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Electron paramagnetic resonance (EPR) data were obtained for C O ( H ~ O ) ~ ~ +  and six Co(I1) complexes with 0, 1, 
or 2 water molecules in the first coordination sphere. Continuous wave (CW) spectra confirmed that the complexes 
are high spin with zero-field splitting greater than the X-band EPR quantum. Two- and three-pulse electron spin 
echoes were recorded at  about 6 K. The electron spin phase memory time, T,, varied through the spectrum, with 
longer values observed at  higher magnetic field. The electron spin lattice relaxation time, T1, measured by saturation 
recovery was approximately independent of position in the spectrum but was strongly temperature dependent. In 
DzO:glycerol-d3 solution, the depth of the deuteron modulation fell into two classes: complexes with directly bound 
water exhibited substantially deeper modulation than complexes without directly bound water. Fourier transforms 
of the two-pulse electron spin echo envelope modulation in Hz0:glycerol solution reveal frequencies near twice the 
proton Larmor frequency that distinguish between first and second coordination sphere water. Two complexes 
containing imidazole bound to Co(I1) exhibit characteristic nitrogen modulation frequencies in Fourier transforms 
of 3-pulse ESEEM data. 

Introduction 
Electron spin echo envelope modulation (ESEEM) is a powerful 

tool to examine the coordination sphere of a paramagnetic metal. 
It provides detailed information on electron-nuclear couplings 
that are too small to be resolved in the CW spectra. This technique 
has been applied extensively to metals with a single unpaired 
electron (S = l /z) ,  particularly Cu(II).l Other S = l / z  metal 
ions that have been studied are vanadyl,2 Ti(III),3 low-spin Fe- 
(111),4 and low-spin CO(II ) .~  Studies of metals with S > are 
more limited and include high-spin Fe(III),5?6 Mn(II),’ Gd(III)8 
and other lanthanides: and Cr(III),lO Co(I1) is of substantial 
interest in biological systems because of the use of Co(I1) to 
replace Zn(I1) as a spectroscopic probe.” In these environments 
Co(I1) typically is high spin. A report of ESEEM for aqueous 
Co(I1) demonstrated changes in the modulation pattern due to 
coordination of phosphorus ligands.9 To provide a foundation 
for the application of ESEEM of high-spin Co(I1) to metal- 
loenzymes we report studies of six coordination complexes. Two 
important questions concerning a metal ion in a biological sample 
are the presence of directly bound water and identification of 
protein ligands such as histidine imidazole. The complexes that 
were studied (Figure 1) have 0, 1, or 2 water molecules in the 
first coordination sphere, and two of the complexes have a 
coordinated imidazole. The data in this study demonstrate the 
feasibility and utility of ESEEM in elucidating water and 
imidazole coordination in high-spin Co(I1) complexes. 
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Co(EDDA)(H20)2 Co(dacoda)H20 

Co(EDTA) Co(dacoda)Im 

‘n 
Co(EDTA)Im Co(DTPA) 

Figure 1. High-spin Co(I1) complexes selected for study. The structural 
formulas show the connectivity of the atoms but may not represent actual 
stereochemistry. 

Experimental Section 
Ethylenediamine-N,N’-diacetic acid (HzEDDA), ethylenediamine- 

N,N’,N”,N”’-tetraacetic acid disodium salt (NaZHzEDTA), and dieth- 
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Table 1. CW EPR Parameters for High-Spin Co(I1) Complexes" 

I ' l ' l ' l ' l ' l  
0 1000 2000 3000 4000 5000 

Magnetic Field (gauss) 

Figure 2. Spectra at X-band (9.2 GHz) of 5.0 mM Co(DTPA) in 1:l 
H20:glycerol, pH 5.6. (a) CW spectrum at about 10 K, obtained with 
0.1-mW microwave power, 4.0-G modulation amplitude at 100 kHz, 
scan time of 120 s, average of 2 scans. (b) First integral of spectrum 
shown in (a). (c) Two-pulse field-swept echo-detected spectrum at about 
6.5 K, obtained with 9&~-180-~-echo sequence with T = 150 ns and a 
15-11s 90° pulse. The box-car digitizer was sampled 200 times at each 
magnetic field, and two scans were averaged. 

