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Results are presented from a variable-temperature solution-phase laser photolysis stutll,ef-th&; intersystem
crossing in a series of related complexes: [Fe(tpen)]gzl@Fe(tppn)](CIQ),, [Fe(tptn)](CIQ),, [Fet-tpchxn)]-
(ClO4)2, and [Fe(dpa](ClO4).. The hexadentate ligands are formed with four 2-pyridylmethyl arms attached to
ethylenediamine (tpen), 1,2-diaminopropylene (tppn), 1,3-diaminopropylene (tptransf,2-diaminocyclohexane
(t-tpchxn). The dpa ligand is a tridentate analogue of these ligands, namely, bis(2-pyridylmethyl)amine. The
complex [Fe(mtpen)](Clg),-%/sH,0, where mtpen is the same as tpen except one of the pyridyl rings has a
6-methyl substituent, crystallizes in the space gréajc, which at 173 K has a unit cell with = 41.390(13) A,
b=9.5239(16) Ac = 24.016(6) A8 = 108.24(3}, andZ = 12. Refinement with 2844 observed § 5.00(F)]
reflections gaveR = 0.075 andR, = 0.076. The complex [Fe(tppn)](CiB-%/3H,0 crystallizes in the space
group P2;/n, which at 296 K has a unit cell wita = 12.979(4) A,b = 12.624(4) A,c = 19.475(6) A,B =
108.17(2), andZ = 4. Refinement with 2357 observeB B 5.00(F)] reflections gaveR = 0.1198 andr,, =

0.1141. The mtpen complex is a high-spin' E@mplex at all temperatures (4-200 K). The hydrated tpen
complex is a spin-crossover complex with the temperature where there are 50% high-spin conpjgxes<

385 K, the hydrated tppn complex is also spin-crossover with a highevalue, and the hydrated tptn complex

is low spin up to 400 K. The present crystallographic results, together with previously reported structural results
for the tpen complex at two temperatures, are used to show that the conversion from low spin to high spin leads
to an increase in the trigonal twist of these distorted octahedral complexes. The influence of this variation in
trigonal twist on the rate ofT, — 1A; intersystem crossing is examined with variable-temperature laser-flash
photolysis. Data collected for the tpen complex in MeOH in the-12®4 K range give a linear Arrhenius plot

with an activation energy df, = 767+ 22 cnt ! and a preexponential term Af= (1.354 0.2) x 1®s%. The

tppn complex gives similar results & = 771+ 17 cnmt andA = (1.45+ 0.2) x 1° s71. At 294 K the rate

(k-1) for the 5T, — 1A, intersystem crossing is 2.8¢ 107 s for the tpen complex, and 3.24 107 s~ for the

tppn complex. On the other hand the tptn complex kas= 6.25 x 1® s ! at 295 K as measured with a
picosecond spectrometer, and together with nanosecond data measured in-tB&QBGange gives an Arrhenius
activation energy of, = 777 4 50 cnt! with A = (2.6 & 0.8) x 1019 s™1. The bis(tridentate) complex [Fe-
(dpa}](ClOy)2 in MeOH is found to givek—; = 4.59 x 107 s! at 282 K and with the 191282 K data gives
Arrhenius values oE; = 339+ 13 cnttandA = (2.54 0.25)x 18 s 1. The terpyridine complex [Fe(terpph

(ClOy), is found to havek—; = 1.0 x 10° st in MeOH at 239 K, and the analysis of 19239 K data give€,
=532+ 36 cntltandA=(2.44+0.4) x 1° s71. Previous studies have shown that the greater the trigonal twist,
the lower in energy is théT, state which facilitates the sp#orbit interaction between tHg, high-spin andA;
low-spin states. It is suggested that the trigonal twist is a vibrational coordinate strongly coupledTe the

1A, intersystem crossing. It is additionally shown that the data are consistent with a model wherein the “intrinsic”
rate of5T, — A intersystem crossing, as gauged by the preexponential term, is a function of how far along the
reaction coordinate a complex proceeds.

Introduction multiplicity. In general, it is not easy to study intersystem
crossing, for it involves excited electronic states of molecules.
Spin-crossover complexes, which have been studied for several
years® are involved in intersystem crossing between the ground
electronic state and a thermally populated excited state with a
different spin multiplicity. The most thoroughly studied spin-

The study of excited electronic states in transition metal
complexes is a vast area of reseatcline interesting subset
of this field involves intersystem crossing, where a complex
converts from one state to another which has a different spin
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crossover complexes are those of Fehere the ground state
is the low-spin (8) 1A, state with a low-energy high-spin excited
5T, state. Simply stated the intersystem crossing (in an
octahedral Pk spin-crossover complex) involves an intercon-
version between low-spind and high-spin 4;*e,2 configura-

tions. Intersystem crossing in a spin-crossover complex can,

thus, be considered as an intramolecular electron transfer.
The rate of spin-state interconversion in spin-crossover
complexes is generally quite fast at room temperature. Pbr Fe

spin-crossover complexes, the observed rate constants are

typically in the range of 18010° s=1. The very first measure-
ment of spin-state interconversion rates for a complex in solution
was reported in 1973 by Beattét al® using the laser-Raman
temperature-jump technique. For the! Bpin-crossover com-
plex [Fe(HB(pz}),], where HB(py)~ is the hydrotris(pyrazolyl)-
borate anion, they observed a relaxation time of 32 ns, which
corresponds to interconversion rates ok 110’ and 2 x 107

s1 for the 'A; — 5T, and>T, — 'A; processes, respectively.

Several years later Beattie also pioneered the use of ultrasonic

relaxation? where the observed relaxation time for [Fe(HB-
(pz)k)2] of 33.0 £+ 0.7 ns is in good agreement with the value
obtained from the temperature-jump experiment. A compre-
hensive study of 14 complexes of 'FeFé!', and Cd was
reported by Doset al® in 1978 and represented the first detailed
study of the kinetics of spin-state interconversion.

A significant breakthrough was achieved in 1982 when
McGarvey and Lawthers reportethat the kinetics of spin-

state interconversion in spin-crossover complexes could be
monitored using a laser pulse to excite the sample from one

spin state to another. This opened up a variety of possibilities
since, with the application of laser photolysis, it is possible to
study complexes over a wider range of conditioresg(
temperature, sample state) than was possible with either th
temperature-jump or ultrasonic methods. It was through the
use of laser photolysis that Xie and HendrickSaeported the
observation of temperature-independent kinetics fofihe—

1A relaxation of a F¢ spin-crossover complex diluted in a
polymer film. This provided the first evidence for the occur-
rence of quantum-mechanical tunneling in spin-crossover
complexes. Since this report, other workérsave observed
temperature-independent rates Y65 — 'A; relaxations of F&
spin-crossover complexes. Recent revié¥have summarized
the results of the studies of the kinetics of spin-crossover
complexes.

The goal of this work was to elucidate in terms of microscopic
details the mechanism of spin-state interconversion in spin-
crossover and related complexes. The conversion between th
low-spin and high-spin states of a'Fgpin-crossover complex
can be described in terms of the “one-dimensional” potential-
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Figure 1. One-dimensional potential-energy diagramA®= 2 spin-
crossover transition in aédransition metal complex. See the text for
a discussion of the parameters indicated.

energy diagram shown in Figure 1. The complex can exist in
one of two states, and the potential-energy curve for each is
represented by a parabola, where the potential energy of the
complex is plotted as a function of the reaction coordinate. For
a Fé' spin-crossover complex th#éA; and 5T, states are
vibronically coupled (electronic and vibrational coordinates
interact). The reaction coordinate refers to whichever normal
vibrational mode or combination of modes is coupled to the
spin-state interconversion. The rate at which 4 Eemplex
converts from théA; to the 5T, state, onice versg depends

on the magnitude of the change in the reaction coordins@ (

the zero-point energy differencAE,), and the resonance energy
(Hap) which is also called the tunneling matrix element. The
guantityHap gauges the magnitude of the electronic interaction
of the 1A; and 5T, states. These two states have\g = 2
difference in spin multiplicities and, consequently interact via
a second-order spirorbit interaction through the intermediacy
of a 3T, state.

To understand the microscopic details of the mechanism of
espin-state interconversion, it is necessary to characterize for a
given spin-crossover complex not only the values\&h, and
Han but most importantly the vibrational modes which make
up the reaction coordinate. Since spin-crossover complexes
have been known for more than 60 years, it comes as no surprise
that there are already opinions in the literature as to what modes
are important in the spin-crossover transformation. The single
most distinctive characteristic is the change in meligland
bond length that accompanies the transformation. For'a Fe
spin-crossover complex there are two electrons in ffece
antibonding orbitals for theéT; high-spin state. This results in
a marked increase in metdigand bond length when an fFe
spin-crossover complex converts from g to the5T; state.
There exists an extensive dataldd$é3which shows that the
increase in metatligand bond distance\) is in the range of
0.15-0.2 At4for Fé' spin-crossover complexes, while'Fgpin-

(13) (a) Martin, R. L.; White, A. HTrans. Met. Cheml1968§ 4, 113. (b)
Goodwin, H. A.Coord. Chem. Re 1976 18, 293. (c) Bacci, M.
Coord. Chem. Re 1988 86, 245. (d) Kmig, E. Struct. Bonding
(Berlin) 1991, 76, 51.
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crossover complexes tend to show slightly smaller changes withIn addition, according to Purcell’s calculation torsional modes

values in the range afr = 0.1-0.15 A. These observations

cause asignificant net stabilizatiorof S= 1 states relative to

have prompted most workers in the field to assume that the both the low-spin and high-spin states. This will result in a
spin-state interconversion is coupled to the symmetric breathing significant increase iHa, and therefore enhance the rate of

mode of the complex.

