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The temperature dependence of X-band electron spin–lattice
elaxation between about 10 and 300 K in magnetically dilute
olids and up to the softening temperature in glassy solvents was
nalyzed for three organic radicals and 14 S 5 1

2 transition metal
omplexes. Contributions from the direct, Raman, local vibra-
ional mode, thermally activated, and Orbach processes were con-
idered. For most samples it was necessary to include more than
ne process to fit the experimental data. Debye temperatures were
etween 50 and 135 K. For small molecules the Debye temperature
equired to fit the relaxation data was higher in 1:1 water:glycerol
han in organic solvents. For larger molecules the Debye temper-
ture was less dependent upon solvent and more dependent upon
he characteristics of the molecule. The coefficients of the Raman
rocess increased with increasing g anisotropy and decreasing
igidity of the molecule. For the transition metal complexes the
ata are consistent with major contributions from local modes
ith energies in the range of 185 to 350 K (130 to 240 cm21). The

oefficient for this contribution increases in the order 3d < 4d
ransition metal. For C60

2 anions there is a major contribution from
thermally activated process with an activation energy of about

40 cm21. For low-spin hemes the dominant contribution at higher
emperatures is from a local mode or thermally activated process
ith a characteristic energy of about 175 cm21. © 1999 Academic Press

Key Words: Debye temperature; electron spin–lattice relaxation;
ocal vibrational mode; Orbach process; Raman process; thermally
ctivated process; transition metal.

INTRODUCTION

Electron spin relaxation rates reflect electronic structure
aramagnetic species and the dynamics of these specie

heir environment. Quantitative measures of electron spi
axation rates as a function of temperature for transition m
n molecular complexes and for organic radicals are requir
nterpret the effect of a more rapidly relaxing spin on
elaxation rate for a more slowly relaxing spin and ther
etermine the distance between the two paramagnetic c
1, 2). Thus, we seek to understand the relaxation proce
hat occur for molecular species in doped solids and in g
olvents at temperatures between about 10 K and the soft
emperature of the glass.
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Much of the classical work on electron spin–lattice re
tion processes was performed on ions in ionic lattices a

emperatures below about 20 K (3, 4). We are aware of only
ew cases in which processes have been characterized
ider temperature range. Castle and Feldman (5, 6) analyzed

elaxation rates for theE9 defect in crystalline and vitreou
uartz between 4.2 and about 250 K in terms of the d
rocess and two local modes. The relaxation for atomic hy
en in fused silica between 2 and 100 K could be modeled
ither an Orbach process or a local mode (7). The data fo
tomic hydrogen in fused silica demonstrate that the simil

n temperature dependence predicted by some relaxation
esses within limited temperature intervals requires that as
ents be based not only on the temperature dependence

elaxation rates, but also on the plausibility of the param
btained by fitting to various models. Hoffmannet al. (8)
nalyzed spin–lattice relaxation for Cu(II) in triglycine selen
etween 4.2 and 90 K in terms of the direct process an
aman process with a Debye temperature of 168 K. Gayet
l. (9) studied spin–lattice relaxation for a 2-iron–2-su
rotein between 1.25 and 130 K. To fit the data several
esses were required: below 3 K a phonon bottleneck, betwe
bout 3 and 30 K the Raman process, and near 100
rbach process. Since the predicted temperature depen
f spin lattice relaxation (1/T1) is the same for the Orbach a

ocal mode processes in the temperature range for which
ere available, assignment of the relaxation processes req

nformation beyond the EPR studies (10). These limited exam
les suggest that more than one relaxation process m
equired to fit the temperature dependence of electron
attice relaxation between 10 K and the softening point
lass.
It has been proposed that modulation of nuclear hype

plitting contributes to electron 1/T1 (11). However, the fol
owing observations have been made for magnetically d

5 1
2 species in the temperature range of about 30 to 15

or nitroxyl radicals in glassy solutions, 1/T1 is the sam
ithin experimental uncertainty for natural abundance

15N-enriched samples (12). For a chromium(V) complex in 1:
1
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166 ZHOU ET AL.
ater:glycerol at 100 K, 1/T1 is similar for natural abundan
r (predominantly I5 0) and for isotopically enriched53Cr

I 5 3
2) and 1/T1 is independent ofmI (13). For a Mo(V)

orphyrin, 1/T1 is approximately the same for isotopes w
5 0 and I5 5

2 (14). For single crystals of bis(diethyldithi
arbamato)Cu(II), Cu(dtc)2, doped into Ni(dtc)2 (15), or for
tetraphenylporphyrinato)Cu(II), CuTPP, doped into ZnT
16), 1/T1 is independent of coppermI. The similarity of value
f 1/T1 for metal isotopes with and without nuclear spins

he absence of dependence onmI indicate that for this range
pecies, modulation of nuclear hyperfine splitting is not
ominant contribution to 1/T1.
It seems likely that the dominant contributions to sp

attice relaxation for S5 1
2 species are due to modulation

pin–orbit coupling (16). Numerical calculation of the matr
lements that describe the modulation of spin–orbit coup
y various relaxation processes is difficult. The alternate
roach taken here is to fit the experimental relaxation dat
series of well-characterized molecular species and to exa

he fit parameters for various relaxation processes. The an
ncludes data sets for 3 organic radicals and 14 transition m
omplexes.

