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Introduction

Spin-crossover phenomena exert important influences on the

properties and reactivities of transition metal compounds.
Such behavior is particularly common among Fe(ll) compléxes,
where it is of interest with regard to,@ctivatior? and molecular
device operatiof. Thus, *A; — 5T, spin exchange at Eblg
centers continues to attract wide attention.

Itis curious that the well-known bis(1,4,7-triazacyclononane)
complex, Fe(tacnj" g has been considered to be low spin based
on the X-ray crystal structure and infrared spectrum of the
isolated solid, [Fe(tacg)Cl,*4H,0 829 However, we recently
reported that Fe(tacs)" undergoesA; = 5T, spin exchange
in solution and demonstrated that this reaction contributes to
the unusually large electrode half-reaction entrof§gc, of
the Fe(tacnf*2" couplel? This Note presents a more complete
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characterization of the Fe(tagf) spin equilibrium, a study of
the influence of solvent and electrolyte on the reaction, and a
quantitative description of the contribution of Fe(ll) spin
exchange to the thermodynamics of the Fe(t#tM" half
reaction.

Experimental Section

Materials. [Fe(tacn)]Br2-3H,0O was prepared as described in ref
8a. The corresponding triflate salt was prepared by adding a large molar
excess of NaG§SG; to a solution of [Fe(taca)Br,-3H,0. After cooling
in an ice bath, the resulting precipitate was collected by filtration,
washed with ethanol, and dried in a stream of dry e product
assayed as [Fe(taci(CF:S0s)2:4.5H,0 by linear-sweep voltammetry.
Preparation and handling of Fe(tagr)and its salts was carried out
under an inert atmosphere by use of a glovebox or Schlenk line
techniques. Electrochemical solvents acetone, acetonitrile, dimethyl
sulfoxide, and dimethylformamide were obtained as distilled-in-glass
reagents from Burdick and Jackson and used as received. Deuterated
solvents and other reagents were obtained from Aldrich Chemical Co.

Methods. Electrochemical and magnetic susceptibility measurements
were carried out using equipment described previotfskhe electro-
chemical half-reaction entropAS’ = F(9E°'/dT), was determined
from the temperature dependence Ef in a nonisothermal three-
electrode celf in which the working and reference electrode compart-
ments were thermostated independently by circulating water baths.
Solution magnetic susceptibilities were determined as a function of
temperature in deuterated solvents by#HeNMR method of Evang?

TMS was used as the internal reference in nonaqueous solvents; acetone
or sodium 3-(trimethylsilyl)propionate was used as the internal reference
in D,O. Mass susceptibilityyy, was calculated from
Xg = —3AF[Aafm =y, [1 + (d, — dg)/m] 1)
whereAf is the frequency shift in Hz of the reference compound,
the fixed probe frequency of the spectrometgs, is the mass
susceptibility in cm g™ of the solventm is the mass in g of the
complex in 1 cr of solution, andd, and ds are the densities of the
solvent and solution, respectively. For concentrated solutions@ D
do — ds was approximated as the density difference between water and
a ferric chloride solution of the same concentrafioRor more dilute
solutions (concentratios 15 mM), ds was approximated ad, + m.
The molar susceptibility, determined jas = x4 x MW, was corrected
for the diamagnetic contributions of the tacn ligands, Fe(ll) core
electrons, and counterions using tabulated values of Pascal’s cotfstants
to obtain a corrected molar suceptibiligys-. The effective magnetic
moment was evaluated ast = 2.828 {w/T)¥2 and fit to eq 5 using
commercially available software (KaleidaGraph, v. 3.51, Synergy
Software, Reading, PA). Variable temperature electronic spectroscopy
measurements were made undes N the thermostated sample
compartment of a Perkin-Elmer Lambda 19 spectrometer.

Results and Discussion

Electronic Spectroscopy.Figure 1 shows the electronic
spectrum of [Fe(taca)Br,-3H,0 in D,O between 308 and 358
K. At lower temperatures, the spectrum consists almost entirely
of bands at 595 and 390 nm that are characteristic of the
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Figure 1. Visible spectrum of [Fe(tacsBr.-3H,O in D,O at 308,
318, 328, 338, 348, and 358 K. Arrows indicate the effect of increasing
temperature. Inset: fit oA(T) at 595 nm to eq 4.

1A 19— T1gand?A g — o4 transitions of low-spin Fe(ll). As
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Figure 2. Fit of uex(T) to eq 5 for [Fe(tacn)(CFsS0s)2*4.5H0 in
dimethylformamided; from 223 to 363 K.