Although changes in the metdligand bond length do
accompany the spin-crossover transition, this dostsneces-
sarily mean that thé&ineticsof the process are a reflection of

spin-state interconversion by further stabilizing the transition
state. The results of PurcBlland Vanquickenborriéstrongly
suggest that enantiomerization inabmplexes occurs via a spin-
crossover transformation. In the present work we approach the

this vibrational mode. The transition state for the spin-crossover problem in the opposite sense and postulate that the molecular

spin-state change could occur along a totally different coordi-
nate, implying simply that the observed changes in mdigénd

bond length occuafterthe system has already been established

on the new potential-energy surface.

mechanism for spin-state interconversion involves coupling to
a torsional vibration of the spin-crossover complex.

Finally, it is relevant to note that Endicott and co-workérs
presented results including those from molecular mechanics

It was the hypothesis of this work that a very strong candidate calculations to explain the range & excited state lifetimes
for the active vibrational coordinate in spin-crossover dynamics observed for G¥ complexes. They concluded that the greater

is a torsional mode. This idea originates from work by Puteell
and Vanguickenborri@ who independently established a con-
nection between the enantiomerization &fttansition metal

the tendency of the ligand to twist along a trigonal coordinate,
the shorter the lifetime of théE excited state is for a @r
complex. Large-amplitude trigonal distortions facilitate the spin-

complexes and spin-state interconversion. Specifically, two forbidden2E — 4A, relaxation.

torsional coordinates were considered by these authors: a

trigonal twist {.e., Bailar twist) and a rhombic twist (Ray
Dutt twist). The trigonal twist can be described as the motion

In this first paper a series of structurally related Eemplexes
are characterized by X-ray structural and susceptibility data.
There is an attempt to correlate the flexibilities of the ligands

of the two trigonal faces of an octahedron with respect to each in the series with the activation energies s — A; relaxation

other:

/

[¢]
L\
/X

~—————

6 =0°
D3h

8 = 60°
Oh

The parametefl gauges the extent of this distortion relative
to a perfect octahedrorDf, 6 = 60°) or a trigonal prismatic
structure D3, 8 = 0°). The trigonal twist therefore occurs about

the C; axis of the octahedron and reduces the local symmetry

to Cy, in the intermediate stages of the transformation. The
rhombic distortion is more difficult to represent but can be
thought of as an analogous distortion about @eaxis of the

complex. Since all of the conclusions mentioned below
concerning state crossings hold equally well for both coordi-

measured by means of nanosecond laser flash photolysis. In a
future paper the variable-temperature kinetic data for5ihe

— 1A relaxation in the series of F&omplexes are fit to three
different theories of electron transfer. This is done in an effort
to determine the nature of the vibrational mode(s) which is (are)
coupled to théfT, — 1A; spin-crossover transition.

Experimental Section

All materials were of reagent grade and used without further
purification unless otherwise indicated. All synthetic procedures
involving Fe€' complexes were carried out in thoroughly deoxygenated
solvents under an inert atmosphere of eitheroNAr using standard
Schlenk techniques unless otherwise indicated. All chemicals and
solvents were purchased from either Fischer or Aldrich. The synthesis
of [Fe(t-tpchxn)](CIQ) (t-tpchxn= trans-1,2-diaminocyclohexane) is
described in the literaturé.

Compound Preparations. N,N,N',N'-Tetrakis(2-pyridylmethyl)-
1,2-ethylenediamine (tpen). This compound was prepared as previ-
ously reported?

N,N,N',N'-Tetrakis(2-pyridylmethyl)-1,2-propylenediamine (tppn).

nates, we shall restrict our discussion to the trigonal twist Since Tps compound was prepared by a modification of a previously reported

it is easier to visualize.
Purcelt® carried out angular overlap calculations in an attempt

procedure! Approximately 4.8 mL (50 mmol) of 2-pyridinecarbox-
aldehyde was dissolved in 20 mL of EtOH. To this solution was added

to rationalize both the unusually fast rate of enantiomerization 2.1 mL (25 mmol) of 1,2-propylenediamine in a dropwise fashion,

in [Fe(phenj]?* and to place on theoretical grounds the
hypothesi¥’ thatcis-[Fe(phem)(NCBPH),] exhibits synchronous
enantiomerization and spin-state interconversion in@ The

angular overlap calculations showed that distortion along purely
torsional coordinates results in a crossing of the singlet and
quintet surfaces. Using his model, Purcell was able to reproduce

quite well the experimental value for the rate of enantiomer-
ization in [Fe(phenj2*. A torsional mode is highly attractive

from the standpoint of a transition state in a classical description

resulting in the immediate formation of a clear, yellow solution. The
solution was gently heatedrfd h and then allowed to cool. To this
now amber solution was addee?.5 g of NaBH in small portionsso

that gas evolution was not too excessive. This opaque, pale-orange
solution was stirred overnight. The resulting thick, yellow emulsion
was heated to reflux fol h and allowed to cool. Slow addition 6f7

mL of concentrated HCl resulted in dissipation of the emulsion, giving
a milky-orange mixture. This solution was stirred for approximately

1 h, after which the solution was made slightly basic with aqueous

of spin-state interconversion. These normal models are char-(1g) (a) Perkovic, M. W.: Heeg, M. J.: Endicott, J.IRorg. Chem 1991,

acterized by relatively low energies<{00 cnt1) and hence
would result in low-energy transition states relative to those
produced along bond-stretching coordinat@s & 300 cnt?).
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Buranda, T.; Perkovic, M. W.; Schwarz, C. L.; Rudong, Y.; Endicott,
J. F.Inorg. Chem 1992 31, 3091.
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NaOH. A white precipitate was filtered off, and the filtrate was
concentrated to a volume of 5 mL. This concentrate was extracted
with five 40 mL portions of CHG, and the extract was dried with
MgSQ,. This clear, pale-yellow solution was concentrated and the
residue redissolved in 20 mL of EtOH. To this stirred solution was
added 8.0 g (63 mmol) of 2-picolylchloride hydrochloride in small
portions to allow for dissolution. The reaction mixture was made
slightly basic with aqueous NaOH (to pk 8.5), resulting in a
somewhat biphasic, red reaction mixture. The reaction was allowed
to stir for 3 days, during which time the pH was maintained between
7 and 9 by dropwise addition of aqueous NaOH. The reaction mixture
was filtered, yielding a pink solid and a deep red filtrate. The solid
was washed with cold ¥D, which dissipated some of the pink hue,
and driedin vacua The ligand is isolated with one molecule of
hydration. The yield was 18%. Anal. Calcd fogH3N¢O: C, 71.03;

H, 7.06; N, 18.41. Found: C, 71.07; H, 6.72; N, 18.08.

N,N,N’,N'-Tetrakis(2-pyridylmethyl)-1,3-propylenediamine (tptn).

This compound was prepared analogously to tppn using 1,3-propyl-
enediamine instead of 1,2-propylenediamine. The yield for this reaction
was <10%. Anal. Calcd for GHsNe: C, 73.94; H, 6.89; N, 19.16.
Found: C, 73.77; H, 6.95; N, 19.00.

Bis(2-pyridylmethyl)amine (dpa). This ligand was graciously
provided by Professor Robert Buchanan of the University of Louisville
as a 3HCI salt and prepared according to a previously reported n¥éthod.
To isolate the free base, approximately 0.5 g of-8pCI was dissolved
in 5 mL of H,O. To this stirred solution was added an aqueous solution
of N&CO; (1 g in 15 mL of HO) in a dropwise fashion until gas
evolution ceased. This solution was extracted with seven 50 mL
portions of CHCI,, and the extract was dried over Mg5OThe CH-

Cl, solution was evaporated to dryness, leaving an oily residue. This
residue was redissolved in 15 mL of MeOH for reaction with ReCl
(vide infra).

FeCl2H,O. A 25 g amount of FeGi4H,O was dissolved in
deoxygenated D and mixed with 1 mL of concentrated HCl and 1 g
of Fe powder. The solution was heated in an oil bath under an N
atmosphere for 30 min. The solution was filtered while warm, and

Inorganic Chemistry, Vol. 35, No. 7, 199€103

the immediate formation of a clear, deep red solution. This solution
was heated t@a. 50 °C for a period of 2 h, after which time the heat
was removed and an aqueous solution of NaQI®2 g in 3 mL of
H,0) was added in a dropwise fashion. The solution was allowed to
cool, and N was passed over the top of the solution to slowly evaporate
the solvent. A microcrystalline product formed after 1 day and was
isolated by filtration as a monohydrate. The compound is stable in air
as a solid but decomposes in solutions exposed to air upon standing
for several hours. Anal. Calcd for Fefl,sNeOoCl: C, 42.94; H,
4.20; N, 12.52; Fe, 8.55. Found: C, 43.13; H, 3.86; N, 12.20; Fe,
8.70.

[Fe(bpy)s](ClO4).. Approximately 0.95 g (6.0 mmol) of 22
bipyridine (bpy) was dissolved in 20 mL of MeOH. This solution was
then pumped and purged with,NTo the stirred solution was added
0.34 g (2.0 mmol in 5 mL kD) of FeC}-2H,0, resulting in the
immediate formation of a clear, blood-red solution. This reaction
mixture was gently heated and stirred fix 1 h and allowed to cool
to room temperature. Dropwise addition of an aqueous solution of
NaClO, (0.5 g in 5 mL of HO) resulted in the immediate formation
of a red, microcrystalline precipitate. The solid was filtered and dried
in vacuofor 24 h. The optical spectrum of the compound was identical
with that reported in the literaturé.

[Fe(phen)](ClO4),. This compound was prepared analogously to
[Fe(bpy}](ClO4), using 1,10-phenanthroline (phen) instead of bpy. The
deep red, microcrystalline product was isolated by filtration and dried
in vacua

[Fe(terpy)2](ClO4)2. A 0.16 g (1.0 mmol) amount of FeE£PH,O
was dissolved in 8 mL of deoxygenated@and added to a stirred
MeOH solution containing 0.47 g (2.0 mmol) of 2@,2"'-terpyridine
(terpy), resulting in the formation of a clear, deep purple solution. The
reaction mixture was gently heated to 80 for 1 h. To the warm
solution was added a solution of NaGI[®.25 g in 10 mL of HO) in
a dropwise fashion. This resulted in the immediate formation of a
purple, microcrystalline product that was isolated by filtration and dried
in vacua As with the two previous compounds, identification of the
desired product was made by comparison of its optical spectrum with

the pale-green filtrate was evaporated to dryness, leaving a pale greenthat of an authentic sample.

white solid. White FeGI2H,O was obtained upon heating this solid
under a hard vacuum at 8C for 1 h. This purified ferrous chloride
was stored under Nand used as needed.

