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Five pseudooctahedral 2E(low-spin) + 4T(high-spin) spin-equilibrium bis(N-R-2,6-pyridinedicarboxaldimine)cobalt(II) 
complexes with R = C(CH3)3, CH(CH3)2, NH(CH3),  p-PhCH3, and CH2Ph have been synthesized as PF6- salts and 
studied in both the solid and the solution states. Variable-temperature magnetic susceptibility measurements (solid, 77-300 
K; solution, 200-300 K) reveal considerable differences in behavior of the 2E(ls) ~1 4T(hs) processes in the two environments. 
In solution the rates of 

*E&) 5 4T(hs) 
k-1 

intersystem crossing for the R = NH(CH3) derivative have been measured, in collaboration with Dr. Norman Sutin, by 
laser Raman temperature-jump kinetics. First-order rate constants in CH3CN/CH30H for the forward ( k l )  and reverse 
(k-1) steps are  3.2 X lo6  and 9.1 X lo6 s-' with the corresponding spin state lifetimes, T ( ~ E )  and T ( ~ T ) ,  being 3.1 X 
and 1.1 X s, respectively. Rate  constants and spin lifetimes for this one-electron spin change ( A S  = 1) have been 
compared to available data characterizing AS = 2 processes in several pseudooctahedral iron(I1) and iron(II1) complexes. 

Introduction 
In the last few years there has been a renewed interest in 

the study of the electronically unusual spin-equilibrium 
phenomenon in transition metal complexes. Much of our 
recent i n t e r e ~ t ~ - ~  has focused on the solution state since (1) 
unpredictable solid-state lattice effects influencing the spin 
equilibrium are effectively factored out, (2) "dynamic" 

low-spin (1s) high-spin (hs) 

interconversion processes can be assumed, and (3) first-order 
rate constants (kl and k-1) and spin state lifetimes  spin 
state) = k-l] can, in principle, be directly measured by rapid 
perturbation kinetics such as the laser Raman temperature- 
jump8 or ultrasonic relaxation9 techniques. Such spin state 
lifetime studies are of fundamental importance in transition 
metal chemistry for understanding intersystem crossing 
phenomena in photochemical excited states and in laying the 
ground work for directly investigating the role of spin mul- 
tiplicity changes on electron-transfer rates and specificity in 
both variable-spin inorganic and metalloprotein systems. 
To date, solution magnetic and spin state lifetime studies of 
this nature have been limited to pseudooctahedral complexes 
of Fe(I1) ['A(ls) + sT(hs) for oh ~ y m m e t r y ] ~ , ~  and Fe(II1) 
12T(ls) FL? 6A(hs)],5,6 both of which involve a two-electron (AS 
= 2) spin interconversion. In this work we report the first such 
complete solution characterization and study of a AS = 1 
Co(I1) [2E(ls) + 4T(hs)] spin-equilibrium process. The family 
of complexes which have been investigated are those of the 
bis(N-R-2,6-pyridinedicarboxaldimine)cobalt(II) class shown 
in Figure 1 with R = C(CH3)3, CH(CH3)2, NH(CH3), p -  
PhCH3, and CH2Ph. 
Experimental Section 

Physical Measurements. Solid-state magnetic susceptibilities were 
measured by the Faraday method using a Cahn Model 6600-1 research 
magnetic susceptibility system. The cryogenics consisted of an Air 
Products Faraday Interface Model DMX-19 vacuum shroud, an 
LT-3-110B Heli-tran system, and a APD-TL digital temperature 
readout monitoring an iron-doped gold vs. chrome1 thermocouple. 
Hg[Co(NCS)4] was used as the calibrant. Pascal's constants were 
used to correct for ligand and PF6- diamagnetism in cgsu: 
C(CH3)3 compound, -417; CH(CH3)2 compound, -392; NH(CH3) 
compound, -33 1; p-PhCH3 compound, -505; CH2Ph compound, -500; 
PFs-, -64. Solution magnetic moments were determined by the Evans 
'H NMR method12 with methanol and ethylene glycol being used 
for temperature calibration. The measurements were corrected for 

k 

k-1 

sample concentration and solvent density changes with temperature.13 
Chloroform was used as the internal reference compound. 

