the Evans 'H NMR method at 90 MHz (Bruker HX-90).7 In-
ternal references of 4% v/v MeSi and 3% r-BuOH were used, re-
spectively. Probe temperatures were measured with internal capillaries
of methano! (Merck AR)® and ethylene glycol (Merck AR).® The
validity of these literature temperature calibrations was checked
against the melting points of several pure organic liquids and solids.
The data were corrected for changes of solvent density and hence for
sample concentration with temperature.

Ultrasonic absorption measurements were collected in the frequency
range 1-100 MHz. Measurements between 1 and 36 MHz were made
with swept frequency acoustic resonance cells based on the designs
of Eggers'®and Labhardt and Schwarz.!! These cells use 25.4-mm
diameter 5-MHz overtone-type quartz crystals supplied by Valpey-
Fisher, Hopkinton, Mass. The crystals were selected for optical flat-
ness using a Fabry-Perot interferometer.!2 For 0.05 M solutions of
Fe(HB(pz)3), in THF the Eggers’ type cell was used owing to the need
for complete solvent inertness. In this cell the transducers are me-
chanically clamped against a PTFE sealing washer over a machined
edge of the stainless steel mountings. The mechanical clamping has
an adverse effect on the performance of the cell but with careful
mounting of the transducers acceptable performance can be obtained.
Measurements were not made above 15 MHz owing to the high sol-
vent absorption,

For 0.02 M solutions of Fe(papth),2* the Labhardt and Schwarz!'
type cell was used. In this cell the transducers are held in their stainless
steel mountings with various types of silicone rubber glue,'* and are
therefore under no mechanical stress. As the transducers remain op-
tically flat the performance is much improved over the clamped type
of cell.

In both cases a Wandel and Goltermann (Reutlingen, West Ger-
many) PSM-5 level measuring set with a Hewlett-Packard 5382A
frequency counter was used to measure the 3-dB bandwidths and
frequencies of the resonances. Temperatures were controlled to within
+0.005 °C using a Bayley Instruments Co. (Danville, Calif.) Model
121 precision temperature controller operating the 500-W heater of
the water bath in which the resonance cell was submerged. Cooling
was accomplished by cirulating fluid from a Colora WKS refrigerated
bath through a cooling coil in the main bath at 1-4 °C lower than the
desired main bath temperature.

Between 7.5 and 100 MHz measurements were made with a pulsed
ultrasonic cell of our design based on principles described in the lit-
erature.!® This instrument uses 17.5-mm diameter 2.3- and 5-MHz
overtone type quartz crystals supplied by Valpey-Fisher. For 0.05 M
solutions of Fe(HB(pz)s3)2 in THF, measurements were made between
7.5 and 50 MHz using electronics including the Arenberg Ultrasonics
Inc. (Jamaica Plain, Mass.) pulsed oscillator PG-650C, wide band
amplifier WA-600E, preamplifier PA-620B, and precision attenuator
ATT-693. For 0.02 M solutions of Fe(papth);2* in H,O, measure-
ments were made between 7.5 and 100 MHz using new Arenberg
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Figure 2. The ultrasonic absorption of 0.05 M solutions of Fe(HB(pz)3)2
in THF at (a) 5 °C, (b) 25 °C, and (c) 40 °C.

electronics including the pulsed oscillator PG-653C, wide band am-
plifier WA-600E-DCS5, preamplifier PA-620B, VHF receiver VR-720,
and precision attenuator ATT-650 (Figure 1). In addition a Kay
Elemetrics (Pine Brook, N.J.) 1/432D 0.1 dB step attenuator was
employed when small attenuation increments were required.

In both cases frequency calibration was accomplished using the zero
beat frequency technique with a Hewlett-Packard 3200B VHF os-
cillator, 3320A frequency synthesizer, and 5382A frequency counter.
Signal splitting and combining was accomplished using the Wide Band
Engineering (Phoenix, Ariz.) A73 directional coupler and A66-GA
precision hybrid combiner. Temperatures were controlled to within
+0.005 °C using the precision bath described above.