[Fe(tpen)](ClO4)2+%3H0. This compound was prepared as previ-
ously described®

[Fe(tppn)](ClO4)2. Approximately 0.091 g (0.56 mmol) of Fe£l
2H,0 was dissolved in 10 mL of deoxygenated 1:1 MeOyDHand
heated to 50C. To this stirred solution was added 0.23 g (0.52 mmol)
of tppn in 5 mL of deoxygenated 1:1 MeOH/B, resulting in the
immediate formation of a clear, red solution. This solution was stirred
at 50 °C for approximately 2 h. The heat was removed, and to the
warm, stirred solution was added a solution of Nag(€a. 0.3 g in 8

[Fe(mtpen)](ClO4).. This compound was prepared according to a
previously reported procedute. The compound is identical to [Fe-
(tpen)](CIQy), with the exception that a methyl group is located at the
6-position of one of the pyridine rings. Crystals suitable for X-ray
diffraction were obtained by redissolving the sample in 1:1 MeOH/
H,O under N and allowing the solvent to slowly evaporate over a
period of several days.

Physical Measurements. Magnetic Susceptibility. Magnetic
susceptibility data were collected on a VTS-50 Series 800 SQUID
susceptometer (S.H.E. Corp.) interfaced to an Appfe ¢bmputer.
The sample was packed in a cylindrical Delrin sample container with
an inner diameter of approximately 4 mm. Sample temperature control

mL of H,0) in a dropwise fashion. The reaction mixture was allowed was achieved using a S.H.E. digital temperature device. Each data
to cool to room temperature and then immersed in ice. Scratching point was taken as the average of five samplings after the sample had
induced the formation of a brownish-red, microcrystalline precipitate. reached thermal equilibrium. A magnetic field of 10.0 kG was used.
The solid was filtered, washed with small portions of colgDHand For all of the data reported, diamagnetic corrections estimated from
driedin vacua The compound is isolated as a monohydrate and is Pascal’s constants were applied in determining the molar paramagnetic
stable in air as a solid. Solutions of the compound are also reasonablysusceptibility of the compound.
stable for several days in air (soluble in® MeOH, acetone, and Electronic Absorption Spectra. Variable-temperature electronic
MeCN), but it is recommended that care be taken to exclude air in absorption spectra were recorded on a Hewlett-Packard Model 8452A
making up solutions for spectroscopic work. Anal. Calcd for eC diode array spectrophotometer. Temperature control was achieved
Hs:aNeOoCl2: C, 45.59; H, 4.53; N, 11.81; Fe, 7.85; Cl, 10.03. Found: using a Hewlett-Packard Model 89054A thermostated cell holder,
C, 45.89; H, 4.46; N, 11.81; Fe, 7.98; CI, 10.08. connected to a Fisher Scientific Model 800 Isotemp circulating bath.
[Fe(tptn)](CIO 4).. This compound was prepared analogously to [Fe- Temperature stability was better tha.3 K; the absolute accuracy is
(tppn)](CIOy), using FeC) and tptn and is isolated as a partial hydrate. estimated at-1 K. Measurements were carried out in spectrophoto-
The compound is very stable as a solid and is reasonably stable inmetric-grade solvents. Each spectrum represents a signal average of
solution, showing no signs of significant decomposition upon standing 250 individual spectra taken at 0.1 s interals after the solution had
in air for several days. Anal. Calcd for FeB3:NsOsCl,: C, 46.18; equilibrated for 15 min. All spectral changes were found to be
H, 4.30; N, 11.97; Fe, 7.96. Found: C, 45.92; H, 4.07; N, 12.03; Fe, reversible unless otherwise indicated.
8.00. X-ray Structure of [Fe(mtpen)](CIO 4)»+?/3H,0. The structure for
[Fe(dpa)](ClO4).. A quantity of 0.13 g (0.80 mmol) of Fegl this compound was solved in the Department of Chemistry at the
2H,0 was dissolved in 23 mL of deoxygenated ¥ and added to a University of California at San Diego. The structure was solved at
stirred deoxygenated MeOH solution of dpéde suprg, resulting in two temperatures, 173 and 296 K; the former structure was determined

(22) Gruenwedel, D. Winorg. Chem 1968 7, 495. (23) Palmer, R. A.; Piper, T. Snorg. Chem 1966 5, 864.
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Table 1. Crystallographic Data for [Fe(mtpen)](Clip-%sH.0O Table 2. Crystallographic Data for [Fe(tppn)](CiR-H.O
173K 296 K formula G7H31NeOoCloFe
formula GrHz13NeOg6ClaFe  GrHz1 3Ns0s 6ClaFe fW’I g/r?]()l ; 710.33
fw, g/mol 705.3 7053 color, habit red, plates
color, habit brown, prismatic brown, prismatic g;y:: glrgtens, mm gor? OIEZX 0.32
crystdimens, mm 0.1k 0.18x 0.36  0.11x 0.18x 0.36 S {meyrou ch/’ oclinic
cryst syst monoclinic monoclinic tepm E P 2916n
space group C2/c C2lc P,
cell dimens cell d}&mens
a A 41.390(13) 41.891(13) A ig-g;j(j)
b, A 9.5239(16) 9.5823(16) oA 1o
c A 24.016(6) 24.224(6) o o 17( 2)
B, deg 108.24(3) 108.53(3) B 99 e
v, A 8991(4) 9220(4) ' 9(18)
Z (molecules/ 12 12 Z (molecules/cell) 4
cell) D(calcd) g/cm 1.556
bs coeff, mm?! 0.730
D(calcd), g/cd  1.563 1.524 aps coetl,
DEmeas)d)g glch 1.49(5) radiation type Mo K¢ (A =0.710 73 A)
abs coeff, mm!  0.741 0.723 goodness of fitg? 1.550
radiation type Mo Kt (A = Mo Ko (4 = tzc?tarlﬁggg deg fﬁi 20 =450
0.710 73 A) 0.710 73 A) e dat 3952
goodness 2.23 2.19 unique cata
of fit (97 obsd data 2357
b o,
26 range, deg 30> 20 < 45.C 4.0°0<20=<45C SW c/;’/o ﬁ?&
total data 6356 6537 ’ '
unique data 5840 6016 aS=[3W(Fol — Fc)*m — n)]¥2 *R = J||Fo| = Foll/3|Fol. °Ra
ggsg data 7258514 8217184 = [IW(IFo| — IFe)2/ZwIFo[2*2
> % . .
R, % 7.60 8.09 All non-hydrogen atoms except for the water-molecule oxygen atom
aS = [SW(|Fo| — Fe)X(m — n)]¥2 PR = S ||Fo| — Fol|/S|Fol. ¢ R were refined anisotropically. Hydrogen atoms were placed in idealized
= [SW(IFo| — [Fe|)¥Sw|Fo|?Y2 locations. The CI@ ions were fixed as rigid tetrahedrons with a

common refined GO distance [final value= 1.355(4) A). All

in an attempt to improve thB-factor from the structure at 296 K due ~ computations used SHELXTL (5.1) software (G. Sheldrick, Nicolet,
to disorder in the CIQr anions ¢ide infra). The details for both Madison, WI).
structures are virtually identical. Systematic absences indicated the Nanosecond Laser Photolysis ExperimentsA nanosecond time-
space group to be eith@2/c orCc. The centrosymmetric model was  resolved laser photolysis apparatus was constructed where the center-
chosen becaugg? — 10was 0.960 and because the noncentrosymmetric piece of the system is a Lambda-Physik LPX 205iC rare-gas excimer
model would require the asymmetric unit to contain three independent laser configured for XeCl. The laser was operated in single-shot mode
molecules for which there was insufficient data. Wath= 12 in C2/c at a pressure of3.3 atm with 22.0 kV electrical discharge to produce
there is one cation present on a general position and one on a 2-folda ~28 ns pulse at 308 nm. This pulse was directed into a Lambda-
rotation axis. This requires that the methyl group is statistically Physik Model FL3002 dye laser. The dye used for all of the
disordered. It was discovered that the disorder in the position of the experiments on the tpen series of complexes was Coumarin 120
pyridine ring containing the methyl group was present for both the (Lambdachrome) dissolved in MeOH, which allowed for tunable
general position and special position cations. excitation in the range of 418460 nm. The output pulse from the

The CIQ~ ions were observed to be undergoing large-amplitude dye laser was measured by diffuse scattering into a R1547 photomul-
librational motions at 286 K; these librations were significantly reduced tiplier tube (Hamamatsu) to be 241 ns. The dye output was passed
at 173 K. The low-temperature structure with all Fe, Cl, N, and €(1)  through a spatial filter, and a portion of the beamfo) was split off

C(9) atoms refined anisotropically galRe= 0.0945 andR, = 0.0989. and directed into a power meter (Scientech Mentor MD10 energy meter
Anisotropic refinement of the oxygen atoms of the perchlorate ions with a Model MC2505 volume absorbing disk calorimeter) for
and the water solvate led to convergence after four cycles Rith monitoring pulse energies during the experiment. The beam was