EXPERIMENTAL METHODS

Tempone (2,2,6,6-tetramethylpiperidin-1-oxyl, Aldrich Che
cal Company, Milwaukee, WI) and horse heart myoglo
Sigma, St. Louis, MO) were used without purification. T
ycomed symmetric-trityl radical (17, 18) was a gift from Prof
oward Halpern, University of Chicago. Mutants of sperm w
yoglobin in which valine 66 was replaced by cysteine (M
66C) or lysine 98 was replaced by cysteine (Mb-K87C)19)
ere expressed in bacteria as described by Springer and

20). The genetically engineered sperm whale myoglobins
n additional methionine at the N-terminus that is not prese

he naturally occurring protein, but this modification does
ffect the protein structure (21). A nitroxyl spin label was attache

o the cysteines in Mb-V66C and Mb-K98C and the heme
as oxidized to Fe(III) to prepare R-Mb-V66C and R-Mb-K9

espectively (19). Cyanide or imidazole was added to the sam
o make low-spin Fe(III) adducts. Saturation recovery mea
ents of 1/T1 were performed using the procedures describe

he following paragraphs. In addition, previously published
or the temperature dependence of 1/T1 was analyzed for tempon
n 1:1 water:glycerol (12, 22); C60 anions (23); the vanady
omplex of 5-(4-carboxyphenyl)-10,15,20-tri(tolyl)porphyr
OTTP-COOH (16); the vanadyl complex of 5,10,15-tri-p-tolyl-
0-(49-(4-methyl)bipyridyl)porphyrin, VOTTP-bipy (24); VO21

aq) in 1:1 water:glycerol (25); chromyl bis(2-ethyl-2-hydroxybu
yrate), CrO(HEBA)2

2 (22); the nitrido chromium(V) complex o
,10,15,20-tetratolylporphyrin, CrNTPP (26); Cu(dtc)2 (15);
uTTP (16); the bis(hexafluoroacetylacetonato)Cu(II) add
f ZnTTPbipy, ZnTTPbipy-Cu(hfac)2 (24); bis(hexafluoroacety
cetonato)(4,49-dimethyl-2,29-bipyridyl)Cu(II), Cu(hfac)(Me -bipy)
2 2
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24); low-spin (5,10,15,20-tetraphenylporphyin)bis(1-methyli
azolate)iron(III), FeTPP(Im)2

1 (27); (5,10,15,20-tetratolylpo
hyrin) oxomolybdenum(V) ethoxide, MoOTTP(OEt) (14); and
ilver(II) complex of (5,10,15,20-tetratolylporphyrin), AgTT
16). The solvents and solvent mixtures used in these studies
lasses at low temperatures. Sample concentrations were
.5 mM. Measurements at 90 to 130 K indicate that the relax
ates for these compounds are not significantly concentr
ependent under these conditions.
Spin–lattice relaxation rates, 1/T1, up to about 106 s21 were
easured by long-pulse saturation recovery on a locally

tructed X-band spectrometer (28). Temperatures between
nd 60 K were obtained with an Oxford ESR900 flow cryos
emperatures between 90 and 140 K were obtained w
arian liquid-nitrogen-cooled gas flow system. The temp

ure at the sample as a function of variable temperature
roller readout was calibrated by replacing the sample w
ube containing a thermocouple immersed in 1:1 H2O:glycerol.
etween 10 and 60 K the temperature at the sample is str
ependent upon the helium flow rate, which causes as mu
K uncertainty in temperature. Between 90 and 140 K

ncertainty in temperature is less than 1 K. The effect
pectral diffusion were monitored by measuring the satur
ecovery time constant as a function of the length of
aturating pulse. The data described in this paper were ob
n the limit where the saturation recovery time constan
ndependent of the length of the pump pulse. Typically,
ength of the pump pulse was greater than the satur
ecovery time constant. Experimental data were fitted
ingle exponential using a nonlinear least-squares algor
he fit to a single exponential typically was good. Devia

rom a single exponential may be due to a distribution
elaxation rates.