The pulsed cell has been tested, using liquids of known constant
absorption, in the frequency range 7.5-100 MHz. Plots of attenuation
vs. path length are linear and were refined by linear least-squares
regression. In each case the measured absorption («/f?) is flat and
agrees with the literature values; e.g., for HoO'3 at 25 °C, (21.3 £ 0.3)
X 10~'7 Nps2em~!; for dried THF'6 at 20 °C, (126 £ 3) X 10717
Nps2em~!;and for MeOH'7 at 25 °C, (30.5 £ 0.5) X 10717 Nps?
cm~L

Results

Solutions of both iron(I1) complexes display single ultrasonic
relaxation processes. The ultrasonic absorption curves for 0.05
M solutions of Fe(HB(pz)3)> in THF are shown in Figure 2
and for 0.018 M solutions of Fe(papth),?* in H,O in Figure
3. The absorbance curves were fitted by nonlinear least-squares
analysis to eq 2, representing a single relaxation process.'®
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Figure 3. The ultrasonic absorption of 0.02 M solutions of [Fe(papth),]-
Cl»2H,0 in H2Oat (a) 10 °C, (b) 25 °C, and (c) 40 °C.

Values of the parameters 4, B, and 7 so obtained are given in
Tables I and II,

a/f?=A(1 + «*7?)"1 + B 2)

where « is the absorption coefficient (Np cm™1); fis the fre-
quency (Hz); w is the angular frequency (rad s~!) = 2#f. 7 is
the relaxation time (s); and 4 and B are constants for a par-
ticular relaxation curve. The relaxation times were found to
be concentration independent and the relaxation amplitudes,
A, to depend linearly on concentration (Tables I and I1), as
expected for relaxations due to unimolecular processes.

To interpret these results it is necessary to know the equi-
librium constants and the thermodynamic parameters for
equilibrium 1 under the conditions of the experiment. Conse-
quently, the effective magnetic moments of solutions of the
complexes were measured using the Evans’ NMR method.”
For Fe(HB(pz)3), measurements were made in THF between
—50 and 50 °C. The data are listed in Table IIT and the ef-
fective magnetic moments at the temperatures of the ultrasonic
experiments are given in Table I. The value of 2.30 ugat 25°C
in THF can be compared with 2.71 ug found in CH,Cl,.1° To
calculate the equilibrium constant the magnetic moment of
the high-spin state was taken as 5.22 ug.!° A value of 1.0 ug
for the magnetic moment of the low-spin state was required
to obtain a linear plot of In K against T~! (Figure 4). Such a
value is common for the low-spin limit of iron(II) spin-equi-
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Table I. Collected Data and Results for Fe(HB(pz)3),¢

5°C 25°C 40°C
AX 1017 Nps2em™! 1266 +1.1 141.9+£1.69 163%3
B X 107 Nps2em=! 1027405 1279+089 1401
7, ns 41.7+0.6 33.0£0.7¢ 28.0%£0.5
teft, kB? 1.87 2.30 2.63
Kis 0.106 0.195 0.292
AH?®, kcal mol~! 5.03 +£0.07
AS°, caldeg™! mol~! 13.6£0.2
Ciotal, M 0.0528 0.051644 0.0513
X 103, M 4.57 7.04 8.98
p, g cmT3¢ 0.9021 0.8819 0.8668
v,emsTl¢ 136300 126900 120500
ap/pCp, cm3 keal=! € 2.6478 2.7705 2.8679
AV°, cm3 mol™! 213 222 235
kis, s~} 230X 106 493X 105 8.08 X 106
ksy,s7! 217X 107 253X 107 2.76 X 107
AGTs, keal mol™! 8.33 +0.18
AGT, keal mol™! 736 +£0.18
AHTs, keal mol~! 5.64 +0.13
AHT, keal mol~! 0.62 +£0.13
ASTs, cal deg=! mol™! -9.0+0.4
AS7T,, cal deg™! mol~! 226+ 04

2 The quoted error bars are for one standard deviation. ® The es-
timated error is % 0.03 up. ¢ Pure solvent values were assumed for the
physical constants. ¢ At 0.0139 M, 4 = (38.4 £ 0.8) X 10~!7 Nps?
em™!, B =(127.8 £0.4) X 10717 Npstem~!, 7 = (30.9 + 1.3) ns.