0.0750 andR, = 0.0760. Due to our inability to uniquely locate the directed at the sample through a fixed 2.0 mm aperture using an
water hydrogen atoms, it is impossible to make definitive statements enhanced Al mirror (Melles Griot) to yield a fairly uniform excitation
concerning hydrogen-bonding contacts. However, @M)2) and source without the need for additional focusing. This second aperture
O(w)-++O(12) distances are 3.30 and 3.07 A, respectively. Pertinent in addition to eliminating ASE on the fringes of the laser pulse also
crystallographic details for the structures at both temperatures are givengreatly reduced backscatter of laser light off of the mirror due to

in Table 1. reflections from within the sample chamber of the optical dewge(
X-ray Structure of [Fe(tppn)](CIO 4)2rH20. The structure of this infra).
complex was determined at the University of Delaware. Crystal- The probe beam consists of a high-energy Xe flash lamp (EG&G

lographic data on this compound are collected in Table 2. All Model FX193) operated at variable applied voltages with a pulse
specimens tested diffracted weakly and broadly due to the presence ofduration of~2 us fwhm (full width at half-maximum). In order to
loosely bound and fractionally missing water molecules as well as avoid unnecessary scattered light from the highly divergent Xe source,
ambiguously located CIQ ions. Photographic characterization showed an aspheric condenser leris £ 29 mm) was placed directly in front
2/m Laue symmetry, and systematic absences in the diffraction data of the Xe lamp to collect better than 95% of the output light intensity.
unambiguously identified the space groupR&/n. The upper limit In addition to dramatically attenuating scattered light, this configuration
of 26 for available data was restricted by the diffuseness of diffraction. also provided for a nearly parallel-ray light source for focusing onto
Correction for absorption effects was done by semiempirical methods. the sample. The probe beam was focused using a plano-convex lens
The structure was solved by direct methods and a series of differenceonto a fixed 2.0 mm aperture to ensure effective overlap with the laser
Fourier syntheses. For each complex cation a molecule®©flébsely excitation pulse. The clean pulse from the filter was focused onto the
hydrogen-bonded to both ClOcounterions was found in the crystal  sample using matched achromatic lenses. The alignment of the laser
lattice. Refinement of the site occupancy of the water-molecule oxygen beam was such that intersection of the pump and probe beams occurred
atom O(9) [final value= 0.73(3)] suggests partial solvent loss, although atca. 90° in the front one-third of the 10 mm cell. After being passed
we have chosen to continue to formulate the compound as a monohy-through the sample, the probe beam was then focused onto the 2.0
drate. mm entrance slit of a monochromater (Instruments SA Model 20,
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= 200 mm) using a pair of matched achromatic lenses and an aplanaticUniversity of California at San Diego. A description of this apparatus
meniscus lens included to ensure thatfii¢ = 4.2 of the monochro- is given in the literaturé* This spectrometer hasa80 ps pulse width
mater was approximately matched by the probe beam. The holographicwith excitation available at both 532 and 355 nm. The probe beam
grating of the monochromater (1200 blaze) was tuned to 414 nm where originates from a dye laser, and the temporal resolution comes from
most of the tpen series molecules were monitored. A S11 photomul- an optical delay line rather than the real-time measurement characteristic
tiplier tube (PMT) modified slightly in the first few dynode stages for  of our nanosecond experiment. The apparatus is capable of delays out
the high intensity of the flash lamp was coupled directly to the end of to ~3 ns, which nearly overlaps with our deconvolution analysis. Data
the monochromater and operated at an applied voltage360 V (dc). from the picosecond spectrometer were also fit by deconvolution of
The ouput from the PMT was terminated through ac®@esistor and the instrument response function, giving a temporal resolution5gf
monitored in real time using a Tektronix 7912AD digitizing oscil- ps.

loscope, and the data were collected and transferred to disk using a

Tetronix PEP 301 controller (AT386 computer) and the TekMAP driver Results and Discussion

software. - Synchronization of the probe beam, the oscilloscope, and 0y nd Preparation and Basic Characterization. It
the excimer laser were effected using an electronic timing circuit of . - .
was desirable to have a series of Bpin-crossover complexes

local design. All of the data presented represent a signal average of ; .
10 transients, and the data were analyzed using programs of local origin. Where the hexadentate ligand is changed such that there would
be a variation in the trigonal-twist angte (vide suprg. The

The S11 tube as configured for our experiments has a relatively large . . - .
transit-time spread and is the temporal limitation of the apparatus. The ligands should be virtually identical with respect dedonor/
instrument response function (IRF) of the system ist38 ns fwhm m-acceptor characteristics so that focus can be directed on the
as measured by diffuse scattering of the laser source. However, thegeometric effects on the spin-state interconversion rate. Fol-
high degree of reproducibility of the IRF enabled us to analyze our lowing the work of Toftlund and co-wokeP§2'Fée' complexes
data via integral deconvolution (more specifically, iterative reconvo- were prepared for the following ligands:
lution), which extends our time resolution to below 10 ns. The
increased transit-time spread therefore yields an advantage in this AN 7 AN 7
particular case. For ordinary room-temperature measurements, the | P s | | P S l
sample was placed in a 10 mm path length optical cuvette and NN
positioned using a home-built sample holder. For variable-temperature N / N N \_< N
measurements, the sample was placed in locally-fashioned thick-walled | h | A | S N
cuvettes (wall diameter 1 mm) to guard against cracking of the cell Z tpen e e tppn A
due to thermal cycling. No problems of this kind were experienced
using these cells, which were also equipped with a top suitable for -
sealing the cuvette with a septum. The drawback to the thick-walled | | I |
cuvettes is that the glass is not of opitcal quality. This resulted in N N N N
somewhat smaller signal intensities as compared to the optical cells NN NN
due to necessary repositioning of the pump and probe beams, but did S N S <L_>
not significantly affect data collection. Experiments were performed - > - |
by placing the sample cell in a Janis Model 8DT-SVT-OPT dewar tptn
equipped with optical windows. This dewar enables measurements to
be made between 1.8 and 300 K. A typical data set ran from 190 to | |
300 K since we were interested in dynamics in fluid media. The use N N
of a 9:1 MeOH/EtOH mixture allowed us in one instance to measure N\_/N

mtpen

kinetics in solution down to 160 K. Scattering off of the polished Al NS
surfaces inside the dewar cavity is a significant problem with these
variable-temperature experiments. It can be reduced to an acceptable
level by repositioning the pump beam, using the second spatial filter

mentioned above to reduced backscatter off of the mirror, and tuning . | .
the probe wavelength away from the laser linel@ nm is usually which should ensure that the'Feomplexes will be very stable

sufficient). Howevercare must be exercised in ensuring that scattering  With_respect to ligand dissociation (formation constants are
is not a significant portion of the obsesd signal =107% cf. r?f 21).

Temperature control was achieved using a LakeShore Model DST- N @ previous papé? we reported the X-ray structuresFe
80D temperature controller and a DT-470-SD-13 silicon diode (Lake- MGssbauer and magnetic susceptibilities of [Fe(tpen)](l0
Shore). This factory-installed diode was located below the sample and the hydrated form [Fe(tpen)](Cf2%/sH2O. For polycrys-
region; we installed a second diode (DT-500-DRC) to monitor the talline samples both of these tpen complexes are spin-crossover,
temperature at a position approximately equidistant above the samplewhere theTy, temperatures (50% high spin and 50% low spin)
region and took the average of the readings on the two diodes as theyere found to be 369 K for the hydrate salt and00 K for
tempera_ture_ for_ the sample. The dewar was operated in the conductiony,o anhydrous salt.
o AT I 411 th outr charber and e st CAer 035 in another recent papéiwe repored the X.ray Sructure and

ple region. P g other characteristics of [Fefpchxn)](CIQy),. At room tem-

across the sample region, particularly at high temperatergs AT = . . .
7 K at 280 K); this is likely due to the low heat capacity of He gas. perature a polycrystalline sample is mostly low spin. Toftlund

Equilibration of the control diode usually occurred within 10 min  Das repo_rte%? that in solution the spin equilibrium for this
following a 10 rise in temperature. However, data were only collected COMPplex is solvent dependent with, = 365 K (DMF) and

once themonitor diode had stabilized. At higher temperatures this T2 = 340 K (CH;,CN). In our pape® we also reported the
took in excess of 1%, h for He flow rates of 2-3 cn?/min. Higher results of a variable-temperature solution-phase laser photolysis
flow rates did speed up the process but tended to show larger gradientsstudy of a CHOH solution of thet-tpchxn complex. Biphasic
atagiven temperature. Because of this gradient problem, measurementsa, — 5T, relaxation kinetics were observed.

were typically only made up to 280 K inside the dewar, with the final  The tpen series is particularly attractive for our study because

point taken outside the dewar at ambient temperature. of the manner in which each member of the series is related.
Picosecond Laser Photolysis ExperimentsFor a couple of the

systems we examined, the relaxation rate was too fast for our (24) Xie, X. Simon, J. DOpt. Commun1989 69, 303.

nanosecond apparatus. In these instances we used a picosecongs) McGarvey, J. J.; Lawthers, I.; Heremans, K.; Toftlundirtdrg. Chem
spectrometer in the laboratories of Professor John Simon at the 199Q 29, 252.

F

All of these ligands bind to Fein a hexadentate fashion
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The working hypothesis is that low-frequency torsional medies
particular trigonal twists and/or rhombic distortierare coupled
to the spin-state interconversion. What would be useful in order
to experimentally test our hypothesis is a series of ligands
designed about a particular reaction coordinate, namely, a

McCusker et al.

torsional mode. This is precisely what is afforded by the tpen @02
series: o
01
backbone
03
I G c2

010

Figure 2. ORTEP drawing of a portion of the unit cell for [Fe(mtpen)]-
(ClO4)2+%3H20. The open circles for C(36) and C(46) indicate 50%
occupancies for the disordered 6-methyl group of the pyridine ring.

