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Electron Spin Relaxation in Chromium—Nitrosyl Complexes
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A new method to prepare Cr(NO){B)s?" from dichromate and NFOH is reported. The chromium nitrosyls
Cr(NO)(EHBA)" and Cr(NO)(EHBA) (EHBA = 2-ethyl-2-hydoxybutyrate) were prepared by a literature reaction

and characterized by continuous wave electron paramagnetic resonance and two-pulse electron spin echo
spectroscopy at X-band. Thevalues are characteristic of a single unpaired electron in a predominagtly d
orbital. In fluid and glassy solutions Cr(NO)(EHBAs a mixture of cis and trans isomers. Rotation of the methyl
groups in the EHBA ligands causes an increased rate of spin echo dephasing at temperatures between 40 and 120
K. For the EHBA complexes echo envelope modulation is observed at temperatures below about 40 K that is
attributed to inequivalent coupling to protons of the slowly rotating methyl groups. Both the effect of the methyl
rotation on spin echo dephasing and the depth of the proton modulation are dependent on the number of ethyl
groups in the ligand, and thus the spin echo experiments provide confirmation of the number of EHBA ligands
in the complexes. The spifattice relaxation rates for the chromigmitrosyl complexes at temperatures near

100 K are similar to values reported previously for Cr(V) complexes, which also have a single unpaired electron
in a predominantly g orbital. For Cr(NO)(HO)s>*, Cr(NO)(EHBA)", and Cr(NO)(EHBA) the dominant
contribution to spir-lattice relaxation between 12 and 150 K is the Raman process with a Debye temperature,
0p, of 110-120 K. For Cr(NO)(CNg*~ the data are consistent with a Raman proc@ss=f 135 K) and a
contribution from a local mode, which dominates above about 60 K. The formally low-3gimrdmium nitrosyl
complexes relax about 5 orders of magnitude more slowly than low-8ia(d!) porphyrins, which is attributed

to the absence of a low-lying excited state.

Introduction by IR, UV—vis, and magnetic susceptibility measureménts.
) ) - The preparation was subsequently confirmed by Griffithe
Much of the early literature concerning electron spliattice describe a new method of preparation of Cr(NQI2* by

relaxation was based on studies of ionic species in crystalline

. . - X ! reaction of NHOH with dichromate.

lattices, which led to descriptions of relaxation mechanisms in Rajasekar et al. obtained two products from the reductive
terms of lattice phonons. To develop models of relaxation pjyogyiation reaction between hydroxylamine and egbro-
processes in transmon.metal complexes and metalloenzymesmium(v) bis(2-ethyl-2-hydroxybutyrate), (CrO(EHBA).” On

in glassy solution, additional experimental data are required. y,o pagis of the kinetics of the reaction, elution from an ion
We have shown previously that electron spiattice relaxation exchange column, and visible and infrared spectroscopy, the
rates as a function of temperature between 10 and 120 K ar€products were identified as Cr(NO)(EHBARNd Cr(NO)-
similar for chromium(V) nitrido porphyrinsand oxo-chromi- (EHBA)™.” We now provide additional characterization of the

um(V) bis(2-ethyl-2-hydroxybutyrate), (CrO_(EHBA)).Z_*“' In products based on continuous wave and time domain EPR.
view of the current interest in both chromium chemistry and

the chemistry of nitric oxide, we have now examined the elec- o] (o] 0

tron spin relaxation rates for four chromiamitrosyl com- o ,L o o ,L Et o rll H

plexes, Cr(NO)(CNy~, Cr(NO)(H0)s*", Cr(NO)(EHBA), and o0 o | o—~g o d\H

Cr(NO)(EHBA)". e S ia el S ai ¢l H
Ardon and Herman prepared Cr(NOYB)s>™ by the reac- Et 0,6\0 Et Et 0,0\0 o) o,é)\o‘H

tion of chromous perchlorate with nitrate or nitric oxide, puri- H H H H BUoW n

fied it by ion exchange chromatography, and characterized it cis-Cr(NO)(EHBA), trans-Cr(NO)(EHBA), CrNOYEHBA)*
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1094 7. 185-193. ‘ - Experimental Section
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Table 1. EPR Parameters for ChromiuniNitrosyls and Related Chromium(V) Complexes

complex Oso  A%(G) AVt (G) o oy g AP (10%cml) A% (10“4cml)  ACL (10 4cmY) ref
Cr(NO)(H.O)2*  1.968  26.0 6.3 1.998 1.998 1.916 15 15 40 d
Cr(NO)(EHBA)" ¢ 1.967 26.0 6.3 1.995 1.995 1.914 16 16 39 d
Cr(NO)(EHBA), S 1.966  26.2 6.0  1.996 1.996 1.913 16 16 39 d