Table I1. Collected Data and Results for Fe(papth),2+ ¢

10°C 25°C 40°C
A X 1017 Nps2 4780+ 19 177.5+049 8247 +0.21
cm™!
B X 10'7 Nps2 38.15+ 043 22.40+0.169 1481 £0.12
cm™!
7, ns 78.29 £ 0.42 41.00 £ 0.149 23.65 + 0.10
terr B° 4,58 4.86 5.07
Kis 1.66 2.36 3.24
AH?®, kcal mol™! 3.91 £0.10
AS©, cal deg™! 14.8 +£0.3
mol~!
Crotaly M 0.01857 0.01850¢ 0.01792
X 103, M 4.36 3.87 3.23
p,gemT3 ¢ 0.99973 0.99707 0.99224
v,ems~le 146 100 149 700 153 300
ap/pCp, cm3 0.08781 0.25825 0.38914
keal=! ¢
AV°, cm3 mol-! 11.04 10.71 11.19
kis,s~! 7.98 X 106 1.69 X 107 3.23 X 107
ksy,s™! 4.80 X 106 7.17 X106 9.98 X 106
AGTs, keal mol™! 7.60 + 0.35
AGT, keal mol™! 8.11 £0.35
AH7s, keal mol=! 7.63 £ 0.25
AH7,, keal mol~! 3.72 £0.25
ASTs, cal deg™! 0.09 £ 0.8
mol~!
AST,, cal deg™! -147 +038
mol~!

2 The quoted error bars are for one standard deviation. ® The es-
timated error is £0.03 up. ¢ Pure solvent values were assumed for the
physical constants. ¢ At 0.00916 M, 4 = (92.7 £ 0.4) X 10717 Np
s2em~!, B = (22.1 £0.2) X 1077 Nps2cm~!, r = (42.0 £ 0.3)
ns.

librium complexes.2® From the temperature dependence of the
equilibrium constant the enthalpy difference between the two
states is calculated to be 5.03 £ 0,07 kcal mol~!, compared
with 3.85 kcal mol~! found in CH,Cl; solution,!® and the en-
tropy difference is 13.6 £ 0.2 cal deg™! mol~! compared with
11.4 cal deg™! mol~1,

For Fe(papth),?* measurements were made in H,O be-
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Table II1. Solution Magnetic Susceptibility Measurements:
Fe(HB(pz)3),°

Af, Hz Af,Hz  xg X 106,% XM’ tert,?
MeOH T7,K  MaegSi cgs X 103 ¢ uB

199.078  221.2 2.198 1.163 0.701 1.12
191.165 2329 3.077 1.346 0.790 1.22
183.178 2443 4.249 1.595 0.910 1.34
174926 2557 5934 1.956 1.084 1.50
165.740  267.9 7.986 2.406 1.300 1.68
157.094  279.0 10.404 2.943 1.559 1.87
148.081  290.0 13.115 3.557 1.853 2.08
138.116  301.7 16.925 4.429 2.276 2.35
126.686 3143  21.468 5.494 2.789 2.66
115.256 3262 26377 6.667 3.354 2.97

9 Ciotal = 0.05046 M in THF at T = 25.0 °C. The data were cor-
rected for changes in solvent density with temperature. ® Includes
xo(THF) =0.722 X 10~ % ¢gs. ¢ Includes xp = 0.141 X 1073 mol™,
which was obtained using Pascal’s constants and constitutive cor-
rections. ¢ The estimated error is £0.03 up.

Table IV. Solution Magnetic Susceptibility Measurements:
Fe(papth),2* @

Af,Hz

ethylene Af,Hz  xg X 1080 X ety @
glycol T,K  1-BuOH cgs X 103 ¢ UB
157.283 287.2 31.984 13.79 9.49 4.69
148.888  296.7 32.825 14.16 9.74 4.83
137.622 309.5 33.745 14.59 10.02 5.00
127.645 3209 34.475 14.96 10.27 5.16
117.375 3325 34.625 15.10 10.36 5.27
107.252 3440 34.185 15.01 10.30 5.35
97.422 355.2 33.745 14.92 10.25 5.42

2 Ciotal = 0.01930 M in H,0 at 7 = 21.5 °C. The data were cor-
rected for changes in solvent density with temperature. ¢ Includes
Xo(H20) = 0.718 X 10~6 cgs. ¢ Includes xp = 0.2278 X 103 mol~!,
which was obtained using Pascal’s constants and constitutive cor-
rections. 4 The estimated error is £0.03 ug.