ylenetriaminepentaacetic acid (HsDTPA) were purchased from Aldrich 
Chemical or Eastman Kodak and used as received. The isotope purity 
of D20 and 1,2,3-glycerol-( OD)3 (glycerol-do) obtained from Cambridge 
Isotope Laboratories were 99.9% and 98%, respectively. Co(DTPA),l2 
Co(EDTA),13 Co(EDDA)( H20)2,I4 1,5-diazacyclooctane-N,"-diacetate 
(dacoda),15J6 and Co(da~oda)(H20)-2H20~~ were prepared by literature 
procedures. The imidazole (Im) adducts, Co(dacoda)Im and Co(EDTA)- 
Im, were prepared by addition of imidazole to Co(dacoda)(HzO) or Co- 
(EDTA), in 3-foldor 5-foldexcess, respectively. Visiblespectra indicated 
essentially complete conversion to the imidazole complexes at these mole 
ratios. Visible spectra were recorded on a Beckman DU 640 or on an 
OLIS-modified Cary-14. 

EPR samples were prepared in 1: 1 (v:v) H2O:glycerolor D2O:glycerol- 
do. The pH was adjusted by addition of concentrated NaOH (NaOD) 
or HCI (DCI). The approximation pD = pH + 0.45 was used to convert 
the pH meter reading to pD.17 

Continuous wave (CW) and electron spin echo (ESE) experiments 
were performed on a slightly modified version18 of the X-band (9.1 GHz) 
spectrometer described in the 1i terat~re . l~ An Oxford ESR900 liquid- 
helium flow cryostat was used to obtain sample temperatures of about 
10 K for CW and about 6 K for ESE. The temperature at the sample 
was calibrated by replacing the sample-containing tube with a tube 
containing a thermocouple. Since the gas flow rate has a significant 
impact on sample temperature, there is an uncertainty of about k 1 K in 
temperatures. Two-pulse ESE experiments used a 90-7-1 80-7-echo 
sequence. The 90 and 180" pulses were 15 and 30 ns, respectively. Three- 
pulse ESE experiments used a 9&~-9&T-9&~-echo sequence with T 

set to a multiple of l / ( v ~ ) ,  where YH is the proton Larmor frequency, to 
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0 Parameters for complexes in 1 :1 H2O:glycerol at about 10 K. Cobalt 
nuclear hyperfine was not resolved. Iw is the line width in G for Gaussian 
line shape along the corresponding principal axis. 
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Figure 3. Dependence of the Co(I1) electron spin phase memory time, 
Tm, on position in the X-band EPR spectrum for 5.0 mM C O ( H ~ O ) ~ ~ + ,  
pH2.9(.);3.0mMCo(EDDA)(H20)2,pH6.2(0);5.0mMCo(dacoda)- 
(H20), pH 5.4 (+); 5.0 mM Co(dacoda)Im, pH 8.3 ( 0 ) ;  1.0 mM Co- 
(EDTA), pH 4.2 (A); 5.0 mM Co(EDTA)Im, pH 4.2 (A); and 5.0 mM 
Co(DTPA), pH 5.2 (0). 

null proton modulation, and T was incremented. The microwave power 
required for a 90° pulse for the Co(1I) complexes was about 5 dB lower 
than for samples with S = '/2, which is consistent with S = 3/220.21 for 
high-spin Co(I1). Saturation recovery measurements of the electron spin- 
lattice relaxation time, TI, were performed on the spectrometer described 
in the literature.22 

Data wereanalyzed with locally-written computer programs. Electron 
spin phase memory relaxation times were calculated by least-squares fit 
to a single exponential of the form y ( t )  = y(0) exp(-(2r/Tm)"), with n 
= 1 for most data sets. The ESEEM data werecosine Fourier transformed 
to determine the characteristic modulation frequencies. The method of 
M i m ~ ~ ~  was used to extrapolate the data into the instrument "dead- 
time", which was 100 ns for 2-pulse data and 100 ns + T for the 3-pulse 
data. Saturation recovery data were fit to a single exponential. 

