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or intermolecular sulfur addition to Mecoordinated CS32- ligands. 
The latter are obtained by CS2 addition to the Mo=S functional 
groups and are quite stable in the absence of available sulfur. In 
contrast to the Meq2-CS3 units that do not readily dissociate CS2, 
the Mo-q2-CS4 chromophores are quite unstable in solution and 
readily dissociate CS2 with formation of the Mo-v2-S2 units. 
Unlike the pronounced reactivity of “activated” alkynes such as 
dicarbomethoxyacetylene (DMA), which add to all available 
Mo=S bonds within a thiomolybdate complex, CS2 reacts only 
partially. This is illustrated in the reactions of [Mo2Sloj12]2- with 
these electrophilic molecules. The reaction of DMA with all, 
nonbridging, Mo-S, groups in [Mo2Slo/12]2- results in the for- 
mation of the previously reported2 [ M o ~ S ~ ( S ~ C ~ ( C O ~ M ~ ) ~ ) ~ ] ~ -  
dithiolene complex. In contrast, the reaction with CS2 affords 
111, which contains two “unreacted” Mo=S groups. At this time, 
we can only speculate that introduction of CSj2- or CS42- ligands 
into the thiomolybdate complexes (by CS2 addition to the Mo-S, 
sites) reduces the nucleophilicity of the remaining Mo=S groups, 
which appear incapable of reacting further with the weakly 
electrophilic CS2 molecule. The observed lack of reactivity of CS2 
with the M A  groups in the thiomolybdate complexes is con- 

sistent with previous s t u d i e ~ ~ , ~ ~  of the reactions of DMA with 
thiomolybdate complexes and underscores the complete lack of 
reactivity of the M A  group in these complexes, at least toward 
electrophilic carbon sites. 

At present, we are exploring the reactivity of the Mo=S and 
Mo-q2-S2 groups with other electrophiles, and in the near future, 
we will report5 on the chemistry of the thiomolybdate complexes 
with SOz. 
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The spin-state transitions between low-spin (S = and intermediate-spin (S = 3/2)  states in the complexes [Fe(J.ph)NO] and 
[Fe(J-mph)NO] with Jlger-type ligands have been studied between 80 and 320 K on the basis of magnetism, 57Fe MBssbauer 
effect, and X-ray powder diffraction. The transition in [Fe(J.ph)NO] is centered at T, N 143 K, the electronic relaxation between 
the spin states being rapid with T S 1 X s at all temperatures. The transition in [Fe(Jmph)NO] is centered at T, u 187 
K, the line shapes of the Mhsbauer spectra being reproduced by a stochastic two-state relaxation model. The dynamics of the 
transition are determined by values of the rate constant klL between 4.31 X lo6 and 6.09 X lo6 s-l. The temperature dependence 
is described by an Arrhenius equation with the activation energies MIL = 0.32 kJ mol-’ and MLI = 4.23 kJ mol-l for the IS - LS and LS - IS conversion, respectively. The corresponding frequency factors are AIL = 6.9 X lo6 s-I and ALI - 63.7 X 
lo6 s-I. Shifts of the peak profiles of X-ray diffraction depend linearly on per: showing that the transition is closely associated 
with a modification of unit cell dimensions. 

introduction 
Nitrosyl iron complexes [ Fe(J.R)NO] where H2(J.R) denotes 

a quadridentate Jiiger-type ligand4 have been reported by Numata 
et al.5 On the basis of magnetic studies over the temperature 
range 80-300 K, it was suggested that the two complexes where 
R = ph and mph (ph = o-phenylene, mph = 4-methyl-o- 
phenylene) are involved in a spin-state transition. According to 
the data, the transition appears to be of the continuous type. 

Spin-state transitions between intermediate-spin (IS, S = 3/2) 
and low-spin (LS, S = states in mononitrosyl iron complexes 
have been reported previously. The transition in [ Fe(salen)NO] 
where H2salen = N,N’-ethylenebis(salicy1ideneamine) occurs at  
T, = 175 K and shows a discontinuous The structure 

changes associated with the transition are moderate. Studies8 at 
296 and 98 K demonstrate that the average distance between the 
Fe atom and the N atoms of the salen ligand as well as the distance 
between Fe and the mean plane of the coordinating N and 0 atoms 
decreases by about 0.10 A in the course of the IS - LS conversion. 
Simultaneously, the Fe-N-O bond angle decreases from 147 to 
127O. Individual MGssbauer spectra corresponding to the S = 