tween 15 and 82 °C; the data are given in Table I'V. Previous
experiments using magnetic susceptibility2! and Mossbauer
techniques?? have indicated that this complex exhibits a spin
equilibrium in the solid state with the magnetic moment
strongly dependent on the anion present and on the degree of
hydration. In order to fit the equation In K vs. T—1 describing
the solution spin equilibrium to the magnetic moment data
using linear least squares, a limiting magnetic moment for the
high-spin state of 5.8 up was required. This was independent
of the value used for the moment of the low-spin state within
the range 0.0-1.0 up. Consequently, a value of 0 ug was used
for the low-spin state. Although the value of 5.8 g is relatively
high for an Fe(1l) complex, previous work?? had indicated that
certain sets of parameters can produce such a magnetic.mo-
ment. Using these limiting values a straight line plot of In K
vs. 7! was obtained over the entire temperature range (Figure
5). The effective magnetic moments at the temperatures of the
ultrasonics experiments are given in Table II. From the tem-
perature dependence of the equilibrium constant the enthalpy
difference between the two states is calculated to be 3.91 %
0.10 klca] mol~! and the entropy difference 14.8 & 0.3 cal deg™!
mol~!.

Discussion

Solutions of both iron(IT) complexes exhibit single ultrasonic
relaxations with concentration-independent relaxation times.
For Fe(HB(pz)3)» in THF at 25 °C the observed relaxation
time of 33.0 £ 0.7 ns can be compared with a relaxation time
of 32 £ 10 ns observed previously using the laser tempera-
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Figure 5. The temperature dependence of the equilibrium constant for
Fe(papth),2* in H,0.

ture-jump technique.* This relaxation was identified spec-
troscopically as arising from perturbation of the spin equilib-
rium. The ultrasonic relaxation can therefore be ascribed to
a unimolecular isomerization of the iron(II) complex between
two states of different spin multiplicities. For the Fe(papth),2+
complex a relaxation time of 41.00 £ 0.14 ns is obtained at 25
°C which is similarly concentration independent and can be
assumed to arise from a unimolecular process. Since magnetic
moment measurements indicate that the Fe(papth),2+ com-
plex exhibits a spin equilibrium in solution and since the am-
plitude of the ultrasonic relaxation displays a temperature
dependence consistent with the temperature dependence of the
spin equilibrium, we similarly identify the ultrasonic relaxation
as due to perturbation of this spin equilibrium.

A measure of the volume difference between the singlet and
quintet isomers can be obtained from the magnitude of the
ultrasonics absorption. Equation 2 can be written as

2wp0 ap 2 Tr
Sl AV°——VH°> T
f? RT < pCpA ] +w272+B 3)
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Figure 6, Eyring plots of the temperalure dependence of the rate constants
kysand ks, for the Fe(HB(pz)3)2 system.

Hence the excess absorption due to the chemical relaxation for
w K 7is given by

270 /. ap 0\?
a="2 <_w S aH > Tr 4)
where p is the solution density, v the sound velocity, ap the
coefficient of thermal expansion, C, the specific heat, and T
the concentration dependence (I'~! = [LS]~! + [HS]~! where
[LSY and [HS] are the concentrations of the singlet and quintet
isomers, respectively); AV® and AH® are the volume and en-
thalpy differences between the two isomers, respectively.
Values of AH® and I" are obtained from the determination of
the equilibrium constant by the NMR method. The other
quantities are taken from the literature.16-24 These are listed
in Tables I and I1, together with the values of AV® calculated
using eq 4 from the experimental results at three different
temperatures.

An average of 22 = | cm?® mol~! is obtained for the volume
difference between the low-spin and high-spin isomers of
Fe(HB(pz)3),. The small trend with temperature is probably
not a real effect but the result of the accumulation of most of
the experimental errors. Although no crystal structure infor-
mation is available for the iron(II) complex, a single-crystal
x-ray structure determination of the analogous Co(HB(pz)3)»
is available.?®> From these data one calculates that the effective
radius from the central metal to the peripheral hydrogen atoms
on the pyrazole rings is approximately 6 A, If 6.00 A is used
as the radius of a sphere describing the low-spin state, then the
measured volume change of 22 ¢m? mol~! corresponds to a
radial extension of 0.08 A on passing to the larger high-spin
state. This can be considered a minimum change in metal-
ligand distance between the low-spin and high-spin isomers,
since examination of the crystal structure or of molecular
models reveals that the surface of the complex is deeply in-
dented with space between the planes of the pyrazole groups.
The volume change due to an extension of the metal-ligand
bond is much less for this dimpled surface than for a sphere.
Hence the measured AV® probably corresponds to a 0.10-
0.15-A change in the metal-ligand bond length.