Results 
The continuous wave EPR spectrum of Co(DTPA) at  about 

10 K (Figure 2a) is representative of the spectra observed for the 
high-spin Co(I1) complexes. The spectra exhibit three distin- 
guishable g values (rhombic symmetry, Table 1) and are 
characteristic of S = 3 / 2  with zero-field splitting greater than the 
EPR quantum (0.3 cm-1 at  X-band). The observed transitions 
are within the m, = h1/2 manifold. Cobalt hyperfine splitting 
was not resolved but may contribute to the large line widths of 
thesignals (Table 1). The 2-pulse field-swept electron-spin-echo- 
detected spectrum of Co(DTPA) is shown in Figure 2c. In this 
experiment the time T between microwave pulses was held constant 
a t  150 ns while the magnetic field was swept. The resulting 
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75, 3746. 
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Figure 4. Ratios of 2-pulse X-band ESEEM data in D20:glycerol-d3 to data in H2O:glycerol at  3000 G and about 6 K for (A) 5.0 mM Co(H2O)b2+, 
pH 2.9, (B) 3.0 mM CO(EDDA)(H~O)~, pH 6.2, (C) 5.0 mM Co(dacoda)(H20), pH 5.4, (D) 1.0 mM Co(EDTA), pH 4.2, and (E) 5.0 mM Co(DTPA), 
pH 5.2. The experimental data were collected for 1024 steps in 7 starting at 7 =lo0 ns, with increments of 4 ns. 

spectrum is the 2-pulse echo intensity as a function of magnetic 
field. The spectrum in Figure 2c differs from the first integral 
of the CW spectrum (Figure 2b) in two important ways: (i) 
there are dips in the intensity of the echo-detected spectrum at  
about 2300 G and 2800 G; (ii) the relative intensity of the echo- 
detected spectrum is much lower than for the CW spectrum a t  
all fields below about 2500 G and the signal is difficult to detect 
below about 1500 G. Several factors contribute to these 
differences. (i) Proton echo envelope modulation is deepest when 
7 = (n/2)(l/uH), where n is an odd integer. For fixed T = 150 
ns this occurs a t  about 780,2350, and 3923 G, which contributes 
to the decreased intensity of the echo near 2350 G. Echo intensity 
minima also occur for 7 = (n/2)(1/(2u~)), n odd. For T = 150, 
n = 7, this occurs at 2750 G, contributing to the decreased echo 
intensity a t  about 2800 G. (ii) Echo envelopemodulation typically 
is deeper a t  lower magnetic field and is very deep for these Co(I1) 
complexes at  lower magnetic fields, which contributes to the 
difficulty in detecting echoes at  magnetic fields below about 1500 
G. (iii) As shown in Figure 3, the electron spin phase memory 
time, T,, varies with position in the spectrum, with shorter values 
observed at  lower magnetic field. For shorter values of T, it is 
more difficult to detect the echo because a larger fraction of the 
echo intensity decays away during the instrument “dead time”. 

T, decreased rapidly with increasing temperature, and electron 
spin echoes were difficult to detect a t  any magnetic field a t  
temperatures above about 12 K. Saturation recovery measure- 
ments of the electron spin lattice relaxation time, T1, were 
performed for Co(dacoda)(H20) and Co(DTPA). When fit to 
a single exponential, the values of TI for Co(dacoda)(H20) as 
a function of temperature were as follows: 6.5 K, 1.5 ms; 8.0 K, 
43 ps; 9.8 K, 11 ps. For Co(DTPA) the values of TI  were as 
follows: 6.5 K, 1.6 ms; 8.2 K, 25 ps; 10 K, 8 ps. In view of the 

strong temperature dependence of T I ,  T I  probably becomes less 
than 1 ps and comparable to T,,, a t  about 12 K. Above about 12 
Ki t  is likely that T, becomes approximately equal to TI, and that 
the values are strongly temperature dependent, which is consistent 
with the difficulty in detecting an echo above about 12 K. The 
fits of the saturation recovery data to a single exponential exhibited 
deviations characteristic of the presence of a distribution of values. 
The distribution in relaxation times may be due to a distribution 
in the zero-field splitting for the Co(I1) or to the temperature 
gradient across the sample that is present in a gas-flow cryostat. 
At temperatures between about 6.5 and 10 K, T1 varied by less 
than about 20% when the magnetic field was varied between 
1300 and 2800 G. This variation is much less than the 
uncertainties due to temperature fluctuations. 