and S = states have been observed. Consequently, the 
transition is slow on the Miissbauer effect time scale, the relaxation 
time for the spin conversion being greater than about 1 X lo-’ 
s. The spin-state transition in the analogous [Fe(salphen)NO] 
where Hslphen  = N,”-o-phenylenebis(sa1icylideneamine) occurs 
at  T, N 181 K, the electronic relaxation between the two spin 
states being rapid with a relaxation time 7 S 1 X s.+ll A 
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rapid transition between the S = 3/2 and S = states has also 
been found in [Fe(TMC)NO](BF4)2 where TMC = 1,4,8,11- 
tetramethyl-1,4,8,1l-tetraazacyclotetradecane (tetramethyl- 
cyclam).12 However, this complex is rather dissimilar to the 
previous two, its geometry being intermediate between a square 
pyramid and a trigonal bipyramid with a nearly linear FeNO 
group, whereas [ Fe(salen)NO] is characterized by a molecular 
structure close to tetragonal pyramidal and a bent FeNO group 
(average angle 147' in the IS state).8 

The present investigation has been initiated in order to obtain 
a more detailed characterization of the spin-state transitions in 
the nitrosyl-iron complexes [ Fe( J.ph)NO] and [ Fe(J-mph)NO] 
of Numata et ala5 Although structural information on these two 
complexes is lacking, a detailed physical description of the tran- 
sitions is highly desirable in view of the very few available examples 
of spin-state transitions in nitrosyl-iron complexes. 

The study is a further contribution within our program to define 
the physical nature and the mechanism of spin-state transitions 
in more detail.l3-I5 
Experimental Section 

Compound Preparation. The ligands Hz(J.ph), N,N'-ephenylenebis- 
(3-hydroxy-2-acetyl-but-2-enimine, and H2(J.mph), its 4-methyl deriva- 
tive, were synthesized according to the method described by Wolf and 
JlgerS4 The molecular structure of the complex [Fe(J.ph)NO] is 
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Mbsbauer spectra of [Fe(J.ph)NO] were least-squares fitted to Lor- 
entzian line shapes. 

For the compound [Fe(Jmph)NO], the Mijssbauer spectra were 
evaluated in three steps:I6 (i) Since only two lines are observed over the 
complete temperature range, all spectra were fitted by two independent 
Lorentzians (fast relaxation limit). However, the line widths of both lines 
are found to be excessive in the intermediate temperature range (en- 
largement -45% for the left line, ~ 2 0 %  for the right line). The as- 
sumption of fast relaxation is therefore not applicable. (ii) The spectra 
at low temperatures were fitted by two symmetrical quadrupole doublets 
with equal line widths (slow relaxation limit). Again a significant in- 
crease of line widths is found for increasing temperatures thus showing 
that this simple case is not a realistic assumption. (iii) A simplified 
stochastic relaxation mode1'7s18 was applied in order to describe correctly 
the situation between the slow relaxation (T L 1 X s) and the fast 
relaxation (T I 1 X s) limits Over the complete range of temperature. 
The procedure of this fit will be considered in some detail below. In 
contrast to a preliminary report,16 the transmission integral consisting of 
the convolution of the absorber and the source function has been used 
in order to further improve the quality of the calculation. 

Magnetic susceptibilities were measured in sealed tubes by the Gouy 
method over the temperature range 80-300 K. Effective magnetic mo- 
ment values were calculated from the molar magnetic susceptibility xm 
according to le,-, = 2.828(~,T)l/~. The diamagnetic corrections applied 
to the J-ph and J-mph complexes were -156 X lo" and -153 X lo" cgsu, 
respectively. 

Measurements of X-ray powder diffraction at variable temperatures 
were obtained with a Siemens counter diffractometer equipped with an 
Oxford Instruments CF 108A flow cryostat and liquid nitrogen as coo. 
lant. 

Stochastic Two-State Relaxation Model 
For the complex [Fe(J-mph)NO], significant deviations of the 

theoretical spectra, such as excessive line widths, are observed, 
if the calculations are based on a two-line (i) or a two-doublet 
(ii) fit. These deviations are attributed to the dynamics of the 
spin-state transition. 

The problem of a molecule of an iron complex fluctuating 
between two different spin states, e.g. high-spin (HS) and low-spin 
(IS) states, may be conveniently described by a time-dependent 
Hamiltonian. To this end, a random function of timeflt) is 
introduced, which can assume only two possible values, f 1. For 
convenience of presentation we assume that the electric field 
gradients (efg) of the two states refer to the same principal axis 
system and are of axial symmetry. The resulting perturbation 
Hamiltonian may then be written'' 