J mol~t K~1, andTy, = 344 K are obtained from the fit of eq
5 to these data. Because the temperature range available in each
solvent is inadequate to encompass the gradual character of spin

temperature is increased the intensities of these bands decreaseguilibria in solution, it is not possible to drive reaction 2 to its
and a weak absorption centered at ca. 900 nm that is characlow- or high-spin limit and obtain the limiting magnetic

teristic of the®T,q — SE4 transition of high-spin Fe(Iff gains
intensity. The behavior is consistent with a temperature-
dependent equilibrium between the low- and high-spin forms
of Fe(tacn)?':

@)

The equilibrium constantKse = Xus/X s, wherexys and x.s
are the molar fractions of HS- and LS-Fe(taénh) is defined
in terms of the enthalpy and entropy of spin exchange by

Kse = exp AS’sg/R) exp(-AH"s/RT) 3

The thermodynamic parametersH°sg and AS’sg and the
temperature Ty, at whichxys = X.s are obtained by fitting
the temperature dependence of the absorbance at 59&(jm,
to the following expressiofk*

AT) = A0)/[expAS’sR) exp(-AHs/RT) + 1] (4)

Results are shown in the inset to Figure 1, from which
AH°sg = 19 kJ mof!, ASsg = 53 J moft K71, and Ty, =
358 K. A molar absorptivity ot = 13 M1 cm1is calculated
for LS-Fe(tacny* at 595 nm from the limiting value of(0).
Magnetic Susceptibility. Temperature-dependent magnetic
susceptibility measurements employing the EvaHsNMR

LS-Fe(tacny* (*A,,) = HS-Fe(tacny" (°T,)

method were conducted to explore the influence of solvent,

moments. Thereforey s andups are obtained from the fit of
Uett VS T. The resulting quantities are larger than the spin-only
values of 0 and 4.9 and suggest the presence of orbital
contributions to the observed magnetic moments.

Data collected as a function of solvent, counterion, and
electrolyte concentration are reported in Table 1. Relatively large
uncertainties are observed in some instances, possibly because
a small temperature range is investigated. However, mean values
of AH°sg =23 kJ mofl, ASse=671J mof? Kil, andTl/z =
335 K in Table 1 are consistent with the spectroscopic result in
Figure 1, with our previous determination &H°sg = 24 kJ
mol™t, ASse = 68 J moi! K1, and Ty, = 349 K for [Fe-
(tacny]Br,+3H,0 in DO 12 and with thermodynamic parameters
reported for other FtNg LS-HS equilibria®42

The data in Table 1 show that Fe(tag)spin exchange
exhibits little dependence on solvent, counterion, and the
presence of excess electrolyte. Such behavior is anticipated in
dilute solution where cooperative effects are absent. The
thermodynamic parameters obtained under these conditions
reflect the intramolecular structural changes that accompany
LS — HS conversion. The positive value &H°sg is a
consequence of the increase in metaand bond distance
(~0.2 A for Fé'Ng centersj that results from a gain of two
o-antibonding g* electrons. The positive value &S’sg arises
from increases in vibrational partition functions as metaand
bonds are weakened and increases in electronic partition

counterion, and electrolyte concentration on the thermodynamicsfunctions as multiplicity increases.

of reaction 2. Magnetic data were analyzed by fitting the
observed magnetic moments(T), to the expression

Her(T) = {ﬂLsz[eXp(_AH°SJR'I') exp(AS’ JR) + 1]—1 +
s lexp(AH° JRT)exp(—AS’ JR) + 1] 1} (5)

whereu s anduns are the limiting magnetic moments of low-
and high-spin Fe(tacg)". Results determined over a temper-
ature range of 223363 K in dimethylformamided; are shown
in Figure 2. Values ofAH®sg = 21(1) kJ mol!, ASsg = 61(3)

Electrode Half-Reaction Entropy. When a large structural
change accompanies an electrochemical reaction it makes
significant intramolecular contributions to the electrode half-
reaction entropy® The origins of these terms are similar to those
that produce the entropy change associated with a spin-crossover
reaction. Thus, thAS’¢ of an electrode reaction accompanied
by a complete or partial spin exchange reflects contributions
from both processes.

Electrochemical reduction of Fe(tagh) consists of the
following reactions:

(17) Martin, L. L.; Martin, R. L.; Sargeson, A. MPolyhedron1994 13,
1969.

(18) (a) Richardson, D. E.; Sharpe, IRorg. Chem.1991, 30, 1412. (b)
Richardson, D. E.; Sharpe, forg. Chem.1993 32, 1809.