Two-pulse ESEEM data for the Co(I1) complexes were 
obtained in H20:glycerol and D20:glycerol-d3, a t  the same 
experimental parameters. The ratio of two data sets includes 
only the modulation that is different for the two experiments. 
Since proton modulation typically is much less deep than deuteron 
modulation, these ratios are dominated by the deuteron modula- 
tion from exchangeable protons. The ratios of data a t  3000 G 
for a series of complexes are shown in Figure 4. The period of 
the modulation is ~ / v D ,  where U D  is the deuterium Larmor 
frequency at  3000 G, 1.95 MHz. The observed modulation is 
much deeper for C0(H20)6~+ (Figure 4a), Co(EDDA)(H20)2 
(Figure 4b), and Co(dacoda)(H20) (Figure 4c), which have 1 
or more water molecules bound to the Co(II), than for Co(DTPA) 
(Figure 4e), which does not have a coordinated water molecule.24 
The ratio data for Co(EDTA) (Figure 4d) are similar to the data 
for Co(DTPA), which suggests that there is not a directly bound 

(24) Abdel Sayed; F. H.; Hafez, M. B. Chem. Anal. 1977, 22, 425. 
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complexes the maximum shift a t  2100 G is about 0.5 MHz. The 
peaks with smaller shifts may be due to second coordination sphere 
water, protons that are hydrogen-bonded to the first-coordination 
sphere ligands or ligand protons. At higher magnetic fields, all 
of the shifts were smaller, but the distinction between the two 
types of complexes was retained. In thespectrum for Co(EDDA)- 
(HzO), (Figure 6B) there is an additional peak that is shifted by 
about 0.7 MHz that may be due to ligand protons. 

ESEEM of Cu(I1) complexes has been used extensively to 
identify coordinated histidine imidazoles in biological samples.27 
It was therefore of interest to examine the nitrogen modulation 
due to imidazole coordinated to high-spin Co( 11). Three-pulse 
ESEEM was used to measure the nitrogen modulation because 
thedecay timeofthe echois longer than in the 2-pulseexperiments, 
which permits better definition of the modulation frequencies. 
Data for Co(dacoda)Im showed nitrogen modulation (Figure 7) 
that was not present in data for Co(dacoda)(H20). Although 
the signal-to-noise ratio is poorer a t  2100 G than at  3000 G due 
to the decrease in T,, the nitrogen modulation is deeper a t  the 
lower magnetic field (Figure 7b). Two factors contribute to the 
increased depth of the modulation a t  lower magnetic field. (i) 
Echo modulation becomes deeper a t  lower field because the 
second-order terms in the Hamiltonian that give rise to the 
modulation are larger a t  lower field. (ii) At 2100 G the nitrogen 
isotropic hyperfine coupling ( a h )  appears to approximately satisfy 
theconditions known as “exact” cancellation: ai,/2 = the nitrogen 
Larmor frequency (0.65 M H z  at  2100 G), which gives ai, about 
1.3 MHz. For these conditions the nitrogen modulation frequen- 
cies from one nitrogen nuclear-spin manifold are close to pure 
quadrupole frequencies. The modulation frequencies of about 
0.90, 1.58, and 2.53 MHz that are observed in the Fourier 
transforms of the 2 100 G data (Figure 7c) support this assignment. 
The nitrogen frequencies observed in the Fourier transforms of 
3-pulse echo ESEEM data for Co(EDTA)Im are similar to those 
observed for Co(dacoda)Im (Table 2). 