Solid-state infrared spectra were obtained in the region 4000-600 
cm-l using NaCl  plates and Nujol mulls. A Model 31 YSI  con- 
ductivity bridge was used to obtain solution conductivities. 'H N M R  
spectra were run a t  60 M H z  on a Varian A56/60A spectrometer 
modified for isotropic shift studies or a Perkin-Elmer R12 spectrometer. 
UV-VIS spectra were run on a Cary 17 using jacketed quartz cells; 
the temperature was monitored with a thermistor and all values are  
hO.5 OC. 

Relaxation curves for the R = NH(CH3)  spin-equilibrium 
compounds were obtained in solution using the laser-stimulated Raman 
temperature- jump technique previously An 
CH3CN/CH30H solution (1:4 by volume) was used and data were 
obtained at  25 OC in a thermostated ( i l  "C) cell. The relaxation 
traces obtained from photographs of oscilloscope displays measured 
the change in optical density of the sample spectrum with time at 400 
nm. The first-order relaxation time, T ,  in nanoseconds for the 

2E 4T 
k- 1 

spin-interconversion process was determined from log ( I ,  - r)  vs. time 
plots generated from the photographs. The final T = 83 ns value used 
resulted from eight separate lasing experiments on the same sample; 
the estimated error is 23 ns. The equilibrium constant, Kq (=kl /k - , ) ,  
was obtained from solution magnetic susceptibility measurements, 
with the value used being 0.35 at  25 "C. Rate constants, kl and k-1, 
for the spin interconversion processes were calculated from the 
measured relaxation time ( T - I  = k1 + k-1) and the known equilibrium 
constant. The spin state lifetimes, T ( ~ E )  and T ( ~ T ) ,  are then simply 
k1-l and k-l-l, respectively. 

Materials and Syntheses. The 2,6-pyridinedicarboxaldehyde was 
prepared by MnOz oxidation of 2,6-pyridinedimethanol as previously 
reported,15 except that the MnO2 was washed only with CHC13 (not 
ether), and the product recrystallized from ether and heptane. The 
MnOz was prepared as reported by Mancera et a1.,I6 except that.it 
was washed only with hot (90 "C) water instead of ether or CH3OH. 
The brown MnO2, thus obtained, can be kept in a tightly stoppered 
bottle for months without loss of activity. The 2,6-pyridinedi- 
carboxaldehyde was obtained in 20% yield; mp 121 OC (lit. mp 124 
"C). Predominant ir peaks (Nujol mull): 1730, 1310, 1210, 810, 
and 780 cm-I. 

The reagent grade primary amines were purchased from Aldrich 
Chemical Co. Spectroquality acetone and C H l O H ,  reagent grade 
CH3CN and DMSO, and practical grade CH3N02 were used for the 
studies. Elemental chemical analyses were obtained commercially. 

All compounds were prepared, as their PF6- salts, by the same 
general method, which follows. To 2 mmol of 2,6-pyridinedi- 
carboxaldehyde dissolved in 25 ml of C H 3 0 H ,  4 mmol of the ap- 
propriate amine was added dropwise, except for p-toluidine which 
was added directly as the solid. A yellow solution resulted immediately. 
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Figure 1. The ZE F', 4 T  bis(N-R-2,6-pyridinedicarboxaldimine)co- 
balt(I1) hexafluorophosphate compounds with R = C(CH3), , 
CH(CH,), , "(CH,), p-PhCH,, and CH, Ph. 

One millimole of CoCly6H20 was then added as a crystalline solid, 
yielding an  intensely colored solution in all cases. To this solution 
5 mmol of KPF6 dissolved in 50 ml of warm CH3OH was then added 
with filtration. After addition of the KPF6, which usually initiated 
precipitation, the solution was taken to dryness a t  room temperature 
under reduced pressure. The resulting solid was extracted into 50 
ml of dry acetone to remove inorganic salts and crystallization of the 
[Co(N-R-2,6-pyridinedicarboxaldimine)2] (PF& compound from the 
acetone solution was induced by cooling and the slow addition of 
anhydrous ether. The products were recrystallized from an ace- 
tone-ether mixture, collected by filtration, and dried under vacuum 
over P2O5 a t  1 Torr for a minimum of 12 h. 