...., ' 
Me 

Ac 
[Fe(J.ph)NO]. The compound was prepared following the procedure 

of Numata et aL5 from iron(I1) perchlorate hexahydrate. To this end, 
0.83 g (2.3 X lo-' mol) of iron(I1) perchlorate hexahydrate was dissolved 
in deoxygenated methanol (15 mL). To this were added 0.75 g (2.3 X 
lo-' mol) of H2(J-ph) and 0.38 g (4.6 X lo-' mol) of anhydrous sodium 
acetate in about 10 mL of methanol. The mixture was stirred at  70-80 
OC for several hours and then allowed to cool overnight. The solvent was 
decanted from the brown needles of Fe(J.ph) which had separated. 
Methanol (20 mL) was then added to the Fe(J.ph), the nitrogen removed, 
and nitric oxide admitted. The reaction flask was connected to a gas 
buret and on stirring the volume of NO absorbed corresponded approx- 
imately to one mole of gas to one mole of iron(I1) added as perchlorate. 
The brown precipitate which separated was filtered off, washed with cold 
deoxygenated methanol and dried in vacuo. Anal. Calcd for 
C,8H18N305Fe: C, 52.45; H, 4.40, N, 10.19. Found: C, 52.59; H, 4.56; 
N, 10.53. The infrared spectrum contains absorption bands due to u(N0) 
at 1790 and 1710 c d .  

[Fe(J.mph)NO]. The compound was prepared according to the pro- 
cedure described by Numata et a1.j using methanol instead of CH2ClZ 
as the solvent. Anal. Calcd for C19H20N305Fe: C, 53.54; H, 4.73; N, 
9.86. Found C, 54.52; H, 5.00, N, 9.92. The infrared spectrum contains 
absorption bands due to v(N0) at 1780 and 1700 cm-I. 

Physical Measurements. The j7Fe MBssbauer spectra were measured 
with a spectrometer consisting of a constant-acceleration electrome- 
chanical drive and a Nuclear Data ND 2400 multichannel analyzer 
operating in the multiscaling mode. The source consisted of 50-mCi 57C0 
in rhodium at room temperature, the calibration being effected with a 
25-pm iron foil absorber. All velocity scales and isomer shifts are re- 
ferred to the iron standard at 298 K. For conversion to the sodium 
nitroprusside scale, add +0.257 mm s-I. Variable-temperature mea- 
surements between 80 and 300 K were performed by using a custom- 
made cryostat, the temperature being monitored by means of a calibrated 
iron vs constantan thermocouple and a cryogenic temperature controller 
(Thor Cryogenics Model E 3010-11). The areas of all spectra were 
corrected for the nonresonant background of the y-rays, and the 
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In eq 1 it is 

sign (Vzzi) 
eQI Vzzil uqi = - 

2 

"EQH and MQL being the quadrupole splitting of the HS and 
the LS state, respectively. In addition, ISH and ISL are the 
corresponding isomer shifts of I and I,  are the nuclear spin op 
erators. 

The Mhbauer  spectra resulting from this situation are obtained 
by the stochastic theory of line shape, which has been developed 
by Blume and Tj~n. l~.~O According to the theory, the probability 
for the absorption of a photon is determined by the quantity 
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where i and j = HS and LS and ni denotes the probability to find 
the system in state i. Moreover, 1 is the unity matrix, W the 
matrix of transition probabilities per unit time, and F the matrix 
where the diagonal elements are the permitted values offlt). In 
addition 

1 1 
4 

a = f - ( A E Q H  - AEQL) + ?(6HIS - 6L") 

1 1 + -ro 
4 2 

(4) 

where ro is the natural line width and wo is the frequency of the 
unsplit line hwo = E, - E, = 14.4 keV. The indices e,e' and g,g' 
refer to the excited and ground states, respectively, since 

8 -  )I ; -i h(o - wo) F -(AEQH + MQL) - -(6HIS + 6 Is 1 

HolIgm,) = EgIIgmg) 

HolZm,) = Ee14me) ( 5 )  

In the present case of a two-state relaxation model, the probability 
for transition from the HS to the LS state WHL may be associated 
with the rate constant k H L  and similarly WLH may be associated 
with the rate constant k L H .  If the fluctuations are described by 
a stationary Markoff process, the diagonal elements of matrix W 
are given by 

WLL = - ~ L H  WHH = -kHL (6) 
The nondiagonal elements conform to the requirement of detailed 
balance 

(7) 

where nH and nL are the HS and the LS fractions, respectively. 
The complete matrix (81 - W - iaF) thus assumes the simple 
form 

nHkHL = nLkLH = (1 - n H ) k L H  

) ( 8 )  (P + i;;l + kLH 
4, 

p + ihOHge + k, G ,  = 

Here, hoLgC and huHgC are the hyperfine energies given by 
1 hWL@ = bL1S f -AE L 
2 Q  

2 Q  (9) 

In addition, p = r0/2 - ih(w - wo) and biS = ISi(Ze) - ISi(I& where 
i = L, H. Matrix inversion of eq 8 and summation according to 
eq 3 then produce the final expression 