1.969 26.2 6.0 1.996 1.996 1.920 16 16 37

Cr(NO)(NHs)s2*  1.980  25.0 7.0 1.955 1.955 1.945 18
CrTPP(NO) 1.993 21.2 6.5 200 200 1.97 19
Cr(NO)(CN)*©  1.994 184 52 2002 2.002 1.970 11 11 32 dog,
Cr(NO)(L)s?" 1.993  18.0 4.7 20
CrO(EHBA)," 1.978 18.3 1.971 1973 1.983 5.0 34.3 6.0 3,8
CINTTP 1.983 28.4 1.995 1.995 1.955 20.8 20.8 36.6 1, 27,28

2 Coupling to nitrosyl nitrogen? The conversion factor between G and@ris A(cm™1) = 4.6686x 10-3gA(G). ¢ Coupling to nitrosyl nitrogen
partially resolved on perpendicular lines7.5 x 1074 cm™. 9 This work. ¢ Coupling to nitrosyl nitrogen resolved on perpendicular lire8.2 x
10“cmL L is an aliphatic isocyanide?. Coupling to nitrido nitrogen:ANs, = 2.8 G, three components in frozen solutierB.4, 3.2, and 1.X
104cm

exchange chromatography were performed using the procedure ofwith a Varian TEo, resonatot? Sample temperatures in the liquid

Rakasekar et dl. nitrogen range were monitored with a thermocouple in the cavity,
Preparation of Cr(NO)(H ;O)s?*. In a typical procedure 10 mL of positioned directly above the sample. Temperatures in the liquid helium
0.2 M hydroxylamine perchlorate, pH 3.5, was reacted with A00f range were calibrated by replacing the sample-containing tube with a

0.5 M sodium dichromate. The reaction mixture was allowed to stand tube containing a thermocouple immersed in 1:1 water/glycerol. The
at room temperature for 30 min. The visible spectrum showed a peak experimental recovery times were independent of pump time between
at 565 nm and a broad shoulder at 435 nm. The reaction mixture was 20 and 40Qus, which indicates that spectral diffusion was not interfering

loaded on a cation exchange column (Biorad AG 50W-X2fbrm; with the measurements @%. A pump time of 26-100us was used to
column length 15 cm, internal column diameter 1.5 cm). No chromium- record the data shown in Figures 5 and 6. The estimated uncertainties
containing fraction could be eluted with distilled water50 mL). A in 1/T, are £10%.

yellow-brown fraction was eluted with 0.5 M HCI@~40 mL). The Spin echo data were fitted to a stretched exponential

visible spectrum exhibitdmnax = 564 and 452 nm, which is in good

agreement with literature values for Cr(NOY®)s*": Amax at 559 and Y(z) = Y(0) exp[-(2t/T, )] 1)

449 nn? or Amaxat 567 and 447 nifiElution with 1.0 M HCIQ, resulted

in a second fraction withmaxat 578 and 406 nm, which is characteristic

of agueous chromium(II}° Interestingly, if the reaction of hydroxy- ~ WhereY(z) is the intensity of the echo as a function ofthe time
lamine with chromic acid is performed at p&i2, there is no chromium ~ between the two pulse¥(0), echo intensity extrapolated to time O,
nitrosyl EPR signal, and visible spectra indicate that the products contain@ndY(z) are in arbitrary units that depend on the concentration of the
only chromium(lll). sample, resonatdp, and instrument settings. The parameteasid Tr,