Discussion 

The g values for the Co(I1) complexes are similar to those 
observed for other high-spin Co(I1) complexes.28 Due to the large 
ganisotropy, a small fraction of the electron spins are in resonance 
at  any particular magnetic field. The microwave magnetic field, 
B1,  in the pulsed experiments is about 5 G, so only the spins that 
are in resonance within a 5-G range are excited and detected by 
the ESE experiments. This has two important effects on the 
experimental data. First, the pulsed EPR signals are much weaker 
than if the same molar concentration of unpaired electrons gave 
an EPR signal that was spread over a smaller range of magnetic 
fields. Second, these spins correspond to a limited range of 
orientations of the magnetic field relative to the molecular axis 
system. This orientation selection in the data a t  a particular 
magnetic field permits, in principle, the determination of the 
orientation dependence of the electron-nuclear couplings that 
give rise to the echo modulation. Analysis of the orientation 
dependence of the couplings for these Co(I1) complexes will 
requiredata a t  a wider rangeoforientations than has beenobtained 
to date. 

The values of T ,  were dependent on position in the spectrum. 
However, even at  the lower magnetic fields, the T ,  values 
correspond to spin packet line widths of less than 1 G, so the 
broad lines in the CW spectrum are not relaxation-time 
determined a t  temperatures below about 10 K. The saturation 
recovery data showed that the Co(I1) TI was strongly dependent 
on temperature. Extrapolation of the TI  data obtained between 

14.00 16.00 18.00 20.00 22.00 MHz 

I 

2500 G v 
16.00 18.00 20.00 22.00 24.00 26.00 MHz 

& ) I  ! I I 
20.00 22.00 24.00 26.00 28.00 30.00 MHz 

Figure 5. Cosine Fourier transforms of 2-pulse X-band ESEEM data for 
5.0 mM Co(dacoda)(HzO), pH 5.4 in 1:l Hz0:glycerol at about 6 K, 
showing the region around 2YH as a function of the magnetic field at 
which data were recorded: (A) 2100 G, (B) 2500 G; (C) 3000 G .  The 
experimental data were collected for 1024 steps in T starting at T =lo0 
ns, with increments of 4 ns. 

water in Co(EDTA). The second feature that distinguishes the 
complexes with directly bound water is the observation of 
modulation with a period that corresponds to I / ~ V D ,  which is 
marked on Figure 4. The deuteron modulation is deeper a t  lower 
magnetic fields, but the distinction between complexes with and 
without directly bound water was consistent for each of the 
magnetic fields examined (3400, 3000, and 2400 G). 

Tsvetkov and co-workers25 and Schweiger and co-workers26 
showed that, for Cu(I1) complexes with directly bound H20, 
there are characteristic frequencies above 2VH in the Fourier 
transforms of 2-pulse ESEEM data. The Fourier transforms of 
2-pulse ESEEM data for Co(dacoda)H20 a t  2100, 2500, and 
3000 G are shown in Figure 5 for a 10-MHz frequency range 
around 2vH. In addition to the peak a t  2VH, there is significant 
intensity a t  higher frequency than 2VH. The peaks a t  2VH and 
higher frequencies have inverted phase, consistent with the 
assignment to “sum” peaks. The smaller shifts away from 244 
at  higher magnetic field is consistent with expectations.25.26 The 
2vH frequency range in the Fourier transforms of 2-pulse ESEEM 
data a t  2100 G for six additional high-spin Co(I1) complexes are 
shown in Figure 6. The Fourier transform data for these 
complexes fall into two distinct sets. For C0(H20)6~+ and Co- 
(EDDA)(H20)2 there is intensity that is shifted by about 2 MHz, 
similar to what was observed for Co(dacoda)HzO. These peaks 
are assigned to directly coordinated water. In the four other 

(25) (a) Astashkin, A. D.; Dikanov, S. A.; Tsvetkov, Yu. D. Chem. Phys. 
Lett. 1987,136,204. (b) Dikanov, S. A., Astashkin, A. V. In Aduanced 
EPR: Applications in Biology and Chemistry; Hoff, A. J., Ed.; 
Elsevier: Amsterdam, 1989; Chapter 2. 

(26) (a) Schweiger, A. In Advanced EPR: Applications in Biology and 
Chemistry; Hoff, A. J., Ed.; Elsevier: Amsterdam, 1989; Chapter 6. (b) 
Mohl, W.; Schweiger, A.; Motschi, H. Inorg. Chem. 1990, 29, 1536. 