G,,(p) = [nH@ + ihoLge + kLH + k H L )  + 

1 
hWHgc 6," f 

nL@ + ihwHgC + k H L  + kLH)]/[@ + i h o H g C  + kHL)(p  + 
i h W L g e  + kLH) - k H L k L H ]  (10) 

There are thus only two different values for G ,@), which will 
be denoted G+ and G-. The cross section for the abrp t ion  process 
of the Mhsbauer effect is then determined as 

(11) 
where uo denotes the cross section at resonance. From this 
quantity, the Mbbauer  spectrum can be calculated by convolution 
of the absorber and the source function. In order to account for 
possible line-broadening effects caused by instrumental factors, 
a line width rs = 0.22 mm s-I was used for all spectra. For the 
quantity r in eq 1 1  of the cross section, the natural line width 
ro = 0.097 mm s-' has always been used. 

In the present case, some additional assumptions have to be 
introduced in order to make the calculations practicable. Thus 
it has been assumed that the Debye-Waller factors for the two 
states are equal. Indeed, for the fast relaxation limit (model i), 
it has been showni6 that the effective thickness tea calculated from 
the area is well reproduced within the high-temperature ap- 

~ ( o )  = l'uo(Re (G, + G-))/2 
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Table I. Magnetic Data for IFe(J.Dh)NOl 

293 5395 3.56 140 6490 2.70 
263.5 5930 3.54 136 6023 2.56 
232 6635 3.51 130 5505 2.39 
199.5 7535 3.47 126 5225 2.29 
185.5 8061 3.46 120 5047 2.20 
175.5 8299 3.41 116.5 4877 2.13 
167 8443 3.36 110 4767 2.05 
165.5 8520 3.36 104 4758 1.99 
155.5 8655 3.28 96.5 4843 1.93 
145.5 7968 3.04 88.5 4970 1.88 
142 6906 2.80 

"Molecular weight M = 412.2 au; diamagnetic correction Xmdi' = 
-156 X 10" cgsu mol-'. b p c f l  = 2 . 8 2 8 ( ~ ~ T ) ~ / ~ ,  with experimental un- 
certainty approximately fO.05 pg. 

Table 11. Magnetic Data for [Fe(Jmph)NO] 
106Xm: 1O6Xm; 

T,  K cgsu mol-I pes! pa T, K cgsu mol-' pe,b pa 

289 4724 3.32 165 4835 2.52 
26 1 4971 3.22 133 4778 2.25 
229 5019 3.03 101 5127 2.03 
197 4985 2.80 87 5653 1.98 

"Molecular weight M = 426.2 au; diamagnetic correction xmdin = 
= 2 . 8 2 8 ( ~ ~ T ) ' / ~ ,  with experimental un- -153 x 10" cgsu mol-'. 

certainty approximately f0.05 pB. 

4.0 c 1 I 
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Table 111. 57Fe Mijssbauer Effect Parameters for [Fe(J.ph)NO] 
T, K AEo,' mm s-I P,b mm s-l rlcfl: mm s-I mm s-I 
300 
270 
210 
167 
142 
137 
132 
120 
100 
85 

0.388 
0.379 
0.358 
0.326 
0.535 
0.764 
0.906 
1.130 
1.321 
1.398 

+0.441 
+0.459 
+0.485 
+0.494 
+0.441 
+0.401 
+0.382 
+0.352 
+0.330 
+0.326 

0.352 
0.368 
0.353 
0.388 
0.387 
0.364 
0.349 
0.341 
0.342 
0.348 

0.314 
0.305 
0.312 
0.323 
0.334 
0.320 
0.311 
0.300 
0.306 
0.308 

a Experimental uncertainty f0.005 mm s-l. bRelative to metallic 
iron at 298 K. Experimental uncertainty 10.005 mm s-I. 
CExperimental uncertainty 10.01 mm s-l. 

t 
!? 
U 
v) 

I- 
B 
3 
W 
> U 

!- a. 
J 
W a 

T 1 .?% 

Table IV. "Fe Mossbauer Effect Parameters for [Fe(J-mph)NO] 

T, K mm s-I mm s-I mm s-I mm s-I n, s-I 
319 0.24 0.66 0.363 0.404 0.70 6.09 
282 0.25 0.76 0.359 0.380 0.67 5.99 
239 0.36 0.86 0.376 0.355 0.59 5.24 
223 0.42 0.96 0.378 0.350 0.54 6.01 
212 0.49 0.98 0.388 0.339 0.50 5.67 
203 0.52 1.03 0.383 0.330 0.47 5.35 
182 0.66 1.16 0.382 0.317 0.38 5.25 
163 0.77 1.24 0.377 0.309 0.31 4.85 
120 1.03 1.40 0.371 0.299 0.18 4.24 
84 1.15 1.48 0.355 0.304 0.13 4.31 