EPR spectra were obtained on freshly prepared samples. After elutiondescribe the shape of the echo decay and depend on the dephasing
from the column, fractions were kept on ice for2 h. Samples for mechanisnt314Data were fitted to eq 1 using a nonlinear Levenberg
room temperature EPR measurements were contained in 1 mm capillayMarquardt least-squares algorithm. The decay was fitted to the peaks
tubes. For the low-temperature studies, glycerol was added to the ©f shallow proton echo envelope modulation.
solutions in 1:1 volume ratios to ensure glass formation, and samples  Values of T, were obtained from the saturation recovery data by
were contained in 4 mm o.d. quartz tubes. Concentrations were 0.3 fitting to a single exponential or to the sum of two exponentials.
1.0 mM. There was no evidence of concentration dependence of theAlthough the fits to a sum of exponentials were slightly better than to
relaxation rates in this concentration range. Samples were stored in@ Single exponential, the temperature dependenc 66r the two
||qu|d nitrogen. Continuous wave (CW) EPR Spectra were run on a Components was eSSentla”y the same ag—i(mbtalned from the Single'
Varian E9 or in the CW mode of the saturation recovery or spin echo exponential fits. Since there is more scatter in the relaxation times
spectrometers. Values gfand hyperfine coupling constants (Table 1) ~Obtained by fitting to two components, analysis of the temperature
were determined by computer simulation using locally written programs dependence was performed for the values obtained from the single-
(Epr2 for fluid solution and Monmer for rigid lattices) that include ~ €Xponential fits. The temperature dependence ©f Was fitted to eq
second-order corrections to the hyperfine interaction. The nitrogen 2 by minimizing the sum of the residuals on a tdgg scale.
hyperfine splitting along the axis (estimated from the isotropic fluid
solution value and the observed value in the perpendicular plane) is 1 T 0p o™
about 2x 1074 cm %, which is so small compared with line widths T = AurT T Agan{ 5 P 7] T Aroc PR, SR 2
that it is not included in the simulations. ! ( )

Electron spin echo (ESE) measurements were performed with-a 90
7—180°—7—echo 2-pulse sequence on a locally designed and con- o . > e
structed spectrometer with a Varian {bErectangular cavity resonator ~ contribution from the direct proceségam is the coefficient for the
modified to permit overcouplirigor on a Bruker ESP380E or Elexsys ~ contribution from the Raman IOVOCP;%) is the Debye temperaturd
E580 with a split ring resonator. Data were obtained with a resonator IS the transport integralls(0o/T) = /o* x*[€¥/(€* — 1] dx, Aoc is the
Q of about 150. Measurements of were performed by long-pulse coefficient for the contribution from a local vibrational mode, axgt

saturation recovery on a locally designed and constructed spectrometefS the energy for the local mode in kelvins. _
Mathematical expressions for the temperature dependence ef spin

lattice relaxation are taken from the following references: Raman

where T is temperature in kelving\y; is the coefficient for the

(7) Rajasekar, N.; Subramaniam, R.; Gould, E.rfrg. Chem 1983

22, 971-975.
(8) Krumpolc, M.; DeBoer, D. G.; Rocek, J. Am. Chem. Sod 978 (12) Quine, R. W,; Eaton, S. S.; Eaton, G.R. Sci. Instrum1992 63,

100, 145-149. 4251-4262.
(9) Manoharan, P. T.; Gray, H. Bnorg. Chem 1966 5, 823—839. (13) Brown, I. M. InTime Domain Electron Spin Resonarievan, L.,
(10) Laswick, J. A.; Plane, R. AJ. Am. Chem. Socl959 81, 3564- Schwartz, R. N., Eds.; Wiley: New York, 1979; Chapter 6.

3567. (14) Lindgren, M.; Eaton, G. R.; Eaton, S. S.; Jonsson, B.-H.; Hammar-
(11) Quine, R. W.; Eaton, G. R.; Eaton, S.F%. Sci. Instrum 1987, 58, stram, P.; Svensson, M.; Carlsson, ll.Chem. Soc., Perkin Trans. 2

1709-1723. 1997 2549-2554.
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Table 2. Contributions to SpirLattice Relaxation Determined by Fitting to Eq 2

sample temp range (K) gvalue$ directAgir RamanAram 0b local Aioe, Aroc”
Cr(NO)(CN)*~ 10-150 2.002, 1.970 1.3 10, 135 1.3x 1%, 310
Cr(NO)(H0)s** 10-160 1.998, 1.916 9.% 10°, 110 2.0x 10°, 360
Cr(NO)(EHBA)" 12-160 1.995,1.914 8.6 10°, 120 2.8x 10, 360
Cr(NO)(EHBA), 12-130 1.996, 1.917 6.6 10°, 110 5.6x 10°, 360
CrO(EHBA),~ ¢ 10-150 1.971,1.972,1.983 1.3 1.310°, 115 8.7x 1°, 370
CINTTH 18-130 1.994, 1.956 4.8 1.2 10, 135 4.3x 10°, 320

aFor complexes with axial symmetiy values are given in the ordey,,

gi. ° Energies in kelvins¢ Local mode makes small contribution at

highest temperatures examinédnalysis of relaxation rates was reported in ref 17.