It can be seen that the aliphatic backbone of the hexadentatelable 3. Comparison of Selected Bond Distances and Angles of

ligand bridges between the two trigonal faces of the octahedron
spanning in the pseudd; axis of the molecule. The ligand
system is ideally set up for distortion about e axis while

Distances (A)

[Fe(mtpen)](ClQ),+%3H,0 with Those of the Anhydrous and
"Hydrated Forms of [Fe(tpen)](Clp?

maintainri]ngI psegd@-z symmetry throughhout. Tk;1e variation f tpen?/sH,0¢
across the ligand series amounts to changing the structure o 2 b PP ——
this backbone from a five-membered ring (tpen and tppn) to a e N mtgelr;f(':;)o zti)eor;m) 229§2K2(8) 352802(1)
ix- i ive- i i . Fe . . . .
Six mbe_rgbered nr;]g (tptn)ht_cl) alflve_ mem”ber(had ring with a ffusr(]ad Fe(1y-N(2) 2.180(8) 1996(4) 2044(8)  2.09(1)
ring bridge (—tpc xn), while leaving al ot. er aspects of the Fe(1)-N(3) 2.121(9) 1.984(4) 2.020(8) 2.07(1)
structure relatively unperturbed. In this context another pre(1)-N(4) 2.172(11) 1.987(4) 1.977(8) 2.01(1)
ligand—dpa (dipyridylmethylamine}is of interest: Eeg)):“% %.iggg%) i.ggggﬁ)) é.ggg%g)) %ég((?)
e . . . .
7 7 Fe(2)-N(7) 2.124(8) 2.018(9) 2.09(1)
| < | Fe(2)-N(8) 2.136(13) 1.996(7)  2.06(1)
N N Fe(2)-N(9) 2.164(10) 1.967(8)  2.01(1)
N
H Angles (deg)
dpa tpen?/3H,0¢
2 b
The structure of the complex when the ligand binds facially N —Fe-NED) mtp: /33:2)0 t::j(z) 2:? :(3) 321@(5)
—Fe . . . .
'Lo the metal center correqunds to clea}vage of theCC. N(L)—Fe(1)-N(3) 78.2(4) 81.02) 820(3) 8LO()
ackbone of the hexadentate ligand, allowing for free rotation N(1)—Fe(1)-N(4) 153.5(4) 166.8(2) 164.4(3) 160.9(5)
of the two trigonal faces with respect to each other. Thus, the n(1)-Fe(1)-N(5) 79.4(4) 84.0(2) 832(3) 8L.4(5)
tpen series allows us to probe the torsional reaction coordinate N(1)—Fe(1)-N(6) 100.1(4) 96.9(2) 98.7(3) 99.3(5)
by varying the flexibility of the molecule from completely free  N(2)—Fe(1)-N(3) 154.7(4) 166.3(2) 164.8(3) 160.7(5)
(dpa) to strongly hindered-pchxn) without making significant H%:Egg)):“gg; 15555-3((3)) gég% 1%%%((%)) 1%%55((55))
changes in other aspects of the system. , N(2)—Fe(1)-N(6) 79.8(4) 842(2) 826(3) 812(5)
X-ray Crystal Structure of [Fe(mtpen)](CIO 4)2:4/3H20. N(3)—Fe(1)-N(4) 126.5(4) 1115(2) 112.4(3) 116.6(5)
The X-ray structure of [Fe(tpen)](CIy-%sH-0 was reportet? N(3)—Fe(1)-N(5) 85.7(4) 88.5(2) 85.6(3) 85.6(5)
at 298 and 358 K. At the lower temperature this complex is N(3)—Fe(1)-N(6) 89.4(4) 91.9(2) 90.5(3) 89.9(5)
all low spin, whereas at 358 K it is40% high spin. A higher “gzg—geg)):mggg gé-ggig g%g% g%-ig; gg-gg
_ ; ; ; —Fe . . . .
temperature X-ray structure of this tpen complex is not possible, N(5)—Fe(1)-N(6) 175.0(3) 1790(7) 175.5(3) 175.3(5)

because it is a perchlorate salt. However, if a methyl substituent
is added at the 6-position of one of the pyridyl rings, Toftléind

temperatures. Thus, we can use the structure of [Fe(mtpen)]-
(ClOy), as a reasonable analogue of the high-spin form of [Fe-

@ The hydrated salts crystallize in ti@2/c space group where the
has shown that this complex is high spin at even very low cation occupies two different sites in the lattice, one on a general

position and the other on a special position. Nitrogen atoms N(1) and
N(2) in one cation and N(7) in the other are part of the ethylene linkage.
b From the 173 K X-ray structure of [Fe(mtpen)](G}@?%/sH20. ¢ From

(tpen)](CIQy)2+%3H20. The structure of the mtpen complex was the 298 K X-ray structure of [Fe(tpen)](CKD. ¢ From the X-ray
determined at 173 and 296 K (see Table 1 for details); we shall structures (298 and 358 K) of [Fe(tpen)](G)@?/:H.0.

consider here only the data from the 173 K structure, for at
296 K the complex is still high spin and relative to the 173 K
structure there are only small changesg( 0.01-0.02 A in
bond lengths and<0.5° in bond angles).

A drawing of a portion of the unit cell of [Fe(mtpen)]-
(ClO4)2+%43H,0 at 173 K is shown in Figure 2. This compound
crystallizes in the monoclinic space groG@/c and is isostruc-
tural to that of [Fe(tpen)](ClQ2-%3H.0O, where there is a
fractional occupancy of $O solvent molecules. Although this
may not be too surprising based on the similarities between the
two compounds, the fact that= 12 for [Fe(mtpen)](CIQ),-
2/3H,0 is unusual in that this gives an asymmetric unit

containing one complete cation and one cation lying on a 2-fold
rotation axis. Since [Fe(mtpeRj]does not have a 2-fold axis,
this observation implies that the pyridyl ring with the 6-methyl
substitutent must be disordered throughout the lattice. Refine-
ment of structure was therefore done for both the general
position and special position cations with 50% occupancy of
the 6-methyl group about the pseudo-2-fold axis that bisects
the ethylene backbone of the molecule.

Selected bond distances and angles for [Fe(mtpen)}{j&lO
2I3H,0 are given in Table 3. The metdigand bond lengths
are significantly longer than the low-spin nonsolvated [Fe(tpen)]-
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(ClO,), complex or either of the two structures (298 or 358 K) Table 4. Trigonal Twist Angle3

of the solvated form. The average-Fdaph distance of 2.17- type | type Il

(1) A and Fe-Nyy distance of 2.15(2) A for the [Fe(mtpe?] compd angle (deg) angle (deg)
cation at the general position is consistent with high-spith Fe [Fe(tpen)](CIQ), 195 705

as was anticipated from the magnetic data reported by Toffund.  [Fe(tpen)](CIQ)2/sH,O at 298 K 45.7 74.3
Interestingly, we do not see as marked a difference in geometric 49.5 70.4
details between the general position and special position cations [Fe(tpen)](ClQ)z+%/3H-0 at 358 K 4462.76 7737.34

that we observed for [Fe(tpen)](ClQ)2-%/3H,0. When com- : :

pared to the Iow-spin[ fOI’(I‘I‘Fl) of)][l(:e(tgen)](c{@ (298 K), the [Fe(mtpen)}(CIQ)>-*/aH,0 at 173 K 37@) 83(5)
FeN; octahedron of [Fe(mtpen)](CKR is more distorted in a See the text for the definition of type | and type Il trigonal twist

terms of bond ang|es in the first coordination Sphere’ see Tab|eang|es. The hydrated salts each have two different cations in the unit
3. An analysis of the structure of [Fe(mtpen)](G)©shows cell.

that the high-spin character of this molecule is likely due to
steric interactions between the methyl group at the 6-position
of the pyridyl ring and theis pyridine rings bound to the Ee

In the structure of [Fe(tpen)](Cl-%3H,0 there are two
different cation sites (hereafter defined as site A and site B).
center. Molecular modeling studies show that rotation of the S'te A occurs as a ger]eral position, whereas cations at site B
6-methyl group about its loc&l; axis in the [Fe(mtpen)](CIg). sit at special positions in th@2/c unit qell. The trigonal twist
structure does not result in any significant van der Waals contact2n9les are quite different for the two sites at 298 K. The average
with neighboring atoms. However, when we took the [Fe(tpen)]- YP€ | @ngle {ide suprg for site A is 45.7, while for site B
(CIO), structure (low-spin form) and replaced the proton at cations this average is 49.5 Similar dlffer'ences are noted in
the 6-position ofany pyridyl group with CH, rotation of the ~ the values for the type Il angles: 74far site A and 70.3 for
methyl group results in H-C and H--N contacts of less than site B. Itis clear that the degree of trigonal distortion is larger
1 A. Thus, despite the fact that the donor strength of the pyridyl fOr the site A molecules than for the site B molecules. The

ring would be expected to increase upon methyl substitution at F€~1i9and atom distances are also larger for the site A cations.
the 6-position and stabilize tHeé\; state of the Pe complex, Thus, it appears that the small amounts of high-spin complexes

the steric crowding introduced by the methyl group prevents Presentin [Fe(tpen)](CIg),-%/sHz0 at 298 K are located at site
the pyridyl ring from approaching to a Fé\, distance of~2.0 A and these cations also have the greater trigonal twist.