Similarly, the volume difference between the high-spin and
low-spin isomers of Fe(papth),2* is found tobe 11.0 £ 0.3 cm3
mol~!, No crystal structure information appears to be available
on salts of this complex. This volume difference again appears
to be of a reasonable magnitude for such a spin equilibrium
between the low-spin (t2)® and high-spin (t25)*(eg*)? electron
configurations, based on accumulating crystallographic evi-
dence?® on the structural effects of antibonding eg* electrons.
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Figure 7. Eyring plots of the temperature dependence of the rate consiants
kysand ks for the Fe(papth),2t system.

The ultrasonic relaxation amplitudes are thus consistent with
our assignment of the absorption to the spin-equilibrium re-
laxation.

The rate constants for the intersystem crossing between spin
states can be calculated from the relaxation times. For a uni-
molecular isomerization reaction between the low-spin singlet
state and the high-spin quintet state

7l =kis+ ksy = ksi(Kis+ 1) %)

Using the equilibrium constants determined by the NMR
method, the rate constants given in Tables I and II are ob-
tained.

The most significant aspect of these results is the tempera-
ture dependence of the rate constants (Figures 6 and 7). The
free-energy barriers calculated from the rate constants at 25
°C and the activation parameters obtained from their tem-
perature dependence using absolute rate theory, eq 6, are given
in Tables I and IT and illustrated in Figures 8 and 9.

k= <khLT>e_AG¢obsd/RT = <__sz>e—AH*obsd/RTeAS*obsd/R
= <k%7->e—AH*obsd/RTeAS¢/R (6)

From these results an assessment can be made of the magni-
tude of «, the transmission coefficient which reflects the
probability of the spin-forbidden intersystem crossing. This
will be done for the two complexes in turn.

For Fe(HB(pz)3) the rate constants k15 0f 4.93 X 106s™!
and ks, 0f 2.53 X 107 s71 at 25 °C correspond to activation free
energies AG¥ s of 8.32 kcal mol~! and AG¥s; of 7.36 kcal
mol~!. The difference of 0.96 kcal mol~! is of course AG®;s.
For the singlet-quintet process the activation enthalpy AH¥ ;s
is 5.64 kcal mol~! but this comprises 5.03 kcal mol~! due to
the endothermic enthalpy difference AH®;s. For the reverse
quintet-singlet process the activation enthalpy AH¥s is
therefore only 0.62 kcal mol~!. Hence the rate constant ks,
is determined largely by an entropic barrier equivalent to
—TAS%,4 of 6.74 kcal mol~1. This temperature-independent
contribution to the free energy barrier comprises both x and
other entropy terms so that the relative magnitudes of these
two factors cannot be separated experimentally. To estimate
x requires an additional assumption.

A minimum value of x and hence the lowest probability of
intersystem crossing is obtained by assuming that the entropy
of the transition state equals that of the high-spin quintet state.
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Figure 8. Activation parameters for Fe(HB(pz)3), obtained from absolute
rate theory, with — TASF. ., partitioned to give the minimum value of « as
described in the text.

Then the entire entropic barrier for the quintet-singlet process
of 6.74 kcal mol~!is due to , which has the value 10742, This
estimate of a minimum value of « involves the additional as-
sumption that the entropy of the transition state is not greater
than that of the quintet isomer, i.e., that there is no minimum
in —TAS *between the quintet and singlet states. This as-
sumption must be valid in the present case, since the enthalpy
barrier of 0.62 kcal mol™! is equal to the thermal energy at
room temperature. Were there a minimum in — TAS* lower
than the quintet state, the quintet state would be found in that
potential well.

Consideration of the spin degeneracy leads to a more real-
istic lower limit for «. The quintet state possesses higher entropy
due to its fivefold spin degeneracy equal to a free-energy sta-
bility of 0.95 kcal mol~! at 25 °C. This assumes that the
threefold orbital degeneracy has been lifted so that the ground
state is A, as occurs in the closely related methylpyrazole
complex in the solid state.2” In the transition from singlet to
quintet the complex acquires this additional entropy but this
presumably must occur after passage from the singlet state.
This implies by microscopic reversibility that for the quintet
to singlet process only one of the five microstates is reac-
tive—presumably the one with m; = O—and hence that the
quintet state must lose entropy equivalent to the spin degen-
eracy toreach the transition state. This contribution imposes
a minimum entropy barrier equivalent to 0.95 kcal mol~! and
hence reduces the minimum probability for intersystem
crossing, «, to 10742,

For Fe(papth),%* a similar analysis leads to a larger value
for «, since for this complex there are appreciable enthalpies
of activation for the intersystem crossing in both directions
(Figure 9). This means that the absence of a minimum in
—T7AS7¥ is not required thermodynamically, but we believe this
restriction on the transition state entropy to be reasonable
considering the nature of the isomerization process. With this
assumption, and considering the spin degeneracy as above but
ignoring any further contribution from orbital degeneracy, a
minimum value for « of 10727 is obtained.