process, ref 15, and local mode ref 16. An Orbach process was not

included because there are no known low-lying electronic states for

the Cr(V) or Cr(NO) complexes and an Orbach process was not required

to fit the experimental data.

Strategy Used in Fitting the Experimental Data. The procedure
used to analyze the temperature dependencelpfdr/the chromium-
nitrosyl complexes is similar to that used previously for a serieS of
= 1/, centers’ For each sample the temperature dependenceTef 1/
was fitted with the smallest number of contributing processes consistent
with the experimental data. A fit to a Raman process was attempted
first.1” Additional contributions were then added as required to match

the data. The weak temperature dependence of relaxation produced by

the direct process is distinctive, and its effects are negligible for the
chromium—nitrosyl complexes in the temperature range examined.
The resulting best-fit parameters are given in Table 2. On the basis
of the residuals from the fitting procedure, the uncertainty in the Debye
temperature or in the characteristic energy for a local mode is about
10% for the dominant contribution to the relaxation rate. Errors in the
Debye temperature, or in the characteristic energy for a local mode,

and the coefficient for that process are correlated. For example, changing

the value offp from 105 to 110 K requires increasimgam by about

15% to give approximately the same relaxation rates at 100 K. In
addition, uncertainties in temperature, particularly at low temperature,
could be a source of larger systematic errors. Uncertainties in fitted

parameters are substantially larger for processes that make only a small
contribution to the experimental relaxation rate in the temperature range

examined.

Results and Discussion

The room temperature CW EPR spectrum of Cr(NQI§}2"
is shown in Figure l1a. The intense lines in the center of the
spectrum are due to chromium isotopes witlk= 0, which
constitutes 90.5% of natural abundance chromium. The well-
resolved three-line splitting (6.3 G) is due to coupling to the
nitrosyl nitrogen. The less intense lines in the wings of the
spectra are due to hyperfine coupling@r with | = 3/, which
constitutes 9.5% of natural abundance chromium. gtend
hyperfine parameters obtained by simulation of the spectrum
are given in Table 1 and are in good agreement with values
reported previously for Cr(NO)(CMy~° and other well-
characterized chromiurmitrosyl complexed8-20

The spectrum of Cr(NO)(EHBA) (Figure 1b) is similar to
that for Cr(NO)(HO)s?*, but with slightly broader lines that
may result from unresolved hyperfine splitting by protons from
the EHBA ligand. The spectrum of Cr(NO)(EHBAJFigure
1c) is distinctly different, and simulations indicate that it is a
superposition of two three-line signals with hyperfine splittings
of 6.0 G and slightly differeng values (Table 1). The simulation

(15) Murphy, J.Phys. Re. 1966 145 241-247.

(16) Castle, J. G., Jr.; Feldman, D. ®Rhys. Re. A 1965 137, 671-673.

(17) Zhou, Y.; Bowler, B. E.; Eaton, G. R.; Eaton, S.JSMagn. Resgn
in press.

(18) Manoharan, P. T.; Kuska, H. A.; Rogers, M.JI.Am. Chem. Soc
1967, 89, 4564-4565.

(19) Wayland, B. B.; Olson, L. W.; Siddiqui, Z. Wl. Am. Chem. Soc
1976 98, 94—98.

(20) Wigley, D. E.; Walton, R. AOrganometallics1982 1, 1322-1327.