5298 Inorganic Chemistry, Vol. 40, No. 20, 2001 Notes

Table 1. Thermodynamic and Magnetic Properties of Fe(t&cn$pin Equilibriunt

temp AHOSE ASOSE
solvent range (K) (kJ mol?) (J moltK™1) s (us) uns (Up) Ti2 (K)
deuterium oxide 278348 23(4) 67(14) 0.9 5.6 343
deuterium oxide 283—-353 24(8) 70(29) 0.3 5.3 343
deuterium oxide 278-348 23(10) 67(37) 0.7 5.6 343
dimethylformamided; 223-363 21(1) 61(3) 1.2 5.6 344
dimethyl sulfoxideds 297-373 22(8) 68(20) 1.1 55 324
acetonitrilees; 233-323 21(2) 66(6) 1.3 5.8 318
acetoneds 243-313 24(8) 73(37) 12 4.8 328

a From fits of effective magnetic moment to eq 5 over the indicated temperature range for;8@Cgalt of Fe(tacnf", except as noted.Br-
salt.¢Br~ salt plus 0.1 M LiCIQ.

0.04 T T - T Table 2. Observed and Spin Equilibrium Corrected Half-Reaction
Entropies (J mot* K™%

0.02 solvent AS’rc)obs (ASOrL:)LSfLSb (AS’ )RS
deuterium oxide 41 23 25
0 dimethyl sulfoxide 138 103 110
dimethylformamide 163 137 129
acetontirile 152 122 117
-0.02 acetone 157 122 130

aValue of AS’,; for Fe(tacn)**/2* determined over the temperature
interval 296-320 K in 0.1 M LiCIO,, from ref 12.° Value of AS¢
for Fe(tacn)**/2* corrected as described in texvalue of AS’,; for
Ru(tacny**2* determined over the temperature interval 2820 K
in 0.1 M LiClOy4, from ref 12.
-0.08 L l . | of Fe(tacn)®*' in dimethyl sulfoxide from which a value of
o900 300 310 320 330 340 (AS’r¢)obs= 138 I mof? K~1is obtained. A corrected electrode
T K potential is calculated a&*' | s—1s = E”ops — (RT/F) In(1 +
Figure 3. Plots ofE* o (8), (RTF) |Iil(1 4 Ked) (O), andE s 16 = Ksp), usi?g forKse the value determined at each temperature
E® obs — (RTF) In(1 —ﬁ T(SE) ’(l) versus temperatur’e for reduction of from AH SE andAS.)SE (eq 3, Table 1).' A plot of the_ res_ultlng
Fe(tacn)** in dimethyl sulfoxide containing 0.1 M LiCIQ quantity versuq is illustrated by t_he filled squares in Figure 3
and yields a corrected half-reaction entropy 88{c).s-1s =
LS-Fe(tacn)*" + e” = LS-Fe(tacny™ E” s s (6) 103 J mot! K1, Values of AS’«).s-Ls determined in this way
in five solvents are collected in Table 2.
LS-Fe(tacn)z+= HS-Fe(tacr92+ Kse ) The accuracy of the correction procedure is assessed by
comparing values of AS’\¢).s-Ls with AS’c for a reaction
The observed electrode potential and half-reaction entropy With components of similar size, charge, stoichiometry, and
are given by which are known to involve only LS forms. A suitable half-
cell reaction is

LS-Ru(tacn)®* + & = LS-Ru(tacny’" E*, (10)

-0.04

E, V vs Ag/AgCl

-0.06

E” ops= E”'Ls-1s T (RTF) In(1 + Kgp) 8

(AS'rdobs = (AS'rddis—1s F XusAS'se = X sRIN(o) The half-reaction entropies of reaction 10 are listede& {)ru
XusR IN(Xyg) (9) in Table 2. ASo)obs (ASro)Ls s, and AS’r)ru all exhibit large
. ) solvent-dependent contributions that arise from the extent to
The last two terms on the right hand side of eq 9 are small. \yhich solvent order is created or destroyed by the change in
Neglect of these quantities yields the simplified expression charge of the reactaAtHowever, after subtraction of the spin-
(ASro)is-ts = (AS'rc)ops — XsAS’se that has been used in  gychange contribution from\S’ e)ass good agreement between
related form®2° to describe the entropy change of coupled (ASi)s-ts and AS)ry is observed in all solvents. The

electron-transfer and spin-exchange reactions. Howenets  a5reement confirms the validity of the correction procedure and
noticeably temperature dependent over the rang_e_of Cond't'onsquantifies the magnitude of the spin-exchange contribution to
employed. A more accurate procedure for obtaining the half- s> for Fe(tacny?+/2+.

reaction entropy of reaction 6 is illustrated in Figure 3. The . .
filled circles define a plot 0E* ops versusT for the reduction Acknowledgment. Support of this research by the National
Science Foundation (CHE-9988694) is gratefully acknowledged.
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