(27) Mims, W. B.; Peisach, J.  Biol. Magn. Reson. 1991, 3, 213. 
(28) Al’tshuler, S. A.; Kozyrev, B. M. Electron Paramagnetic Resonance in 

Compounds of Transition Elements, 2nd ed.; John Wiley &Sons: New 
York, 1974; p 345. Pilbrow, J. R. Transition Ion ElectronParamagnetic 
Resonance; Oxford Univ. Press: Oxford, U.K., 1990; p 144ff. 
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Figure 6. Cosine Fourier transforms of 2-pulse X-band ESEEM data at about 6 K and 2100 G showing the region around 2VH for Co(I1) complexes 
in 1:l H20:glycerol solution: (A) 5.0 mM Co(H20)62+, pH 2.9; (B) 3.0 mM Co(EDDA)(H20)2, pH 6.2; (C) 5.0 mM Co(EDTA), pH 4.2; (D) 1.0 
mM Co(EDTA)Im, pH 4.2; (E) 5.0 mM Co(DTPA), pH 5.2; (F) 5.0 mM Co(dacoda)Im, pH 8.3. The experimental data were collected for 1024 steps 
in T starting at T = 100 ns. with increments of 4 ns. 
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T+T (p sec) 
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Figure 7. 3-pulse X-band ESEEM data for 5.0 mM Co(dacoda)Im in 
1:l H20:glyceroL pH 8.0, at about 6.5 K: (A) Experimental data at 3000 
G; (B) experimental data at 2100 G; (C) cosine Fourier transform of data 
in (B). The experimental data were collected for 1024 steps in T, with 
increments of 8 ns starting at  T = 100 ns, with T = 235 ns at 3000 G 
and 7 = 224 ns at 2100 G. 

6 and 10 K suggest that TI  is very short a t  higher temperatures. 
This is consistent with our observations and that of other groups29 
that CW spectra of many high-spin Co(I1) complexes are so 

Table 2. Nitrogen Frequencies in 3-Pulse ESEEM" 

magnetic field (G) 
comud 1700 2100 2400 2500 3000 

Co(dacoda)Im 0.67-0.91 0.74-1.13 0.75-1.22 0.79-1.23 1.17-1.29 
1.48 1.55 1.82 1.70 1.91 
2.39 2.48 2.55 2.63 2.77 
4.7 (b) 6.24 (b) 6.01 (b) 

0.80-1.29 Co(EDTA)Im 0.86-0.95 
1.58 1.85 
2.24 2.75 

0 Frequencies are reported in Mhz. (b) indicates a broad peak; a 
range of frequencies is given when individual frequencies are not well 
resolved. 

severely relaxation broadened at  77 K that spectra are not 
observed. 

The ratios of the 2-pulse ESEEM data in D20:glycerol-dj and 
HzO:glycerol and the shifts in peaks away from 2VH in the Fourier 
transforms of 2-pulse data in Hz0:glycerol clearly distinguished 
between complexes with and without directly bound H20. The 
data for Co(EDTA) are similar to data for complexes without 
a directly bound water. An X-ray crystal structureof Co(EDTA) 
found hexadentate EDTA.30 However, N M R  studies of Co- 
(EDTA) in fluid solution at  room temperature showed rapid 
isomerization between a complex with hexadentate EDTA and 
no coordinated H20 and a complex with pentadentate EDTA 
and a coordinated water.31 The ESEEM data indicate that in 
frozen 1:l H2O:glycerol solution the predominant form of the 
complex has hexadentate EDTA and no coordinated water. 

Fourier transforms of the 2-pulse ESEEM data in H20:glycerol 
for Co(H20)a2+, Co(EDDA)(H20)2, and Co(dacoda)(HzO) at 
2100, 2500, and 3000 G show peaks at  higher frequency than 
2vH. It has been shown that PV = vman - 2VH is determined 

(29) McGarvey, B. R. Transition Met. Chem. 1966, 3, 89. 
(30) McCandlish, E. F. K.; Michael, T. K.; Neal, J. A,; Lingafelter, E. C.; 

(31) Everhart, D. S.; Evilia, R. F. Inorg. Chem. 1977, 16, 121. Oakes, J.; 
Rose, N. J.  Inorg. Chem. 1978, 17, 1383. 