The R = C(CH3)3 compound was obtained as a light green solid 
in 87% yield. Anal. Calcd for CoC30H&N&F12: Co, 7.02; c, 42.91; 
H, 5.53; N, 10.01. Found: Co, 6.91; C, 42.87; H, 5.52; N,  9.80. A, 
= 268 9-1 cm-1 for a M acetone solution at 30 "C. Electronic 
spectrum in CH30H: peak maximum a t  305 nm (e - 16000) with 
shoulder a t  360 nm (e -2000). 

The R = CH(CH3)2 compound was obtained as a brick red solid 
in 75% yield. Anal. Calcd for COC26H38N&F12: co ,  7.52; c, 39.85; 
H, 4.90; N, 10.73. Found: Co, 7.49; C, 39.79; H, 4.86; N, 10.56. 
A, = 266 Q-l cm-l for a M acetone solution at 30 "C. Electronic 
spectrum in CH3OH: peak maximum a t  295 nm (e  - 16000) with 
a shoulder at 375 nm (e -2000). 

The R = NH(CH3) compound was obtained as a light brown powder 
in 8030 yield. Anal. Calcd for coC18H26N10P2F12: co ,  8.07; c, 29.55; 
H, 3.56; N, 19.15. Found: Co, 8.07; C, 29.64; H, 3.38; N, 19.24. 
A, = 265 Q-l cm-1 for a M acetone solution a t  30 "C. Electronic 
spectrum in CH3OH: peak maximum a t  290 nm (e -51 000) with 
a shoulder a t  365 nm (e -12000). 

The R = p-PhCH3 compound was obtained as a rust red solid in 
60% yield. Anal. Calcd for CoC42H38N&F12: Co, 6.05; C, 51.69; 
H, 3.90; N, 8.61. Found: Co, 6.08; C, 51.68; H, 3.88; N, 8.60. A, 
= 273 9-1 cm-l for a M acetone solution a t  30 "C. Electronic 
spectrum in CH3OH: peak maximum a t  335 nm (e -20000) with 
a shoulder at 560 nm (e -750). 

The R = CH2Ph compound was obtained as a light red solid in 71% 
yield. Anal. Calcd for CoC42H38N&.F12: Co, 6.05; C, 51.69; H, 
3.90; N, 8.61. Found: Co, 6.28; C, 50.95; H, 3.88; N, 8.39. A, = 
250 Q-l cm-1 for a M solution in acetone a t  30 "C. Electronic 
spectrum in CH3CN: peak maximum a t  285 nm (e -10 500) with 
shoulders a t  380 nm (e -1900) and 560 nm (e -950). 

Variable-Temperature Susceptibility Data (Tin K, xm' in lo4 cgsu 
mol-', weff in p~). R = C(CH3)3 compound (solid): 304.0, 1 1  218, 
5.24; 252.2, 13 122, 5.17; 208.9, 14742,4.98; 155.7, 18853,437; 101.1, 
25 268, 4.54; 78.3, 32 328, 4.52. 

R = C(CH3)3 compound (acetone): 334.2,9798,5.14; 310.2, 10143, 
5.04; 304.2, 10470, 5.07; 285.2, 10553,4.93; 263.7, 11 644,4,98; 249.7, 
12 126, 4.94; 238.2, 12629, 4.93; 217.7, 14056, 4.96; 208.2, 14926, 
5.01. 

R = CH(CH3)2 compound (solid): 297.8, 6631, 3.99; 280.0, 6245, 
3.76; 265.0, 6042, 3.59; 251.2, 5687, 3.39; 240.0, 5483, 3.26; 227.6, 
5226, 3.10; 210.0, 4764, 2.84; 182.5, 4236, 2.50; 150.0, 3865, 2.16; 
130.3, 4151, 2.09; 111.3, 4451, 2.00; 91.7, 5065, 2.00; 77.7, 6204, 
2.00. 