AEQLS; AEQ~, '  61JS,b b u ' S , b  10dkiL, 

'Experimental uncertainty fO.O1O mm s-l. Relative to metallic 
iron at 298 K. Experimental uncertainty f0.008 mm s-l. 
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Fie 2. s7Fe Mbsbauer spectra of [Fe(J.ph)NO] at 85, 120, 132, 142, 
and 270 K. Full lines correspond to a least-squares fit by two inde- 
pendent Lorentzians. 
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Figure 4. 57Fe Mossbauer spectra of [Fe(J.mph)NO] at 84, 163, 203, 
239, and 319 K. Full lines correspond to a least-squares fit based on a 
stochastic two-state relaxation model. 
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Figure 3. Quadrupole splitting AEQ (0, left-hand scale) and isomer shift 
tiN (B, right-hand scale) of [Fe(J.ph)NO] as a function of temperature. 

I11 for a number of representative temperatures. In addition, the 
spectra at 85, 120, 132, 142, and 270 K are illustrated in Figure 
2. The detailed temperature dependence of the quadrupole 
splitting AEQ and the isomer shift 8's is plotted in Figure 3. The 
measurements have been performed for increasing as well as 
decreasing temperatures, no hysteresis effects having been detected. 
Within experimental uncertainty, the line width r is practically 
independent of temperature as shown by the values of Table 111. 
This indicates that the employed fitting procedure is adequate. 

For the compound [Fe(J.mph)NO], the Mbssbauer spectra 
between 84 and 319 K were reproduced by a two-state relaxation 

o .e I no 
5 

0 .o 
50 100 150 200 250 300 350 

T, K 
Figure 5. Quadrupole splitting hEQu for the low-spin state (0) and 
AEdS for the intermediate-spin state (a) of [Fe(J.mph)NO] as a func- 
tion of temperature. The data are the results of the application of the 
stochastic two-state relaxation model. 

model based on the stochastic theory of line shape. The resulting 
parameters are collected in Table IV, representative spectra for 
a number of temperatures being shown in Figure 4. The tem- 
perature dependence of the quadrupole splittings AEq for the 
involved spin states IS and LS is displayed in Figure 5, and that 
of the isomer shifts 8Is, in Figure 6. The procedure for [Fe- 
(J.mph)NO] also yields the rate constant klL for the spin-state 
conversion IS - LS as well as the fraction nl of the IS state (from 
model ii), which are included in Table IV. These results replace 
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0 .2  > 
50 100 150 200 250 300 350 

T. K 
Figure 6. Isomer shift dUrs for the low-spin state (0) and for the 
intermediate-spin state (0) of [Fe(J.mph)NO] as a function of tem- 
perature. The data are the results of the application of the stochastic 
two-state relaxation model. 
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Figure 7. X-ray powder diffraction of [Fe(J.mph)NO] within the range 
of the Bragg angle 4.50' < 6 < 7' for temperatures between 89 and 280 
K. 

the data of a preliminary report.I6 Due to the improved evaluation 
procedure indicated above, the present results are considerably 
more accurate than the previous ones. 
X-ray Diffraction. The X-ray diffraction of a powder sample 

of [Fe(J.mph)NO] has been measured for 16 temperatures be- 
tween 78 and 290 K. The most pronounced peaks are found in 
the Bragg angle range 4.50-7.00°, the peak profiles for four 
representative temperatures being displayed in Figure 7. There 
is a significant shift of the peak profiles with temperature which 
is evident from Figure 8. In the figure, the temperature de- 
pendence of the relative dhkl values for peaks l and 2 of Figure 
7 is plotted in comparison to the ( 11 1 ) reflection of metallic Cu. 

Discussion 
The spin-only values for the magnetic moment of the IS (S = 

3/2) and LS (S = ground states of a Fe3+ ion are 3.87 and 
1.73 pB, respectively. The variation of perf values from 3.56 and 
3.32 pB at room temperature for [Fe(J.ph)NO] and [Fe(J. 
mph)NO], respectively, almost to the spin-only value a t  88 K 
suggests that a spin-state transition between these two states is 
involved. This is corroborated by the Massbauer spectra for the 
two compounds. The magnetic moment values where the fraction 
of the S = 3 /2  state assumes the value nIs = 0.50 provides an 
estimate for the virtual transition temperature as T, 143 K for 

I- - 

0.96 0.97 50 L 100 150 200 250 300 

T, K 
Figure 8. Relative dhal values d( T) /d(  T = 291 K) for X-ray diffraction 
peaks 1 (0) and 2 (A) of [Fe(J.mph)NO] and the ( 11 1 ) reflection of 
Cu (0) as a function of temperature. 