The transmission coefficient x can be interpreted in terms
of the interaction energy between two potential energy surfaces
at the crossing point (Figure 10) using the Landau-Zener
model. A value of x << | implies that the system is highly
nonadiabatic, with the reactant infrequently crossing onto the
product potential energy surface; i.e., instead of remaining on
the lower solid curve in Figure 10, it follows the dotted line onto
the upper energy surface. If the energy separation between the
upper and lower surfaces increases, the reaction becomes more
adiabatic, x becomes larger, and the system stays on the lower
surface more frequently. With the assumption that both sur-
faces can be represented by identical harmonic oscillators with
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Figure 9. Activation parameters for Fe(papth),2* obtained from absolute
rate theory, with — TASY. partitioned to give the minimum value of « as
described in the text.

Figure 10, 1llustration of the potential energy surfaces showing the dif-
ference in metal-ligand bond lengths and the nonadiabatic intersystem
crossing process (lower surface).

a fundamental frequency of 300 cm~! and reduced mass of 50,
separated by 0.10 A, a transmission coefficient x > 1073
implies an energy separation greater than 12 cm™!, While this
value has no quantitative significance, it appears to be of a
reasonable order of magnitude,

This result is more significant, however, when the recent
theoretical results of Kénig and Kremer are considered.?®
These authors have shown that, among the possible spin-
equilibrium situations arising from either octahedral or tet-
rahedral d*, d, d%, or d” electron configurations, only for the
present octahedral d® case is there no substantial mixing be-
tween the two states at the crossover point. We interpret this
to mean that the splitting of the order of 12 cm~! derived from
our relaxation measurements is a small value arising from
higher order effects not considered in their theory, and that for
other electron configurations the splitting is substantially
larger. This implies that for these other electron configurations
the transmission coefficient « will be much larger.

These arguments suggest an important hypothesis regarding
the dynamics of intersystem in metal complexes: only for oc-
tahedral d® complexes can the transmission coefficient be
significantly less than unity. In the absence of additional, e.g.,
steric, barriers to isomerization, the rates of intersystem
crossing in d® complexes are determined by « and the ther-
modynamic differences between the isomers. For other electron
configurations without additional activation barriers the rates
are determined by the thermodynamic factors alone since «
may approach unity. This may explain the apparently very
rapid relaxation of some cobalt(I1) and iron(I1I) complexes.
We observe no excess ultrasonic absorption for solutions of
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bis(terpyridine)cobalt(Il) ion or tris(diethyldithiocar-
bamato)iron(I11), even though spin equilibria in solution are
well documented in each case.!#30.31 If x ~ | the rate constants
could be greater than 1019 s—! since the thermodynamic
barriers are small. Because the excess ultrasonic absorption
depends linearly on 7 (eq 4), a process with such a short re-
laxation time would not display a measurable relaxation am-
plitude. This hypothesis requires, however, that those com-
plexes of d4, d5, and d7 electron configurations which do exhibit
spin-equilibrium relaxation with rate constants in the range
10°-108 s~! should possess activation energy barriers in ad-
dition to those imposed by ground-state thermodynamic dif-
ferences. Measurements are in progress to test this hypothe-
SIS,

In conclusion, we have determined the rates of two AS = 2
intersystem crossing processes by measuring the ultrasonic
relaxation of the thermal spin equilibria in solution. Within
the framework of absolute rate theory, this establishes lower
limits for the transmission coefficients «, which are a measure
of the adiabaticity of the surface crossing. We must note that
the systems studied are thermally equilibrated, without the
necessity for large energy transfers as may be found in excited
state processes. Finally, we emphasize that for transition metal
complexes spin state changes are generally accompanied by
substantial coordination geometry rearrangements due to the
change in electron population of antibonding orbitals. It is
these, rather than purely electronic effects, which may deter-
mine the rates of most “spin-state™ isomerization reactions.
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