R = CH(CH3)2 compound (acetone): 332.2, 7600, 4.52; 312.2, 
7450, 4.33; 303.2, 7056, 4.15; 273.2, 6815, 3.88; 255.7,6494, 3.66; 
236.7, 5953, 3.37; 224.7, 5640, 3.20; 208.2, 4860, 2.87; 200.7,4947, 
2.83; 192.2, 4441, 2.62. 

R = NH(CH3) compound (solid): 296.0, 1988, 2.18; 231.2,2217, 
2.03; 182.5, 2824, 2.04; 117.3, 4672, 2.00; 79.2, 5993, 2.00. 

R = NH(CH3) compound (acetone): 333.2,4549, 3.50; 298.7,4029, 
3.12; 285.2, 3955, 3.02; 273.2, 3955, 2.93; 255.7, 3587, 2.72; 236.7, 

Inorganic Chemistry, Vol, 16, No. 1, 1977 127 

3291, 2.51; 224.7, 3104,2.37; 208.2, 3043, 2.26; 200.7, 2951, 2.10. 
R = NH(CH3) compound (CH3CN): 334.2, 4694, 3.56; 308.2, 

4391, 3.31; 295.7, 4057, 3.11; 277.2, 3963, 2.98; 259.7, 3750, 2.80; 
246.2, 3438, 2.61; 241.2, 3384, 2.56; 224.7, 3169, 2.40. 

R = NH(CH3) compound (CH30H): 319.2, 4444, 3.38; 310.2, 
4390, 3.31; 302.7, 3968, 3.11; 272.2, 3522, 2.78; 248.2, 2993, 2.45; 
223.7, 2737, 2.22; 188.2, 2827, 2.07. 

R = NH(CH3) compound (CH3N02): 319.2, 4064, 3.23; 310.2, 
4068, 3.19; 302.7, 3680, 3.00; 272.2, 3597, 2.81; 248.2, 2924, 2.42. 

R = p-PhCH3 compound (solid): 296.9, 9634,4.99; 275.0,9856, 
4.67; 242.0, 10368,4.52; 227.4, 10948,4.50; 185.5, 13251,4.47; 138.5, 
16298, 4.28; 101.5, 20111, 4.12; 78.5, 25 128, 3.99. 

R = p-PhCH3 compound (acetone): 333.2,7311,4.43; 309.2,7084, 
4.20; 292.7, 6684, 3.97; 271.2, 6387, 3.74; 248.2, 5907, 3.44; 229.7, 
5305, 3.13; 213.2, 4924, 2.91. 

R = p-PhCH3 compound (CH30H): 311.2,4816, 3.48; 271.5,4355, 
3.09; 249.7, 4543, 3.02; 234.7, 4029, 2.88; 183.15, 4081, 2.46. 

R = p-PhCH3 compound (CH3CN): 315.2,7923,4.49; 295.7,7756, 
4.30; 267.2, 7262, 3.96; 249.7, 6770, 3.69; 228.2, 6037, 3.33. 

R = p-PhCH3 compound (CH3N02): 315.2, 7149, 4.25; 295.7, 
6974, 4.08; 267.2, 6750, 3.81; 255.7, 6512, 3.66. 

R = CH2Ph compound (solid): 297.4,7681,4.29; 272.4,7837,4.14; 
255.2, 7704, 3.98; 196.5, 7699, 3.49; 153.7, 7763, 3.10; 127.7, 7888, 
2.85; 106.5, 8128, 2.64; 82.3, 8961, 2.44. 

R = CH2Ph compound (CH3CN): 334.2, 5275, 3.77; 306.2,4739, 
3.42; 295.7, 4669, 3.34; 285.2, 4445, 3.20; 277.2, 4637, 3.22; 263.2, 
4318, 3.05; 248.2, 4122, 2.87; 241.2, 3896, 2.75; 236.2, 3872, 2.72; 
232.2, 4003, 2.74; 224.7, 3743, 2.61. 
Results and Discussion 