[Fe(J.ph)NO] and T, N 187 K for [Fe(J.mph)NO]. 
As far as [Fe(J.ph)NO] is concemed, the measured Mbsbauer 

spectra display, according to Figure 2, a unique doublet char- 
acterized by a decreasing quadrupole splitting with increasing 
temperature. The quadrupole doublet observed at  85 K is assigned 
to a S = state of iron on the basis of its isomer shift value bIS 
= +0.326 mm s-l, particularly if considered in conjunction with 
the magnetic data a t  the same temperature. On the other hand, 
the value 6E = +0.441 mm s-l for the Mhbauer  doublet at  300.1 
K is consistent with a S = 3/2 state of iron,21 which is suggested 
by the measured magnetic moment. In the temperature range 
between the two limits, the compound is thus involved in a 
spin-state transition between the IS (S = 3/2) and LS (S = 
states. The observed unique doublet in the intermediate range 
of temperature is typical for a situation where the relaxation 
between the spin states is rapid as compared to the time scale of 
Mossbauer spectroscopy. Thus the Fe nucleus is influenced alone 
by the average of the AEQ and 6IS values which characterize the 
involved spin states. Accordingly, the relaxation time may be 
specified as T 5 1 X 

The temperature dependence of the quadrupole splitting AEQ 
shows a gradual change between the limiting values of the LS 
and IS states (cf. Figure 3) and is similar to that of [Fe(sal- 
phen)NO], which is also characterized by a rapid relaxation 
between the spin states.1° The isomer shift for spin-invariant 
complexes should increase with decreasing temperature, thus 
reflecting the temperature dependence of the second-order Doppler 
shift. This is indeed observed above - 180 K for the S = 3/2 state; 
cf. Figure 3. In the region of the transition, the 6IS values for the 
S = 3/2 and S = states experience a continuous transformation 
into each other. The behavior is similar to that of [Fe(sal- 
phen)NO] except for the considerably lower transition temper- 
ature, which is T, = 140 K based on the isomer shift data. The 
line widths r of the two Mksbauer lines show little temperature 
dependence apart from a slight irregularity in the region of the 
transition; cf. Table 111. The temperature dependence of the total 
area A of the Mbsbauer spectrum is similar to that of [Fe(sal- 
phen)NO]'O and demonstrates that the recoil-free fraction f is 
decreasing significantly on transition from the S = to the S 
= 3/2. state. This is strong indication of a modification of unit 
cell dimensions or changes of metal-ligand bond lengths and bond 
angles a t  the transition or both. It is well known that spin-state 
transitions are in general accompanied by such changes.I4 Re- 
cently, Maeda and Takashima demonstrated" that, in the case 
of rapid relaxation, the relative sign of the efg of the two spin states 
may be derived from the dependence of AEQ on the HS fraction 
nH. Thus a linear dependence of AEQ is found if both efg's have 
the same principal axis system and the signs of V,,, the main 
component of the efg, are the same. For different principal axis 

s. 

(21) Greenwood, N. N.; Gibb, T. C. Mossbauer Specrroscopy; Chapman and 
Hall: London, 1971. 
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Figure 9. Quadrupole splitting AE, as a function of the effective mag- 
netic moment squared rem2 for [ Fe(J.ph)NO] at various temperatures. 
The dashed curve is a guide for the eyes. 

systems and different signs, a curve showing a distinct minimum 
is found. In Figure 9, experimental AEQ values for [Fe(J.ph)NO] 
are plotted versus rem2 for the same compound. The fraction nl 
is related to per$ according to 

(12) 

With the spin-only values pL2 = 3pe2 and p: = 15&, it follows 
that nI = l / l ~ e f ~ , -  'I4. The dependence of AEQ on per$ is 
therefore clear indication that the efg tensors of the IS and LS 
states have opposite signs. Different signs for V, of the HS and 
LS states in iron(I1) spin transition complexes have been indeed 
found previously.22-23 

Turning our attention to [Fe(J*mph)NO], we see that the 
Miissbauer spectra of this compound also show a single doublet, 
its quadrupole splitting being a decreasing function of temperature 
as is evident from Figure 4. Again the quadrupole doublet ob- 
served at 84 K may be attributed to a S = state of iron on 
the basis of its isomer shift value 6IS = +0.3 17 mm s-I, whereas 
the doublet at 319 K, characterized by the isomer shift 6IS = 
+0.394 mm s-I, suggests a S = 3/2 state of iron?1 This assignment 
is even more convincing if the direction of the change of AEQ with 
temperature is considered and if it is taken into account that, 
according to the magnetic moment data (cf. Figure l ) ,  the 
transformation is not completed even at  319 K. At first, the 
observation of a unique Mkbauer  doublet with strongly changing 
quadrupole splitting may be taken as indication of a rapid re- 
laxation between the spin states. However, it has been pointed 
out above that both a two-lines fit and a two-doublets fit produce 
excessive line widths. The experimental Mhsbauer spectra were 
therefore fitted by the two-state relaxation model described above, 
the resulting relaxation times covering the intermediate range 
0.493 X lO-'s d 7 d 0.201 X lod s. Satisfactory fits over the 
complete temperature range were achieved only if equal signs of 
the efg's were assumed for the two spin states IS and LS. 