3280 3320 3360

Magnetic Field (gauss)

Figure 1. Continuous wave X-band (9.227 GHz) EPR spectra obtained
at room temperature with 20 mW microwave power and 1.0 G
modulation amplitude at 100 kHz for aqueous solutions of (a) 0.78
mM Cr(NO)(H0)s?*, (b) 0.52 mM Cr(NO)(EHBAYJ, and (c) 0.94 mM
Cr(NO)(EHBAY.. The x in part ¢ denotes the contribution to the
spectrum from a low concentration of CrO(EHBA) The dashed lines
show the simulations obtained with the parameters given in Table 1.
The line shapes are a linear combination of 80% Gaussian and 20%
Lorentzian with the following line widths: Cr(NO)@®D)s*", 5.2 G;
Cr(NO)(EHBA)", 6.3 G; and Cr(NO)(EHBA) 5.8 G.

shown in Figure 1c was obtained with a 60:40 ratio of
components witlg = 1.966 and 1.969. The component with
the higherg value decomposed to Cr(lll) slightly more quickly
than the component with the lowegrvalue. For example, in
samples of Cr(NO)(EHBA)that had sat overnight at room
temperature, the integrated signal intensity decreased by about
20% and the ratio of the two components was about 70:30.
The CW spectrum of Cr(NO)(#D)s2" in glassy solution at
118 K is shown in Figure 2a. The dominant features of the
spectra are due to chromium isotopes with= 0. In the
simulations of the spectra th®Cr hyperfine coupling was
defined by the low-field shoulder on the perpendicular turning
point and by the highest-field line of tH&Cr quartet for the
parallel turning point, which is shown at expanded scale in
Figure 2. The low-temperature spectrum for Cr(NO)(EHBA)
(Figure 2b) is similar to that for Cr(NO)@#D)s2+ (Figure 2a).
In both spectra coupling to the nitrosyl nitrogen is barely
resolved on the perpendicular turning point and not resolved
on the parallel turning point. The spectrum of Cr(NO)(EHBA)
(Figure 2c) is similar to those for Cr(NO)#)s2+ and Cr(NO)-
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Figure 3. Temperature dependence of X-band phase memory relaxation
rates, 1T, measured at thepgurning point in the CW spectra for
0.39 mM Cr(NO)(HO)s?" (A), 0.26 mM Cr(NO)(EHBA) (+), and

for 0.47 mM CrO(EHBA)~ (O) in 1:1 water/glycerol. The solid lines

T T T [ T I ! connect the data points.
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Figure 2. Continuous wave X-band (9.226 GHz) EPR spectra obtained ;
at 118 K with 0.25 mW microwave power and 2.0 G modulation exchange chromatography. Cr(lll) subsequently is produced by

amplitude at 100 kHz for 1:1 water/glycerol solutions of (a) 0.39 mm  SIOW degradation of the chromiusmmitrosyl complex.
Cr(NO)(H:0)s2", (b) 0.26 mM Cr(NO)(EHBAYJ, and (c) 0.47 mM Cr- The phase memory relaxation ratesTd/in the two-pulse
(NO)(EHBA).. The insets are the highest field lines of #@r hyperfine spin echo decays for Cr(NO)(EHBAJre temperature dependent
splitting at theg, turning point. The dashed lines show the simulations (Figure 3). As the temperature is increased above about 30 K,
obtained with the parameters given in Table 1. The line shape is - . -
Gaussian and the Fl)ine widths gre anisotropic, varying from 10pG in 1/T, increases and then decreases. In this temperature interval
the perpendicular plane to 424 G along thez axis. the value ofx obtained by fitting the data to eq 1 decreases
from about 1.6 at 40 K to about 0.95 at 110 K and then increases
(EHBA)* except that two partially resolved components of the With further increase in temperature up to about 130 K. Both
parallel turning point are observed for both the: 0 andl = the increase in Tj, and the decrease nare characteristic of
3/, isotopes. The ratio of the two components is about 60:40, & temperature regime in which a dynamic process that averages

which is similar to the ratio observed for the two components inéquivalent environments is occurring on the time scale of the
in fluid solution. splitting that is averaged by the process. A similar temperature

dependence of T}, was observed for CrO(EHBA) and is
gssigned to rotation of the methyl groups in the ligariche
maximum enhancement of Tk is observed when the rate of
rotation of the methyl group is comparable to the splitting that
is averaged by the rotation. The maximum ifd/occurs at

x40

cleanly separated form Cr(lll)-containing complexes by the ion

The parameters obtained by simulation of the low-temperature
spectra are in good agreement with parameters obtained for othe
chromium—nitrosyl complexes (Table 1); thus the EPR spectra
confirm the characterization of these complexes as chromium

nitrosyls. We propose that the two components observed in the'> < )
room temperature and low-temperature spectra of Cr(NO)- Similar temperatures for Cr(NO)(EHBAXFigure 3) and for

| ) P . : :
(EHBA), are due to the presence of cis and trans isomers asCrO(EHBA) ™2 which is consistent with the expectation that

has been proposed for the Cr(V) complex of the same Iigand,the barrier to rotation of the methyl groups is similar for the
CrO(EHBA),~.2 two complexes. There are only half as many methyl groups in