Magnetic Properties and Structural Considerations. All of 
the bis(N-R-2,6-pyridinedicarboxaldimine)cobalt(II) com- 
plexes synthesized and studied in this work as their PF6- salts 
are new except for a R = CH2Ph iodide salt17 derivative which 
has previously been reported to be a 2E e 4T spin-equilibrium 
compound in the solid state. In addition, several other R 
derivatives, not reported here, such as the R = CH3,18 NH2,19 
and C2H5 and C6H5 compounds,20 have been synthesized, but 
of these only the R = NH2 compound has been studied for 
its anomalous spin-equilibrium magnetic behavior in the solid 
state.17 To our knowledge, however, no systematic studies of 
these Co(I1) 2E e 4T spin equilibria in solution have previously 
appeared, although a solution-state spin equilibrium has been 
documented for the structurally similar [Co(terpy)z] 2+ 
complex.Ql 

Available analytical and solution conductivity data, as 
reported in the Experimental Section, are consistent with the 
bis(tridentate) monomeric nature of the bis(N-R-2,6- 
pyridinedicarboxaldimine)cobalt(II) cations as shown in Figure 
1. The peff vs. T curves (77-300 K) for the series in the solid 
state are shown in Figure 2B as a function of the R substituent. 
The actual data are listed in the Experimental Section. 
Depending on the R substituent, the Co(I1) centers at room 
temperature exhibit peff values spanning the entire 2E low-spin 
(1.9-2.0 PB) to 4T high-spin (4.7-5.2 PUB) range with the R 
= C(CH3)3 (5.24 p~ at 304 K) and R = NH(CH3) (2.18 p~ 
at 296 K) derivatives being near the limiting high-spin and 
low-spin values, respectively. The remaining three derivatives, 
R = CH(CH3)2, CHzPh, and p-PhCH3, exhibit intermediate 
magnetic moments at room temperature which display the 
anomalous non-Curie temperature dependency characteris- 
tically associated with Co(I1) 2E is 4T spin equilibria, having 
the spin-crossover region around room temperature.22 All of 
the peff vs. T curves appear continuous and are devoid of the 
sharp discontinuities that are known to sometimes accompany 
spin-equilibrium processes in the solid p h a ~ e . ~ > ~ 3  

Variable-temperature solution magnetic data (200-300 K) 
for the series in acetone are shown in Figure 2A where it is 
seen that all of the derivatives, except for the R = C(CH3)s 
species, exhibit a pattern of decreasing Peff values with 
temperature which is consistent with the preservation of the 
spin-equilibrium phenomenon in the solution state. While these 
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Figure 2. peff vs. temperature curves for the bis(N-R-2,6- 
pyridinedicarboxaldimine)cobalt(II) hexafluorophosphate 
salts in acetone (A) and as solids (B).  

magnetic data demonstrate the existence of the 2E F! 4T 
spin-equilibrium phenomenon in solution, they also serve to 
emphasize that solid-state magnetic data cannot be used a 
priori to infer solution behavior since, as shown in Figure 2, 
(1) the C(CH3)3 derivative is a 2E 4T compound in the solid 
state but not in solution, (2) the NH(CH3) derivative is a 2E 

4T compound in solution but essentially only low spin in 
the solid state, and (3) the relative “ordering” of the 
CH(CH3)2, p-PhCH3, and CHzPh compounds differs in the 
two environments. Such solution vs. solid discrepancies are 
not, however, particularly surprising in view of the fact that 
it has been recently ~ h o w n ~ , ~  that such subtle effects as [(metal 
complex)~~~solvent] hydrogen-bonding interactions can dras- 
tically influence the equilibrium position of 1s + hs solution 
processes. In fact, these Co(I1) 2E + 4T processes also appear 
somewhat solution dependent with, for example, the high-spin 
state for the NH(CH3) compound being favored according 
to the solvent sequence (CH3)2SO > CH3CN - acetone > 
CH30H > CH3N02. 