The temperature dependence of the quadrupole splittings AEQE 
and AEQB shows a gradual change with temperature (cf. Figure 
5 ) ,  that of the IS state being more pronounced than that of the 
LS state. Otherwise the variation is similar to that of hEQ for 
[Fe(J.ph)NO]. The isomer shift of the IS state 6,sE is practically 
independent of temperature, whereas 6,IS for the LS state shows 
a slight increase with increasing temperature. This behavior is 
remarkable. It has been verified that the increase does not depend 
on the choice of parameter values fixed in the underlying calcu- 
lational procedure. It is believed that the encountered behavior 
reflects particular properties of the studied spin-state transition 
which cannot be specified at present. 

The shift of X-ray diffraction peak profiles with temperature 
(cf. Figure 8) shows that the spin-state transition is accompanied 
by at least a modification of the unit cell dimensions. If plotted 
versus perf the dhkl values of the peaks follow a straight line. This 

n1 = (reff2 - PL2)/(PIZ - PL2) 

(22) Khig, E.; Ritter, G.; Zimmermann, R.; Goodwin, H. A. J.  Chem. Phys. 
1974, 61, 3191. 

(23) KBnig, E.; Ritter, G.; Zimmermann, R. Chem. Phys. Leu. 1974, 26,425. 
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Figure 10. Values of dhkr for the X-ray diffraction peak 2 of [Fe(J. 
mph)NO] as a function of the effective magnetic moment squared 
at various temperatures. The straight line corresponds to a least-squares 
fit of the data. 
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of absolute reaction rate theory, the entropy of activation at the 
temperature of 200 K has been estimated as ASIL* -1 19 J K-l 
mol-' and ASLI* -101 J K-' mol-', respectively. These values 
are within the expected range. On the other hand, the values of 
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the activation energy are rather small compared to activation 
energies for HS + LS transitions in complexes of i r ~ n ( I I ) . ~ ~ , ~ ~  
A possible explanation may be related to the fact that Fe-ligand 
bond lengths in nitrosyl iron complexes decrease by about 0.1 A 
On conversion from the Is to the State,* whereas changes about 

(24) Konig, E.; Ritter, G.; Dengler, J.; Nelson, S. M. Inorg. Chem. 1987, 26, 

Inorg. Chem. 1992, 31, 1202-1210 

twice as large are encountered for HS + LS transitions in iron(I1) 
c0mp1exes.I~ 
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Kinetic Studies of Nickel(I1) and Copper(I1) Complexes with N4 Macrocycles of the 
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N-Methylated 1,4,8,11-Tetraazacyclotetradecanes 
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Spectrophotometry and multiscan stopped-flow spectrophotometry was used to study the kinetics of complex formation of divalent 
transition metal ions M2' (M = Ni, Cu) with the cyclic tetraamines L1 (Ecyclam = 1,4,8,11-tetraazacyclotetradecane), L2 = 
(= I-methyl-l,4,8,1l-tetraazacyclotetradecane), L3 (= 1 ,Cdimethyl- 1,4,8,1l-tetraazacyclotetradecane), L4 (=1,4,8-trimethyl- 
1,4,8,1 I-tetraazacyclotetradecane), and Ls (=TMC = 1,4,8,1l-tetramethyl-1,4,8,1l-tetraazacyclotetradecane) in DMF (=N,N- 
dimethylformamide) at an ionic strength of 0.1 M (NaC10,). Complex formation is found to be a two-step process with an initial 
fast second-order reaction (first-order in both [M2'], and [L],, rate constant kl) ,  generating an intermediate species [MLIi,:+, 
and a subsequent slower first-order reaction (rate constant k2) ,  in which the intermediate is converted to the product [MLIzt. 
At 303 K and for M = Ni second-order rate constant k ,  ranges from 7900 (L') to 61 (L5) M-l s d  and follows the relative sequence 
130:38:21:9:1 for L1 to L5, whereas first-order rate constant k2 lies in the range 0.1 X s-l (L3), with the 
exception of k2(L') = 256 X lO-'s-I. Even at 218 K the initial step of the reaction of Cu2+ ions with L1-L4 is too fast to be 
monitored by the stopped-flow technique. Complex formation of copper(I1) with L5, as studied in the temperature range 215-230 
K, is also a two-step process with k ,  = (8.70 2.60) X lo4 M-l s-' (extrapolated value) and k2 = (5.40 i 0.03) X lo-) s-l at 
303 K. The activation parameters AH' and AS' for the initial fast reaction in systems Ni2+/L'-L5 and Cu2+/L5 and for the 
subsequent slow reaction in systems Ni2+/L5 and Cu2+/L5 are presented. The visible spectra of the species [MLIi,:+, as obtained 
by multiscan stopped-flow spectrophotometry, clearly indicate square-planar N4 coordination of the tetradentate ligands L to the 
metal in the intermediates. Spectrophotometric titration of [NiL5I2+ and [CuLSl2+ with DMF in nitromethane at 298 K yields 
the equilibrium constants K(Ni) = 0.99 f 0.05 M-l and K(Cu) = 30.9 f 0.4 M-l for the formation of the monoadducts 
[ML5(DMF)I2+, respectively. The relative pKa values of the species LHt ( P K ~ ( ~ ) ~ )  and LH?+ (pK,(Z),) were determined for 
L1-L5 by potentiometric titration in DMF. Increasing N-methylation (L' - L2 - L3 - L4 - L5) does not affect the size of 
pKa( I ) ,  but reduces the size of pKs(2),. A L E  relationship exists between second-order rate constant k ,  and pKs(2),, which suggests 
that formation of the second M-N bond is involved in the rate-controlling step of the formation of [ML24]i,,2t. IH-NMR 
monitoring of the first-order reaction [NiL5Ih:+ - [NiL5]*+ proves that this step corresponds to the isomerization RSRR- \iL5I2+ - RSRS-[NiL5I2+. It can be concluded from the size of first-order rate constants k2 that the reactions [MLl4Iin:+ - [MLI4l2+ 
are also rearrangement reactions, in which a rapidly formed, thermodynamically less stable intermediate isomerizes via M-N bond 
inversion to form the more stable stereoisomer [MLI2'. 