Cr(NO)(EHBA)" as in Cr(NO)(EHBA) so the effect of the
methyl group rotation on Tf, is expected to be only half as
large, which corresponds to a maximum effect of about 4

10 s L. This enhancement is relatively small compared with
the contributions of other processes to the spin echo dephasing,
but is consistent with the small increase i dfor Cr(NO)-
(EHBA)™T at about 110 K (Figure 3). A similar maximum in
1/Tm near 110 K is not observed for Cr(NOYB)s?", consistent

with the absence of methyl groups in this complex. For all four

Characterization by Two-Pulse Electron Spin Echoes.
Field-swept spin-echo detected spectra at 10 K of a solution of
Cr(NO)(EHBA), that had been allowed to sit overnight at room
temperature showed the signal characteristic of Cr(NO)(EHBA)
plus a broad underlying signal characteristic of Cr(lll). The Cr-
(1 signal is sufficiently broad that it is not detected in the
fluid solution room temperature spectra and is difficult to detect
by CW EPR in the glassy samples. The advantage of the echo

detected spectrum is that it is the absorption spectrum, which h A - | | T b b 20
facilitates observation of broad signals for which the first- © romium-nitrosyl complexes Wi increases above about 1

derivative signal would be difficult to distinguish from baseline. K @s mobility increases and asf1approaches Ti, (see below).

This Cr(lll) signal was absent from freshly prepared solutions. ~ Two-pulse electron spin echo decays for Cr(NO)(EHBA)
These observations are consistent with data obtained by visibleand Cr(NO)(EHBA) at 20 K (Figure 4b) exhibit modulation

spectroscopy and confirm that the chromium nitrosyls are With @ maximum impact on echo amplitude at about @s7
which corresponds to a period of about Agland a frequency

(21) Branca, M.; Dessi, A.; Micera, G.; Sanna,IBorg. Chem 1993 32, of about 0.7 MHz. The dashed line in Figure 4b indicates the
578-581. shape of the decay that is estimated in the absence of the low-
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Figure 5. Temperature dependence of X-band electron-sfattice
relaxation rates, T4, at thegy turning point in the CW spectra in
chromium-nitrosyl complexes, compared with values for chromium-

W | (V) complexes: 0.9 mM Cr(NO)(CNY~ (O); 0.26 mM Cr(NO)-
0.0 20 40 60 (EHBA)* (¥); 0.47 mM Cr(NO)(EHBA) (A); 0.39 mM Cr(NO)-
time between pulses {microsec.) (H20)s?" (0); 1 mM CrNTTP (+); 1 mM CrO(EHBA)~ (). Data

were obtained in 1:1 water/glycerol except that data for CrNTTP were
obtained in toluene. The dashed lines are the fits of the data to eq 2
obtained with the parameters shown in Table 2.

Figure 4. Two-pulse electron spin echo decays. (a) Data at 20 K in
the middle of the CW spectra for 1 mM 1:1 water/glycerol solutions
of Cr(V) complexes ofo-hydroxy carboxylic acids with R= R, =

methyl (curve 1), R= methyl, R = ethyl (curve 2), and R= R, = . . . . .
ethyl (curve 3) obtained with 20 and 40 ns°@nd 180 pulses. (b) complexes is due to interaction of the unpaired electrons with

Data a 8 K at theg, turning point for 1:1 water/glycerol solutions of  the inequivalent protons of the slowly rotating methyl groups.
0.37 mM Cr(NO)(EHBAY (curve 4) and 0.21 mM Cr(NO)(EHBA) The splitting is the difference between couplings to inequivalent
(curve 5) obtained with 40 and 80 ns°%nd 180 pulses. The dashed  protons. For this three-site case there are likely to be several
line is the estimated shape of the decay curve if the low-frequency gplittings that would be averaged by rapid methyl rotation and
proton modulation were not present. The high-frequency proton herefore several modulation frequencies. The presence of
mgdsurﬁtrlt%? ;fu?seeipteg;{'V?Ig:\e’elig(;hgno'gt;;“{ﬁz 3;2:1 5 because of severel relatively low frequencies is consistent with the rapid
damping of the modulation.