A required for a low-spin FeN bond. The result is a longer In the 358 K X-ray structure of [Fe(tpen)](Clj2-?/sH.0 there
(CIOy),. temperature from 298 to 358 K the fraction of high-spin

Probably the most important aspect of the structure of the Complexes has grown to40%. An examination of Table 3
[Fe(mtpen)}* cation centers around the trigonal twist angles Shows that the Feligand atom distances at 358 K are larger
of this Fd complex. A comparison with [Fe(tpeR}] is than those at 298 K. At 358 K the site A cations exhibit larger

enlightening. In both complexes the fusion of the five- F&—Nbond lengths than the site B cations. As far as this paper
membered chelate rings, as well as the ethylenediamine linkagelS concerned, the important point to note is that compared to
result in marked deviations from octahedral symmetry. If we the 298 K structure, the trigonal twist angles for [Fe(tp&h)]

define the two trigonal planes according to the geometry of the at 358 K indicate that the hlghe_r temperature structure is even
ligand itself, that is, take one plane as N{N(3)—N(4) and more distorted along that coordinate: the type | angles are 42.6

the other as N(2}N(5)—N(6), two different types of trigonal and 46.7 for the A and B sites, respectively; the type Il angles
twist angles can be defined as follows: are found to be 77.4 and 73.8.e, ¢ = 17.& for Aand¢ =

13.3 for B).
In Table 4 the trigonal twist angles for the various tpen
structures are collected. From the data on the [Fe(tpen)]

N1 -- N3
i _\FA D/_C ; structures it is seen that the degree of torsional distortion away
é\ i : /;
N2 \BIE/ N6
N4

NS

from idealized octahedral symmetry increases with increasing
high-spin content in the tpen complex. This trend continues
with the totally high-spin [Fe(mtpen)](CR-2/3H,0. Type |
angles for the cation average 372)vhile type Il angles are
From the X-ray structure of the nonsolvated low-spin [Fe- 83(5f, representing a significant decrease in the value of
(tpen)](ClQy), the average trigonal twist of type | (A, B, and relative to the 358 K structure of [Fe(tpen)](G)@%sH20. This
C) is found to be 49.5 and for the type Il trigonal twist (D, E,  result firmly establishes that, in addition to the expected increase
and F), the average angle is 70.5These are to be compared in metal-ligand bond lengths accompanying the low-spin to
with the expected twist of 6Cfor a strictly octahedral complex.  high-spin conversionfra, = 0.17(1) A in this system], there
This substantial trigonal distortio (= 10.5’) is reflected in is a substantial change in the extent of distortion along torsional
the strained N(4)Fe—N(1) and N(2)-Fe—N(6) angles of 81.0-  coordinates, in particular about the pseutip-axis of the
(2)° and 81.5(2), respectively, which cause the N{#Fe—N(6) octahedron. Since the data on changing mdigand bond
angle to expand to 111.5(2) However, all four Fe-Npy lengths were the principal reason why the symmetric breathing
distances are virtually identical to within 0.002 A at 1.988 A mode was believed to be coupled to the kinetics of spin-state
(av), and the two FeNgpn distances are statistically identical ~ interconversion, our structural study on [Fe(tpéhynd [Fe-
[2.002(4) A for FeN(1); 1.996(4) A for FeN(2)]. The slightly (mtpen)F+ suggests that lower frequency torsional modes should
shorter Fe-Npy distances are possibly due to some degree of be given very serious consideration as a possible reaction
a-back-bonding between the Fe center and the pyridine rings. coordinate for the spin-crossover transformation.
All of these bond distances are similar to those observed for X-ray Crystal Structure of [Fe(tppn)](CIO 4)2>H20O. The
several other low-spin ferrous complexes and consistent with ligand tppn is very closely related to tpen; it can be considered
the results from magnetic studies indicating the low-spin as a minor perturbation on the tpen structure involving meth-
configuration of [Fe(tpen)](Clg), at room temperature. ylation of the ethylenediamine backbone. The chelation to the
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Figure 3. ORTEP drawing of the [Fe(tpprf] cation in the structure
of [Fe(tppn)](CIQ)2H-0.

Table 5. Selected Bond Distances and Angles for

[Fe(tpp)I(CIQ)2H-0
Distances (A)
Fe-N(1) 1.988(13) FeN(2) 1.993(9)
Fe-N(3) 1.976(11) FeN(4) 1.987(9)
Fe-N(5) 2.003(9) Fe-N(6) 2.000(9)
Angles (deg)
N(1)—Fe—-N(2) 87.6(4) N(1}-Fe-N(3) 167.4(4)
N(2)—Fe-N(3) 81.1(4) N(1}-Fe—N(4) 97.8(4)
N(2)—Fe—N(4) 83.6(4) N(3}-Fe-N(4) 86.4(4)
N(1)—Fe-N(5) 81.5(4) N(2)-Fe-N(5) 167.6(5)
N(3)—Fe-N(5) 110.4(4) N(4)-Fe—N(5) 92.2(4)
N(1)—Fe—N(6) 82.2(4)  N(2)-Fe-N(6) 99.0(4)
N(3)—Fe—N(6) 92.1(4)  N(4-Fe-N(6)  176.9(4)

metal center about the pseu@g-axis is still a five-membered
ring, so it is not too surprising that many of the macroscopic
properties of [Fe(tppn)](Clg). bear close resemblance to [Fe-
(tpen)](CIQy).. The magnetic properties of [Fe(tppn)](G)
in the solid state have been previously reported by ToftRind.
The data reveal that th€;, of [Fe(tppn)](CIQ), is slightly
higher than for [Fe(tpen)](Clg,-4/3H,0 (T1» = 385 K), but
still the tppn complex exhibits the spin-crossover in an accessible
temperature range. The single-crystal X-ray structure was
determined for this compound. The compound crystallizes in
the monoclinic space group2:/n with Z = 4, which is very
similar to the nonsolvated form of [Fe(tpen)](G)@?° Selected
bond distances and angles are given in Table 5. An ORTEP
drawing of the cation is shown in Figure 3. Essentially there
is little difference between the metric details of [Fe(tppn)]-
(ClO4)2>H20 and the predominantly low-spin form of [Fe(tpen)]-
(ClO4),. The average FeN bond distances are 1.990(5) A for
the aliphatic nitrogen atoms and 1.99(1) A for the pyridyl
nitrogen atoms; both are consistent with low-spir.F&dhe
angles about the octahedron are also relatively unremarkable
showing distortions from octahedral symmetry similar to [Fe-
(tpen)](ClQy)2. One curious feature of the structure is a static
disorder in the location of the terminal methyl group of the
2-pyridylamine fragment [found either at C(1) or C(2)]. The
similarity between [Fe(tped] and [Fe(tppnf™ will carry
through the kinetic studies, as wellide infra).

Physical Properties of [Fe(tptn)](ClO,), in the Solid State.
In contrast to tppn, it was anticipated that the tptn complex with
Fe' will display physical properties distinct from [Fe(tpen)]-
(ClOg),. This expectation is borne out by data reported by
Toftlund in 198121 The magnetic susceptibility of [Fe(tptn)]-
(ClOy); is temperature-independent up-a@00 K with ues ~
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0.5ug, indicating that this complex is fully low-spin over the
entire temperature range studied. Since the inductive effects
on the donor strength of the aliphatic nitrogen atoms will be
approximately the same for tppn and tptn, the fact that tptn is
completely low spin cannot be readily explained in these terms.
It is likely that the strain introduced by the five-membered
chelate rings of both tpen and tppn lowers the effective ligand
field strength of those ligands relative to tptn. The six-
membered chelate ring formed when tptn binds will be less
strained, resulting in better-based donation.

The change in chelation anticipated with the introduction of
a six-membered ring in the coordination sphere df Feakes
the structure of [Fe(tptn)](CIg), of great interest, particularly
with respect to torsional angles about the pseQgexis. Large
single crystals were obtained of this compound by slow
evaporation of a MeOH solution of [Fe(tptn)](G)2. Unfor-
tunately, we have been unable to determine the structure of this
compound despite collecting an entire hemisphere of what
appears to be high-quality data. It is known that the complex
crystallizes in a hexagonal space group, and the observed
systematic absence of 00K 6n) indicates that the space group
is one ofP6s, P61, P6522, 0rP6,22. We were able to determine
the unit cell parameters from these data. The experimentally
measured density of 1.51(3) g cfrcoupled with the unit cell
volume ofca. 7000 A indicatesZ = 9 based on the molecular
weight of [Fe(tptn)](CIQ).. This value forZ is consistent with
either P6522 or P6,22 by placing one molecule at a general
position and one molecule on a 2-fold rotation axis and does
tend to discounP6s andP6; as possibilities. Given only this
information, there is very little else that can be said concerning
the structure of this compound. We will rely on the indication
from the magnetic data that the six-membered ring relaxes the
overall structure of the cation and that this presumably translates
into a torsional angle that is closer to the octahedral value of
60° than either [Fe(tpert or [Fe(tppn)f+.

Variable-Temperature Kinetics in the tpen Series Vari-
able-temperature kinetic data have been collected on several
molecules, including [Fe(tppn)](CUR, [Fe(tpen)](CIQ),, [Fe-
(tptn)](ClOy)2, and [Fe(dpa)(ClOy4).. Data collected on [Fe-
(t-tpchxn)](CIQy), are reported in a separate paperThe
temperature-dependence of e — A; relaxation rate was
measured for all of the above complexes. The goal of this
research was to examine whether the activation energy for the
5T, — 1A; relaxation correlates with the “ease” of trigonal
twisting motion in each complex.

Variations in the tpen series primarily occur in the backbone
structure that connects the two “halves” of the ligands in this
system, where the pseud-axis represents a bisection of the
backbone and distortion occurs along ecoordinate. For
example, in both [Fe(tpen)](CUR and [Fe(tppn)](ClQ), the
backbone involves a five-membered chelate ring when bound
to the metal center, whereas for the isomer [Fe(tptn)]IO
the chelate is a six-membered ring which should in general be
more flexible. [Fe(dpa)(ClO4). represents an extreme in
geometric flexibility, where the hexadentate ligand has in effect
been cut in two, allowing for free rotation of the two trigonal
faces with respect to one another. With this kind of information
in mind, we shall attempt to see if any correlation exists between
what is known structurally about these systems with the
parameters that characterize the kinetics of spin-state intercon-
version.

The kinetics for [Fe(tpen)](Clg), were determined following
excitation atipump= 440 nm while monitoring atprone = 414
nm, which is the maximum of th&MLCT — 1A; absorption
band. As with all of the molecules to be discusdéd,kinetics
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12000 . ] these studies is in th&, — 1A; rate constantk_;. Since the
value ofKeq is vanishingly small at this temperature, it can be
showr® that eq 2 holds:

9000 |

Kobs 1 1

k,= = ~—=—=017x10°s*
! (Keq+ 1) Tobs (Keq+ 1) tobs

6000

)

In this first paper each variable-temperature data set is fit to
both the Arrhenius and Eyring models.