In solution the percent high-spin character for the present 
spin-equilibrium series increases according to the R group 
ordering C(CH3)3 > CH(CH3)2 > p-PhCH3 > CH2Ph > 
NH(CH3). This ordering is undoubtedly a composite re- 
flection of both R group electronic and steric consequences. 
However, space-filling molecular models indicate that steric 
considerations probably play a dominant role in these com- 
plexes. For the most sterically demanding R = C(CH3)3 
group, models show that the greater high-spin character of 
this compound is promoted by intramolecular nonbonding 
interactions between the R methyl groups of one pyridine- 
dicarboxaldimine ligand and the pyridine T network of the 
second ligand. An increase in the Co-N bond distances to 
minimize these steric interactions apparently decreases Dq 
sufficiently to stabilize the high-spin 4T state as the ground 
state for the R = C(CH3)3 compound. On the other hand, 
less sterically demanding R substituents presumably permit 
shorter Co-N distances with sufficiently strong ligand fields 
to produce the 2E(ls) state as the ground state with a low-lying 
thermally accessible 4T(hs) state also being available. The 
presence of such a steric mechanism determining the spin- 
equilibrium property in these 2E e 4T complexes is further 
evidenced by ‘H NMR isotropic shift data for the R = 

Table I.  Thermodynamic Parameters for the Co(1I) ’E f ”T 
Spin-Equilibrium Processes in the Solid and Solution States 

AHo,a*b kcal 
R Medium mol-’ A s O , ~ , ~  eu 

C(CH,), Solid 1.38 i 0.65 13.80 f 3.24 
CH(CH,), Solid 2.43 i 0.20 8.29 t 0.90 

Acetone 2.37 i 0.10 8.45 f 0.37 
NH(CH,) Acetone 2.70 i 0.06 6.95 i 0.25 

MeOH 3.26 i 0.14 8.64 f 0.53 
CH,CN 2.61 i 0.08 6.71 i 0.29 
CH,NO, 3.23 i 0.35 8.32 i 1.18 

p-PhCH, Solid 0.34 i 0.10 3.55 i 0.44 
Acetone 2.85 i 0.18 9.15 i 0.71 
MeOH 1.53 * 0.10 3.54 i 0.41 
CH,CN 2.69 i 0.06 10.07 t 0.20 
CH,NO, 2.16 i 0.07 7.67 i 0.26 

CH,Ph Solid 0.79 t 0.08 3.20 ?r 0.38 
CH,CN 2.27 i 0.09 6.11 f 0.33 

a Determined from magnetic susceptibility data (with standard 
deviations), assuming K, ,  = [ 4 T ] / [ 2 E ]  and 
and peff(2E) = 2.0 p~ as the limiting high-spin and low-spin 
values, respectively. 
parameters are as listed in variable-temperature susceptibility 
data section in the Experimental Section. 

= 5.2 p B  

Temperature intervals used in calculating 

C(CH3)3 compound in acetone at room temperature which 
consists of eight signals ranging from -173 to +150 ppm from 
external TMS. Assuming that three of the resonances are due 
to the methine and pyridine meta and para protons, the re- 
maining five must be assigned to stereochemically non- 
equivalent methyl protons of rotationally “locked” methyl 
groups resulting from the CH3-pyridine ring steric contact 
interactions. A temperature-dependent study (202-3 17 K) 
did not produce any change in the spectrum multiplicity and 
a Au(iso) vs. T plot of the -32.5-ppm (room temperature) 
signal was found to be linear and Curie in behavior, with 
increasing shifts from TMS with decreasing temperature. In 
contrast, a similar plot of the -27.5-ppm (room temperature) 
peak for the spin-equilibrium R = NH(CH3) compound 
deviated from this expected Curie pattern, exhibiting de- 
creasing shifts from TMS with decreasing temperature. 

The AHo and ASo thermodynamic parameters charac- 
terizing the 2E + 4T spin equilibria, as derived from their 
temperature-dependent equilibrium constants, are shown in 
Table I. The method used in calculating the parameters has 
been previously de~cribed.~ In general, the parameters ob- 
tained from the solution variable-temperature magnetic 
measurements are judged to be the more useful for discussion 
purposes, since, in the solid, unpredictable lattice effects (phase 
changes, anion dependence, hysteresis) are known to sometimes 
obscure the true electronic structure within the spin-crossover 
region; this view is further supported by the data in the table 
where the parameters for a given compound, as derived from 
solid- and solution-state data, usually differ to a much larger 
degree than those obtained in solution where only the solvent 
is varied. 