Electron Spin—Lattice Relaxation. The spir-lattice relax-
ation rates for Cr(NO)(kD)s2", Cr(NO)(EHBA)", Cr(NO)-
d (EHBA)2, and Cr(NO)(CN3®~ were measured by long-pulse
saturation recovery between 12 and 150 K. The relaxation rates
measured at the perpendicular turning point in the CW spectra
for the four complexes are shown in Figure 5. Included in Figure
5 are data for the chromium(V) complexes CrNTT&nd

frequency modulation. The low-frequency modulation is deeper
for Cr(NO)(EHBA), (Figure 4b, curve 5) than for Cr(NO)-
(EHBA)™ (Figure 4b, curve 4). This modulation is not observe
in three-pulse echoes. Analogous low-frequency modulation was
observed for Cr(V) complexes of EHBAData for three Cr-

(V) complexes ofx-hydroxy carboxylic acids (Figure 4a) show
that the depth of the low-frequency modulation increases with B
the number of ethyl groups on the ligand. Since the modulation CrO(EHBA)Z ’ 2'.3'17 The temperature de_pendence ofslfor
depth for both series of complexes increases with the numberth€ chromium-nitrosyl complexes was fitted to eq 2 and the

of ethyl groups, we assign the modulation to protons of the ethyl "€Sulting parameters are given in Table 2. The values of the
Debye temperature$p, for the chromium nitrosyls [Cr(NO)-

group. _ ) .
Zhidomirov and Salikho¥? calculated the electron spin echo (CN)s*", 135 K; Cr(NO)(HO)s*", 110 K; Cr(NO)(EHBAY,

signal for the case of a two-site dynamic process that averageé‘rzlo K;_ and Cr(NO)l(EHBAQ, 110 K] are simil.ar to those for
coupling between the unpaired electron and two inequivalent Shromium(V) complexes [CrO(EHBA), 115 K; and CINTTP,

— 1 H
nuclei. The coupling to the two inequivalent nuclei results in a 135 K] (Table 2) a7nd to value.s.for oth&r= "/ m.olec.ules n
splitting of the EPR signal that is averaged by the dynamic 1:1 water/glycerol’ The coefficient of the contribution from

process. When the rate of the dynamic process is comparable'€ Raman process to the spiittice relaxation for Cr(NO)-

to the splitting that is averaged, the equations predict an increase(CN)53_ (Agam = 1.3 x 10F) is similar to values obtained for
in 1/Tnn, analogous to what is seen for Cr(NO)(EHBAFigure the Cr(V) complexes, CrO(EHBA) an(LCrNTTP, but is Sfb'
3) and CrO(EHBA) .2 Their modet? also predicts that when stantially smaller than for Cr(NO)@®D)s*", Cr(NO)(EHBA)",
the rate of the dynamic process is slow relative to the splitting, 2"d CTINO)(EHBA) (Aram = 6.6 x 10°to 9.1x 10°) (Table
the splitting results in echo modulation. The equations would ?:)r'NTI’r]I?Pg (Aag'?t(r)ogi’ fgBg)r(izlost(k?sliz_ﬁtigﬁ?(fr:zié% t'hgrr:dfor
be more complicated for the three-site exchange due to methyl RS

group rotation, but the principles are the same. We propose thatCT(NO)(H0)s**, Cr(NO)(EHBAY)", and Cr(NO)(EHBA) (Ag

the modulation observed at low temperature for the EHBA — 0.08). We therefore attr!bute the greater effectiveness of
the Raman process in spifattice relaxation for Cr(NO)-