The activation energyg,, for the5T, — 1A; relaxation process
for [Fe(tpen)](ClQ), in methanol is 767 22 cnt! with an
intercept {.e., frequency factor) of (1.3% 0.2) x 1®s™L. The
corresponding parameters from the fit of an Eyring plot (eq 3)

3000

Molar Absorptivity (/M cm-1)

0 I 1
250 350 450 550

Wavelength (nm)

Figure 4. Plot of the electronic absorption spectrum of [Fe(tpen)]- kkgT —AS —AH?
(CIOy4), in MeOH before (a) and after (b) variable-temperature laser k.= h e R RT

photolysis.

3

0.00 (modified by the introduction of a transmission coefficiergs

a premultiplier) areAH* = 604 + 25 cnt ! with an intercept of
14.6+ 0.2. AH*is the enthalpy of activation for the transition
state. The y-intercept from a plot of In (k/T) verstis?! is
nominally a sum of several terms as given in the temperature-
independent portion of the equation. We have chosen to express
the intercept from all Eyring plots as a sum of two terms, namely
[In () + AS¥IR], giving a value of-9.2 + 0.1 in the case of
[Fe(tpen)](CIQ), in MeOH. Generally data on spin-state
interconversion rat8shave been analyzed in terms of transition
state theory by assuming a value for the transmission coefficient
« in order to obtain a “value” for the entropy of activation for
the transition statdS*. An assignment ok = 1 implies that

~0.20 : : : : the 5T, — 1A; process is adiabatic. This is unlikely and more

0 00 200 300 400 500 realistic estimates place its value-at0~2. The value ofAS
Time (ns) will reflect changes in both the electronic and vibrational

Figure 5. Profile of transient decay for [Fe(tpen)](C@ in MeOH partition functions that must accompany the spin change. In
(2.52x 10~* M) monitored at 414 nm following excitation at 440 nm.  addition, this term will also contain contributions from changes
Data were collected at 220 K. The smooth solid line represents a in the solvation entropy, a number which could be either positive
convolution of the instrument response function with a single- or negative. Rather than impose an assumed value on either of
exponential decay, whesgps = 109 ns. these parameters, we simply report the sum of the two terms
were found to be independent of both pump and probe and do not elaborate further on the relative contributions from

wavelengths oer the entire range spanned by tARILCT — eitherr or AS". .

1A, absorption band. All of the data for molecules in the tpen It should be pointed out that the error bars quoted on
series were collected on MeOH solutions of the complexes at activation parameters throughout this paper represefirahe
concentrations of (2.5 0.1) x 1074 M. Figure 4 shows that  least-squares linear regression analgsiy. No attempt has
photolysis resulted in no significant degradation of a MeOH t.)ee.n made to incorporate the error associated with thg measured
solution of the tpen complex, as evidenced by the absorption lifetimes, the temperature, or the IKeq versusT~* linear
spectrum of the solution before and after the variable-temper- 'égression used to evaluag, for the temperatures used in the
ature experiment. Photodegradation was not a problem for anylaser experiment. Since the value Ky is so small in these

of the molecules studied. A typical single-wavelength kinetic Systems and only comes into play for the highest temperature

-0.05

-0.10

Change in Absorbance

-0.15

trace of the relaxation of [Fe(tpen)](CIRin a 2.52x 104 M data points, the error introduced by this latter term is negligible.
(3.21 x 104 m) MeOH solution following photoexcitation is ~ With our two-diode configuration we feel that the temperature
shown in Figure 5; these data were collectedrat 220 K. values have an estimated precision of better #iarK, while

The solid line represents a convolution of the instrument the absolute accuracy is probabh2 K. The rate constants

response function with a single-exponential decay of the form are the most critical error source in the experiment. The time
given in eq 1, wherd\ is premultiplier termt is time, androbs base of the digitizer was calibrated with a 1.000 MHz crystal

to better thart-0.4% prior to each experiment. However, the
relative precision for each data point is somewhat a function of
the value of the observed lifetime itself. For lifetimes longer
than theca. 40 ns instrument response function, error bars of
is the observed lifetime. AT = 220 K, the value for the +5—7% appear to be quite reasonable. Fgyi < 40 ns, a
observedryns was found to be 109 ns. Since integral decon- fixed error of +2 ns is appropriate. We think that a fair
volution takes into account the entire pulse profile, we see from representation of our variable-temperature fits to the Arrhenius
Figure 5 that both the rise and decay of the signal are fit in and Eyring models would be to consider errors barsoft2
determining the value of the observed lifetime. Our interestin 100%. This is likely an overestimate of the error.

change in absorbanee A(OD) = A exp{ - TLJ Q)
ob:
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Figure 6. Arrhenius plot of relaxation data for [Fe(tppn)(C)@ Figure 7. Profile of transient decay for [Fe(tptn)](Cif2in H20 (1.57
collected in MeOH at a concentration of 2.5810% M. The solid x 1073 M) monitored at 266 nm following excitation at 355 nm. These

line represents a best-fit linear least-squares regression of the data. data were collected at 295 K on a picosecond spectrometer having a
pulse width of 80 ps. The smooth solid line represents a convolution

Laser flash kinetic data were also collected on a X5B) 4 of the instrument response function with a single-exponential decay,
M (3.27 x 10~4 m) MeOH solution of [Fe(tppn)](Cl®.. The wherezops = 1.6 ns.
Arrhenius plot of thek—; data in Figure 6 was fit to give an  able to collect data on this compound upTte= 210 K owing
activation energy of 77% 17 cnt! with a frequency factor of  to the very small signal produced by the short-lived species.
(1.454+ 0.2) x 1@ s'L. The corresponding thermodynamic Since these data are admittedly of low quality due to the
parameters from a fit of the same data to eq 34k = 608 magnitude of the rate constant, we measured the relaxation of
+ 20 cntt and (Ink + AS/R) = —9.134 0.08. The fitting this system at room temperature using a picosecond spectrom-
parameters for this tppn complex are virtually identical to those eter. Excitation atyump= 355 hm produced the transient decay
obtained for [Fe(tpen)](CI), in MeOH. This is perhaps not  curve shown in Figure 7 dfone= 266 nm. At this wavelength
too surprising given the subtle structural differences afforded the excited state has a stronger absorbance than the ground state,
by changing from a 1,2-propylenediamine backbone to a 1,2- so a transient absorption is observed rather than a transient
ethylenediamine backbone. Tba.770 cnt! activation energy bleach. However, identical results were found for a transient
found for both [Fe(tpen)](CIg), and [Fe(tppn)](CIQ): is quite bleach observed in this system/gtobe = 440 NM;7ops at all
small: upon increasing the temperature from 190 to 294 K in probe wavelengths was measured to befl®1 ns. It should
[Fe(tpen)](ClQ),, for example, the value df_; increases by be noted that the data shown in Figure 7 were obtained on a
less than an order of magnitude (4.00L0° to 2.87x 107 s71). 1.57 x 1072 M aqueous solution of [Fe(tptn)](Cl as opposed
In a semiclassical sense, the observation of a small activationto the 2.54 x 104 M MeOH solution used for the low-
energy given the large degree of nuclear reorganization thattemperature studies. However, we have determined thaTthe
accompanies the spin change suggests that the majority of the— 1A; dynamics of these systems are both solvent and
nuclear displacement for the reaction occurs as vibrational concentration independent. The linear regression analysis of
relaxation after the system has already crossed onto the potentiathe data on [Fe(tptn)](CIg),, including the picosecond data at
energy surface of the product and completed the reaction. Thisroom temperature, give, = 777 & 50 cnt ! with a frequency
is an interesting interpretation in light of Purcell’s suggesfion  factor of (2.6+ 0.8) x 109 st [AH¥ = 6134 47 cnT?, and

that only a fraction of the total displacement along a low- (In x + ASYR) = —6.34 0.1]. Thus, the activation energies
frequency torsional coordinate would be required to induce a of the tpen, tppn, and tptn complexes are identical within
spin change in a pseudo-octahedral system. experimental error.

One critical similarity between [Fe(tpen)](Ci2 and [Fe- Data were also collected on a 2.521074 M (3.20 x 10~*

(tppn)](CIQy) is that both complexes bind to Fby forming a m) MeOH solution of [Fe(dpa)(ClO4],. In Figure 8 is shown
five-membered chelate ring that links the two trigonal faces of the Arrhenius plot of the data. The activation energy of 339
the octahedron. A reasonable approach, then, would be to13 cnt! (AH* = 179+ 13 cnT?) is extremely small; the rate
examine the effect of changing the nature of this chelation on constant for théT, — 1A; conversion increases by less than a
the kinetics. This is achieved with the compounds [Fe(tptn)]- factor of 2.5 over the temperature range studied (x9B0”
(ClO4), and [Fe(dpa)(ClOg)2. The first complex is convenient st at 191 K to 4.59x 10’ st at 282 K). The value oE, is
for comparative purposes in that it is a structural isomer of [Fe- more than a factor of 2 smaller than was observed for the
(tppn)](ClOy), with regard to the bridging backbone (1,3- hexadentate-ligated complexes discussed above. This is a strong
propylenediamine in tptn versus 1,2-propylenediamine in tppn). indication that the ligand structure is very influential in
In [Fe(tptn)](ClQy),, an all low-spin complex, chelation of the  determining the value of the activation energy. The fact that
ligand produces a six-membered ring with respect to the trigonal the activation energglecreasesipon cleavage of the chelate
backbone. The second compound, [Fe(d@)O4)., is also backbone suggests that allowing unrestricted motion of the two
low-spin at all temperatures studied and represents the casdrigonal faces of the polyhedron makes it much easier for the
where rotation of the two trigonal faces is relatively unhindered. system to convert from the high-spin state to the low-spin state.
Laser flash kinetic data were collected on a 2264074 M In contrast, spin interconversion in [Fe(t-tpchxr)ja molecule
(3.21 x 107* m) MeOH solution of [Fe(tptn)](CI@).. The representing the other extreme in structural flexibility with its
observed lifetime al = 191 K of 7ops~ 14 ns is more than an  fused-ring backbone, exhibits a ca. 2300 érbarrier for>T,
order of magntiude shorter than that measured for [Fe(tppn)]- — A1 relaxation'® These results are precisely what we would
(ClOy), at the same temperaturgds= 244 ns). We were only  expect if the dynamics of a torsional moded, twisting of
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Figure 8. Arrhenius plot of relaxation data for £Fe(dp}{§:lo4)_z Figure 9. Arrhenius plot of relaxation data for [Fe(tergi(ClO.).
collected in MeOH at a concentration of 2.5210"* M. The solid collected in MeOH at a concentration of 40104 M. The solid line

line represents a best-fit linear least-squares regression of the data. represents a best-fit linear least-squares regression of the data.