The calculated AH”(so1ution) values in Table I range from 
1.53 to 3.26 kcal mol-’ with the major contribution to AHo 
likely arising from the changing Co-N bond distances and 
energies which are known to accompany spin-conversion 
processes. The positive AHO’s demonstrate the 2E(ls) state 
to be the lower energy state in these complexes. Although no 
structural data, viz., those from variable-temperature crys- 
tallography, are yet available for these or any other 2E e 4T 
one-electron interconversion (AS = 1) spin-equilibrium 
compounds,33 it is reasonable that the low-spin 2E(t2g6eg*) 
form will possess shorter C w N  distances, and therefore greater 
Co-N bond strengths, than the high-spin 4T(t2g5eg*2) form. 
In cases where variable-temperature structural data are 
available, as for the two A S  = 2 Fe(I1) species [Fe(6- 
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Table 11. Spin-Interconversion Kinetics Data for Low-Spin f--L High-Spin Processes in Solution 

Spin-transition k , ,  s-' k., , 8' 
Compd type Exptl conditions [ds), SI  [dhS), s] Ref 

[Fe1I1(Sa1),trien]+ d 5 ;  'T e 6A; CH,OH; 20 "C 1.5 x 107 1.4 x 107 5 
A S =  2 [6.7 X lo-'] [7.1 X lo-'] , 
A S = 2  25 "C [6.7 X lo-'] [1.5 X lo - ' ]  

[Felll(acac),trien]+ d5; 'T* 'A;  Acetone/CH,OH; 1.5 X l o7  6.9 X lo6 6 

[Fe1'(polypyrazolylborate)2]o d 6 ;  'A e 5T(5A); CH,OH/CH,Clz ; 1.0 x l o 7  2.0 x 107 8 
A s = 2  21 "C [ L O  x 10-7 1 ~ 5 . o  x 10-8 1 

A S =  2 20 "C ~ 2 . 5  x 1 0 ' ~  1 12.0 x 10-7 1 

A S =  1 25 "C p.1 x 10-71 [ i . i  x 10-71 

[FeI1(6 Mepy),(py)tren] '+ d6; 'A*  5T(5A); Acetone/CH,OH; 4.0 X lo6 5.0 X lo6 7 

[CoT1(N-NH(CH,)-2,6-pyAld),]'+ d 7 ;  'E +T;  CH,CN/CH,OH; 3.2 X lo6 9.1 x l o6  This work 

Mepy)3trenI2+ and [Fe(b~y)2(NCS)2] ,~~ the average Fe-N 
distances have been found to decrease by 0.12-0.25 A upon 
a high-spin 5T(tzg4eg*2) - low-spin 'A(tzg6) spin conversion. 
Similarly, for the AS = 2 Fe(II1) complex [Fe (E t~d tc )3 ] ,~~  
the six Fe-S bond distances have also been shown to decrease, 
but by only -0.1 1 A for a complete high-spin 6A(t2g3eg*2) - low-spin 2T(t2,5) spin transition process. Thus, available 
data indicate that primary coordination sphere reorganization 
for variable-spin AS = 2 processes involve changes in the 
average metal-ligand bond distances of -0.10-0.25 A. For 
a Co(I1) AS = 1 case, the corresponding high-spin - low-spin 
geometry change is predicted to be smaller, since the spin 
transition involves only a single- rather than a two-electron 
depopulation of the eg* orbital set. Of course, other factors, 
such as intramolecular ligand-ligand nonbonding stereo- 
chemical interactions, could serve to modify the extent of such 
structural alterations so that geometry changes for AS = 1 
and AS = 2 processes might actually be more similar than 
predicted on these electronic grounds alone. Only detailed 
crystallographic studies on these and other variable-spin 
systems hold some hope of unraveling the relative importance 
of these electronic and stereochemical contributions to the 
geometry changes accompanying spin-conversion processes. 