(22) zhidomirov, G. M.: Salikhov, K. MSav. Phys, JETP1969 29, 1037 (H20)5**, Cr(NO)(EHBAY)", and Cr(NO)(EHBA} to the greater
1040. spin—orbit coupling in these complexes. Above about 60 K a
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4.80 A experimental data indicate that the unpaired electron in chro-
F e, . ; o : . .
mium nitrosyls is in an orbital that is predominantly.dThe
similarity between the values (Table 1) and the electron spin
relaxation rates (Figure 5) of the chromitimitrosyl complexes
and of chromium(V) complexes is consistent with the presence
of the single unpaired electron in a molecular orbital with largely
dyy character for both types of complex. If electron transfer from
the NO to the chromium were complete, the chromium nitrosyls
could be viewed as Cr(l) complexes. Although there is extensive
metal to ligand electron donation, there also is significant metal
to ligand backz-donatiorf® which makes the assignment of
an oxidation state for the metal ambiguous. The C¥NGnit
also can be represented by the notaf@rNO} >, indicating
that five valence electrons are localized predominantly in this
moiety23 Chromium-nitrosyls can be formally viewed as low-
spin ¢, which suggests a comparison with low-spin Fe(lll)
| T | T T : | ' complexes, including heme proteins.
3200 324°Ma ’ Ff?zlijG 3320 For low-spin Fe(lll) porphyrins and low-spin Fe(lll) meth-
_ _ gnetic Field (G) emoglobin, 1T; at 100 K is of the order of 10 s71,2425which
Figure 6. Continuous wave X-band (9.115 GHz) EPR spectrum of s a0yt 5 orders of magnitude faster than for the chromium

1.5 mM Cr(NO)(CNj*" obtained at 100 K with 0.05 mW microwave : Co ;
power and(l.O)(G m}odulation amplitude at 100 kHz and dependencemtrosyl complexes. The similarity in relaxation rates between

on position in the spectrum for log(l) of 0.9 mM Cr(NO)(CN)é~ at the small-molecule model complexes and the heme proteins
100 K. indicates that the low-spin Fe(lll) relaxation process is not

specific to the protein environmefft2>Unlike the chromium-

local vibrational mode makes a much larger contribution to the Nitrosyl complexes, the single unpaired electron in most low-
spin—lattice relaxation for Cr(NO)(CNY~ than for Cr(NO)-  spin Fe(lll) porphyrins and hemes is in the, dr d,, orbital
(H20)s2*, Cr(NO)(EHBA)", or Cr(NO)(EHBAY). Significant and there is a low-lying excited stat&€The lower energies for
contributions to spirrlattice relaxation from local modes also  the d; and g, orbitals in the chromiumnitrosyl complexes
were found for CrO(EHBAY” and CrNTTPY/ than for the hemes has been attributed to strergonding

The dependence of Tf on position in the CW spectrum of ~ between the chromium and nitrosylin the low-spin hemes a
Cr(NO)(CN)}3*~ at 100 K is shown in Figure 6. Near the parallel low-lying excited state may provide a pathway for rapid electron
turning point in the spectrum~3305 G), 1T; is about a factor spin relaxation via an Orbach process. However, analysis of
of 2 slower than near the perpendicular turning point. The the temperature dependence of 1for the low-spin Fe(lll)
resolved nitrogen hyperfine splitting near the perpendicular porphyrins and hemes indicates that the characteristic energy
turning point causes this turning point to be spread from about of the process that provides the rapid relaxation at temperatures
3245 to 3260 G. Similarly, for the Cr(V) complex CrNTTP at near 100 K does not match with estimates of the energy splitting
100 K, 17Ty is about a factor of 2 slower near the parallel turning for the low-lying excited staté&’ Even if the low-lying excited
point than in the perpendicular plahdoth Cr(NO)(CN}*~ state does not provide a relaxation pathway via an Orbach
and CrNTTP have approximatel9,, local symmetry at the  process, the low-lying excited state gives rise to large-spin
chromium center, and the temperature dependence of theorbit coupling andg anisotropy for the low-spin Fe(lll) which
relaxation indicates a major contribution from a local mode at contributes to the rapid spitlattice relaxation. This comparison
temperatures near 100 K. For Cr(NO)(EHBA)Cr(NO)- between chromiumnitrosyl complexes and low-spin Fe(lll)
(EHBA)™, and Cr(NO)(HO)s?", the values of I; at 100 K hemes demonstrates the strong effect of electronic and molecular
are independent of position in the spectrum, within experimental structure on electron spin relaxation rates.
uncertainty. Similarly IT'; for the Cr(V) complex CrO(EHBA)
exhibited minimal dependence on position in the specftime Acknowledgment. The support of this work by NIH
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with the previously proposed model of electron spin relaxation |cgg1063+
based on local vibrational mod&3he absence of a dependence
of 1/T; on position in the spectrum for Cr(NO){B)s>" may
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