Smith, E. G. J. Chem. SOC.. Faraday Trans. 1 1983, 543. 
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primarily by the anisotropic (dipolar) electron-nuclear coupling 
and is only weakly dependent on the isotropic contribution to the 
coupling.25-26 N M R  measurements of Co-H isotropic coupling 
constants for C O ( H ~ O ) ~ ~ +  give values that are sufficiently small 
to permit, by analogy, analysis of Av in the present systems 
predominantly in terms of the dipolar c o n t r i b ~ t i o n . ~ ~ J ~  Av 
depends upon the orientation of the external magnetic field relative 
to the electron-proton interspin vector. If the subset of molecular 
orientations that is in resonance at  a particular position in the 
EPR spectrum encompasses the orientations that give the largest 
Av, then the perpendicular component of the anisotropic hyperfine 
interaction, T I ,  is given by TI = ( A V ( ~ U H ) ) * / ~ . ~ ~ ~  The values 
of r estimated from T I  with this assumption were 2.7 8, (2100 
G), 2.78, (2500G), and 2.9 8, (3000G). If thesubset ofmolecular 
orientations that give resonance a t  these magnetic fields does not 
include ones that give the largest values of vmax, these values of 
ra re  overestimates of the actual interspin distance. Co(dacoda)- 
(H20) is isomorphous with Ni(dacoda)(H20).14 The X-ray 
crystal structure of Ni(dacoda)(H20) reported a nickel to water- 
oxygen bond length of 2.01 If the Co-0 bond length is the 
same as the Ni-O bond length, and assuming an 0-H bond length 
of0.968,,andanH-O-Hangleof 104S0, thentheC+Hdistance 
is 2.7 8,. Thus, even with the approximateanalysisof the ESEEM 
data, the estimated value of r is plausible. 

Nitrogen modulation due to the coordinated nitrogens of 
EDTA, EDDA, DTPA, or dacoda were not discernible in the 
Fourier transforms of the ESEEM data. This may be due to the 
magnitude of the isotropic hyperfine coupling ( a b )  or to the 
relative magnitudes of the nitrogen quadrupole coupling and 
aiso.353 When imidazole was coordinated to the Co(II), char- 
acteristic nitrogen modulation frequencies were observed, with 
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ab about 1.3 MHz. In Cu(1I) complexes of imidazoles, the 
nitrogen modulation that is observed in ESEEM is due to the 
distal N with aiso = 1.5-2.0 Modulation due to the 
directly bound N typically is not observed because qM, is too 
large.36 The magnitude of aiso for the nitrogens of a bound 
imidazole depends upon the orbital overlap between the orbitals 
containing the unpaired electron and the N orbitals. In the Cu- 
(11) complexes for which a b  is 1.5-2.0 MHz for thedistal nitrogen 
of imidazole, the unpaired electron is in d9-9 or d t  which overlaps 
efficiently with the imidazole orbitals. In the Co(I1) complexes 
the 3 unpaired electrons occupy d9-9, dz, and one of the other 
d orbitals. Although the net overlap of these 3 orbitals with the 
imidazole nitrogen is expected to be less efficient than in the 
Cu(I1) complexes, the observed aiso is plausible for the distal 
imidazole nitrogen and seems too small for the directly bound 
imidazole nitrogen. The lack of discernible modulation due to 
the directly bound nitrogens of EDTA, EDDA, DTPA, or dacoda 
is consistent with the suggestion that the electron-nuclear coupling 
to the directly bound nitrogens is too large to observe in these 
ESEEM experiments. 
Conclusions 

Electron spin echoes were observed for Co(I1) complexes a t  
about 6 K. Complexes with and without coordinated water can 
be distinguished on the basis of ratios of data in DzO and HzO 
and on the basis of shifts in sum peaks to frequencies above 2UH. 
The predominant form of Co(EDTA) in this cryogenic system 
has hexadentate EDTA, in agreement with the X-ray crystal 
structure. Nitrogen modulation due to coordinated imidazole 
was observed. These results suggest that ESEEM will be an 
important tool to study high-spin Co(I1) complexes. 
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