(L4) to 0.9 X 

Introduction these studies were carried out in acidic or alkaline media, where 

The fundamental importance and interdisciplinary character 
of the metal ion chemistry of macrocycles has recently been 
elegantly described and summarized by Lindoy.' Within the huge 
group of macrocyclic ligands, the aza macrocycles (and, in par- 
ticular, the tetraaza macrocycles because of their possible relevance 
to biological systems) have attracted a great deal of attention in 
the  past decades.2 

A number of investigations of the rates of incorporation of metal 
ions such as copper(I1) and nickel(I1) into macrocyclic tetraamines 
in aqueous solution have appeared.' For experimental reasons 

(1) Lindoy, L. F. The Chemistry of Macrocyclic Ligand Complexes; 
Cambridge University Press: Melbourne, Australia, 1989. 

(2) (a) Schwind, R. A.; Gilligan, T. J.; Cussler, E. L. Synthetic Multi- 
dentate Macrocyclic Compounds; Academic Press: New York, 1978. 
(b) Melson, G. A. Coordination Chemistry of Macrocyclic Compounds; 
Plenum Press: New York, 1978. (c) Burgess, J. Metal Ions in Solution; 
Ellis Horwood Limited: Chicester, England, 1978. 

either protonation and solvation of the ligand or formation of 
hydroxo species (&(OH),- and Cu(OH)l- in the case of copper) 
led to problems of interpretation. To avoid these problems, Hay 
and Norman4 were the first to  use a dipolar aprotic solvent such 
as acetonitrile for the  study of complex formation of nickel(I1) 
with a series of 14-membered macrocyclic and linear N, ligands. 

(3) (a) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, 
G. K. In Coordination Chemistry; ACS Monograph 174; American 
Chemical Society: Washington, DC, 1978; Vol. 2. (b) Kaden, T. A. 
Top. Curr. Chem. 1984,121, 157. (c) Leugger, A.; Hcrtli, L.; Kaden, 
T. A. Helu. Chim. Acta 1978,61,2296. (d) Buxtorf, R.; Kaden, T. A. 
Helu. Chim. Acta 1974, 57, 1035. (e) Steinmann, W.; Kadcn, T. A. 
Helu. Chim. Acta 1975,58, 1358. (f) Schultz-Grunow, P.; Kaden, T. 
A. Helu. Chim. Acta 1978, 61, 2291. (g) Hertli, L.; Kaden, T. A. Helv. 
Chim. Acta 1974, 57, 1328. (h) Kodama, M.; Kimura, E. J .  Chem. 
SOC., Dalron Trans. 1977, 1473. (i) Drumhiller, J. A.; Montavon, F.; 
Lehn, J. M.; Taylor, R. W. Inorg. Chem. 1986, 25, 3751. (j) Chen, 
F.-T.; Lee, C.-S.; Chung, C.4 .  Polyhedron 1983, 2, 1301. 

(4) Hay, R. W.; Norman, P. R. Inorg. Chim. Acta 1980, 45, L139. 
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