Assuming that AHo (solution) values for these spin equilibria 
largely reflect the changing metal-ligand bond distances and 
energies which accompany the spin-interconversion process, 
it was of interest to attempt a comparison of the AS = 1 and 
AS = 2 processes by way of this parameter. Relatively few 
spin equilibria have yet been documented 'and studied in 
solution with the only available AH' (solution) values (Le., for 
acetone) being for the 'A e 5T Fe(I1) species [Fe(poly- 
pyra~olylborate)2]~ (AH' = 3.9 kcal [Fe(6- 
Mepy)(py)ztrenl2+ (AH' = 4.6 kcal and [Fe(6- 
Mepy)2(py)trenI2+ (AHo = 2.8 kcal the 2T e 6A 
Fe(II1) species [Fe(Mezdtc)3I0 (AH' = 1.6 kcal m ~ l - l ) , ~ ~  
[Fe(XSal)2trien]+ (AH' = 3.5-5.9 kcal [Fe- 
(acac)2trien]+ (AHo = 2.0 kcal [Fe((acacCl)ztrien)]+ 
(AH' = 2.2 kcal and [Fe(bzac)ztrien]+ (AHo = 2.5 
kcal and the present 2E + 4T Co(I1) species (AH' 
= 2.3-2.9 kcal mol-'). While the AHO(so1ution) values for 
the AS = 1 Co(I1) complexes fall near the low end of the range 
spanned by the available data, they are not otherwise dis- 
tinguished. The AS' parameters in Table I partially reflect 
an electronic entropy change of R In 3 or 2.18 eu expected 
for these 2E e 4T phenomena, with the remaining contribution 
probably arising from configurational entropy34 associated with 
the geometrical changes in the Co-N6 core occurring with the 
transition and solvent sphere reorganization accompanying the 
spin-induced geometry change. Thus, a solvent dependency 
on AS', as observed, is not surprising. 

Measurement of 2E and 4T Spin State Lifetimes. The 
temperature dependency of the UV-VIS electronic spectrum 
for the 2E e 4T R = NH(CH3) derivative in CH30H is 
shown in Figure 3. Judging from the band intensities (as listed 

0 
360 400 440 480  

X ( n m l  
Figure 3. Variable-temperature electronic spectrum for the 
R = NH(CH,) derivative in CH,OH a t  (a) 231 K, (b) 245 K, 
(c) 261 K, (d) 268 K, and (e) 295 K; [complex] = lo-, M. 

in the Experimental Section), all bands are metal - ligand 
charge transfer in origin, and a careful search at lower energies 
revealed no low-intensity bands of purely "d-d" character. The 
spectral changes with temperature for this spin-equilibrium 
process in solution are much less dramatic than that displayed 
by some recently reported variable-spin Fe(II)39497J and 
Fe(III)596 systems and are more reminiscent of the small 
temperature effects observed in the spectrum of the 2T 6A 
tris(dithiocarbamato)iron(III) complexes.28 For this reason 
the Fe(dtc)'s and present Co(I1) complexes do not exhibit the 
marked thermochromism often found to be characteristic of 
the spin-equilibrium phenomenon. Most of the spectral change 
with temperature in Figure 3 has been attributed to the 
changing low-spin and high-spin isomer populations where peff 
decreases from 3.05 p~ at 295 K (23% hs; 77% 1s) to 2.30 p~ 
at 231 K (6% hs; 94% 1s); however, some of the observed 
temperature dependency may simply be due to band sharp- 
ening at low temperatures, since even the spin-invariant R = 
C(CH3)3 compound displays this tendency. 

To measure the kinetics of the 

k 
'E & 4 T  

k-1 

intersystem-crossing process in the R = NH(CH3) compound, 
the laser Raman temperature-jump technique, developed at 
Brookhaven, has been emp10yed.l~ To date only the R = 
NH(CH3) compound has been thus studied with the entire 
series of spin-equilibrium compounds to be examined in future 
work. The instrumentation and data collection and treatment 
are described in the Experimental Section. The solvent 
medium chosen for the study was CH3CN/CH30H (1:4 by 
volume) with CH3CN being used to facilitate compound 
solubility and CH3OH being used to produce effective 
stimulated Raman heating of the sample solution. A typical 
relaxation curve for the R = NH(CH3) compound at 25 'C, 
as monitored at 400 nm, is shown in Figure 4. The fully 
high-spin R = C(CH3)3 compound was also examined at 
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Mepy)z(py)tren] 3+ or [Fe(bpy)3] 2+-[ Fe(bpy)s] 3+ couples 
where k(exchange) is likely to be ?lo5 s-1.32 
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