the tr_igonal faces with respect to each other) were controlling According to this dynamical model for the valuekdf, small
the kinetics of the spin-crossover transformation. displacements result in small intrinsic rate constants relative to

In addition, we note aubstantialchange in the frequency a larger displacement along the same coordinate. We suggest
factor between [Fe(dpgd]ClO,). and [Fe(tptn)](ClQ).. The that the small intrinsic rate for [Fe(dpH)ClO,): is actually due
frequency factor for théT, — 1A; conversion in [Fe(dpa) to the unhindered motion along the torsional coordinate that
(ClOy); of (2.54 0.25) x 18 s~1is approximately 2 orders of  takes full advantage of fact that all that is minimally needed to
magnitude smaller than the frequency factor of [Fe(tptn)]@BlO achieve the conversion from the high-spin state to the low-spin
Whereas the increase in frequency factor between [Fe(tptn)]- state is a small displacement. The valudigf at the transition
(ClOy4), and the tpen/tppn complexes could be attributed to the state configuration, which effectively determines the rate in the
largertA,/°T, gap in [Fe(tptn)](CIQ),, the same rationalization  limit of E; approaching zero, correlates with the displacement
cannotbe used to account for the frequency factor obtained for along the reaction coordinate and is therefore small for this
[Fe(dpa)](ClOy), since it too is a low-spin complex. The system.
frequency factor can be viewed as the “intrinsic” rate of the  Kinetic Studies on Other Systems. Results that have been
reaction being modeled; it represents the rate in the limi.as  obtained on several “classic” iron(ll) polypyridyl complexes will
approaches zero. Since this rate for [Fe(gl§@)O.). is slower be briefly mentioned. These molecules do not fit in well with
than that for the tpen, tppn, and tptn complexes, molecules with the geometric concept behind the tpen series, but they are
equal orsmallerA4/5T, energy gaps, we must conclude that nonetheless interesting in their own right. We have chosen to
another factor is strongly influencing the intrinsic rate5o§ re-examine three complexes that were previously studied at room
— 1A, conversion. temperature by Creutet al in their classic 1980 papé?.
Variable-temperature relaxation data were collected on 4.0
1074 M (5.1 x 1074 m) MeOH solution of [Fe(terpy)(ClO4).,
where terpy is 2,26',2"-terpyridine. The Arrhenius plot of the
data is shown in Figure 9. Due to the magnitude of the rate
constant we were unable to collect any data at temperatures
above 240 K with our nanosecond spectrometer. The activation
energy of 532+ 36 cnm! (AH* = 384 + 34 cnT?) suggests a
lifetime of ~5 ns at 295 K, slightly different from the value of
2.54 ns quoted by Creugt al.?6 at room temperature in agueous
solution but still in reasonable agreement given the weak signals
observed in our experiment.

Data were also collected at room temperature on agueous
solutions of [Fe(bpy(ClO,), and [Fe(pher](ClO4), using the
picosecond laser spectrometer. The observed transient decay
profile for [Fe(bpy}](ClO), photoexcited afpymp = 532 nm
and monitored atprope = 440 Nm is shown in Figure 10. The
lifetime of the>T, — 1A; conversion was found to be 675
30 ps k-1 = (1.48+ 0.07) x 1P s71) in the case of [Fe(bpy)
(ClOy),2 and 685+ 30 ps k-1 = (1.46+ 0.07) x 10° s7) for
[Fe(phenj](ClO4),. The values are only slightly different from
the 810+ 70 and 800+ 70 ps values reported by Creutt
. " . al.?6 and agree with their conclusion that the lifetimes for the
appropriate at the transition state, but this value would represent, complexes are identical within experimental error. One

f[he maximum for the overall process; in realliy, would_be . might have expected differences between these two compounds
increasing as the system approached the nuclear configuration

corresponding to the transition state and then would decrease(%) Creutz, C.: Chou, M. Netzel, T. L.: Okumura, M.: Sutin, NAm.
as the system relaxed in the product well. Chem. So0c198Q 102, 1309.

At first glance the slower intrinsic rate for [Fe(dpl104),
would appear to be inconsistent with the twisting model, since
the possibility of unhindered rotation about the pse@@xis
of the octahedron would presumably translate into a large
intrinsic rate for conversion along that coordinate. This is not
what is observed. To understand this result in the context of
the torsional model, we refer back to the suggestion by Pékcell
that only a slight displacement along the torsional coordinate
would berequired to effect the spin transformation. In his
analysis of the interaction between the high-spin and low-spin
states Purcell indicated that the greater the extent of trigonal
distortion, the larger the degree of mixing of th&; and>T,
states with the’T, state. In this sense, it is perhaps best to
think of the magnitude of the interaction between thg and
5T, states as being dynamic. That is, if the distortion coupled
to the spin-conversion process is modulating the extent of
mixing, the interaction between the two states will be constantly
changing during the course of the reaction. The/Hy
separation between the upper and lower surfaces of the
nonadiabatic potential would then be a function A, the
extent of distortion. The value we attribute Iy, might be
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0.0 T T The laser-flash photolysis technique was used to measure the
5T, — 1A relaxation rates for several of the'Feomplexes in
MeOH in the range of 196300 K. Linear Arrhenius plots were
obtained which could be fit for the activation enerBy and

4 the frequency factor. It was found that an empirical correlation
exists between the Arrhenius activation energy®foy — 1A,
relaxation and the flexibility of the ligand framework along a
torsional coordinate. Specifically, we observed that the greater
the extent of rotational freedom about the pse@daxis of

the octahedron, the smaller the activation energyTer— 1A,
relaxation.

Conclusions were also drawn with regard to the frequency
factor, which we interpret as the “intrinsic rate” of relaxation,
-03 : ' i.e., the rate in the limit of zero activation energy. The trend
observed is counterintuitive at first glance, since it opposes the

Time (ns) trend inEa. However, the variations in the intrinsic rate could
Figure 10. Profile of transient decay for [Fe(bp§(ClO4). in H,O be understood in the context of a model which describes
(8.2 x 1074 M) monitored at 440 nm following excitation at 532 nm.  coupling of the’A; and®T states as a dynamic quantity. Due
These data were collected at room temperature using a picosecondo the fact that théA; and®T, states couple via a second-order
spectrometer having a pulse width of 80 ps. The smooth solid line jnteraction withS= 1 state(s) whose energies artiaction of
represents a co_nvolutlon of the instrument response function with athe reaction coordinatethe parameteiHa, and hence the
single-exponential decay, whergss = 676 ps. intrinsic rate of T, — 1A; relaxations are functions &Q. Thus,
molecule such as [Fe(dpHLIO4). which has no steric

on the basis of an energy gap dependence since the ligand flel(ﬁindrance to torsional motion can undergo the minimum amount

Ztergggghesng; :)szo?gisg;sg daeripgcr)itrnlgre]tnglllil aI'WHEO;l’; \:ﬁgtetg?oof distortion necessary to undergo surface crossing. More rigid
collect relaxation data on [Fe(bp)CIO4)2 in MeOH solution systems such as [Fe(tptn))(G)Rand [Fe(t-tochxn)](CIQ), wil

at 190 K but were unable to see any ;Spreciable signal at thisdistort to a different extent due to the conformational require-
temperature. This places an upper limit of the lifetime of the ment of the ligand framework. . .

5T, state in [Fe(bpyJ(ClO4), atca. 1 ns at 190 K, consistent The data presented above certainly suggest that torsional

with the near-barrierless excited-state relaxation predicted by mOde.(S) play a cgntral role in controlling the. Kinetics Of spin-
Sutin?? state interconversion. However, these empirical correlations are

not compelling enough to unequivocally establish the importance

Concluding Comments of these low-frequency modes in the molecular mechanism of

. spin crossover. In a later paper we will present a theoretical

The preparations, X-ray structures, anﬁl the results of laser- 4 \ysis of the kinetic data in terms of classical and quantum-
flash photolysis studies of a series of'Feomplexes are  mechanical theories of electron transfer. The conclusions drawn

reported. In the series there are variations in the hexadentatgnhere in conjunction with the empirical correlations outlined
ligand engineered to provide changes in the trigonal twist of 5,qye serve to strengthen our proposal that we need to abandon

the octahedral complex. It was of interest to see if the trigonal o single configurational coordinate model for spin-state

twisting characteristics impacted on the rate®® — "A: jyterconversion wherein the symmetric stretching mode is the
intersystem crossing for the Feomplexes. X-ray structural 4o minant reaction coordinate.

results were presented for two of the'Feomplexes, and

together with X-ray results we presented previously for other  Acknowledgment. This work was supported by NSF Grant
complexes in the series, it is clearly established that for a given CHE-9420322 (D.N.H.) and NIH Grant HL-13652 (D.N.H.).
complex or for a series of similar complexes not only do the The authors would like to thank Dr. Robert Dunn and Professor
metak-ligand bond distances increase with increasing high-spin John Simon for help with the picosecond experiments.
content, but the degree of trigonal twisting also increases with

increasing high-spin content. Thus, when the temperature of a  Supporting Information Available: Complete listings of bond

crystal of a spin crossover complex is increased such that it Iength_s and angles, anisotropic thzermal parameters and hydrogen atom
from low spin high spin. it is found that the trigonal coordinates for [Fe(mtpen)](CkR-4/sH.,O at 173 and 296 K and [Fe-
?V(\?iif anogle ic:lcrzgseéo gh spin, it is found that the trigona (tpen)](ClQy)2+?/5H,0 at 296 K (33 pages). See any current masthead

page for ordering information instructions.
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