For C60 anions, FeTPP(Im)2
1, R-Mb-Im, and R-Mb-CN, th

inewidths of the EPR signals in the CW spectra are temp
ure dependent above about 40 to 60 K. In this temper
ange the electron spinT2 was determined from the tempe
ure-dependent contribution to the linewidth (23, 19) and the
ssumption was made thatT1 5 T2.
By minimizing the sum of the residuals on a log–log sc

he temperature dependence of 1/T1 was fitted to

1

T1
5 AdirT 1 ARamS T

uD
DJ8SuD

T D 1 AlocF eD loc / T

~eD loc / T 2 1! 2G
1 AOrbF D Orb

3

eDOrb / T 2 1G 1 AthermF 2tc

1 1 v 2t c
2G , [1]

hereT is temperature in kelvins,Adir is the coefficient for th
ontribution from the direct process,ARam is the coefficient fo
he contribution from the Raman process,uD is the Debye
emperature,J is the transport integral,
8
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J8SuD

T D 5 E
0

uD / T

x8
ex

~ex 2 1! 2 dx,

loc is the coefficient for the contribution from a local vib
ional mode,D loc is the energy for the local mode in kelvin

Orb is the coefficient for the contribution from the Orba
rocess,DOrb is the energy separation between the ground
nd the excited state for the Orbach process,Atherm is the
oefficient for the contribution from the thermally activa
rocess,tC is the correlation time for the thermally activa
rocess5 tc

oeEa/T, Ea is the activation energy for the therma
ctivated process, andtc

o is the preexponential factor.
Mathematical expressions for the temperature dependen

pin–lattice relaxation are taken from the following referen
aman process (29, 30), local mode (5), Orbach process (31),
nd thermally activated process (32).

trategy Used in Fitting the Experimental Data

The temperature dependence of 1/T1 for the Raman proce
s distinctive if data are available over a sufficiently w
emperature range. The data for most of the samples st
ere included a temperature region in which the Raman pr
ominated. This process was used as the first component
tting the experimental data. Additional contributions w
hen added as required to fit the data. The weak tempe
ependence of relaxation produced by the direct proce
istinctive, and its effects were detectable primarily at tem
tures below about 10 K. Over a limited temperature inte
T , D loc, DOrb, or Ea), the temperature dependence of 1T1

ue to a local mode, an Orbach process, or a thermally
ated process is similar, and distinctions between these
esses require knowledge of the electronic and vibrat
tructure of the paramagnetic species. For example, the
o known low-lying electronic excited states for nitroxyl r

cals or for the distorted octahedral or square pyramidald1 or
9 transition metal complexes included in this study, so
rbach process was not considered for these systems.

ying excited states are known to exist for low-spin Fe(III)
n Orbach process was considered. The distinction betw

ocal mode and a thermally activated process relates to th
nd amplitude of the proposed perturbation (32). The thermally
ctivated model is valid for short correlation times and gre
nharmonicity than fit the assumptions of the Raman and
ode models. This distinction suggests that at higher tem
tures the thermally activated model is more likely to
pplicable than a local mode. Therefore, the fit paramete

he highest temperature processes given in Table 1 are ba
ssignment as a thermal process.
For each sample, the temperature dependence of 1/T1 was

tted with the smallest number of contributing processes
istent with the experimental data. The resulting best-fit
ameters are given in Table 1. Based on the residuals from
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tting procedure the uncertainty in the Debye temperature
he characteristic energy for a process (D loc, DOrb, or Ea) is
bout 10% for the dominant contribution to the relaxation r
rrors in the Debye temperature (or in the characteristic en

or other processes) and the coefficient for that proces
orrelated. For example, changing the value ofuD from 105 to
10 K requires increasingARam by about 15% to give appro

mately the same relaxation rates. In addition, uncertainti
emperature, particularly at low temperature, could be a so
f larger systematic errors. Uncertainties in fitted param
re substantially larger for processes that make only a
ontribution to the experimental relaxation rate in the tem
ture range examined.

RESULTS

The temperature dependence of 1/T1 for the Nycomed sym
etrical-trityl radical (18) in 1:1 water:glycerol is shown
ig. 1. Over the temperature range from 22 to about 100 K
ata could be fitted to a Raman process withuD 5 105 K
Table 1). Above about 100 K the relaxation rate incre
aster with increasing temperature than is predicted by
aman process alone (Fig. 1). The highest-temperature
oint (198 K) is close to the softening point of the wa
lycerol glass. The additional contribution could be modele
thermally activated process or as a local mode, and a

inction between the two processes cannot be made bas
ata within the available temperature range. The data for
adical in 9:1n-propanol:methanol are similar to the data
:1 water:glycerol and could be modeled with a decr
f the Debye temperature to 80 K and a small decrease inARam

Table 1).
The relaxation rates for the nitroxyl radical tempone in
ater:glycerol are shown in Fig. 1. Between about 20 an
the data could be fitted to a Raman process withuD 5 112

. At higher temperatures an additional process, either the
r local mode, contributes to the relaxation. As noted pr
usly, spin–lattice relaxation rates for nitroxyl radicals at
are substantially faster in solvents such as decalin or su

ctaacetate than in more strongly hydrogen bonding sol
uch as 1:1 water:glycerol (12). Fitting of the temperatur
ependence of 1/T1 for tempone gave substantially sma
alues ofuD in decalin, sucrose octaacetate, or 9:1n-propanol
ethanol than in 1:1 water:glycerol (Table 1), which sugg

hat changes in the Debye temperature are a major factor
olvent dependence of relaxation rates observed previou
00 K. In both decalin and 9:1n-propanol:methanol, the R
an process accounted for the temperature dependence oT1

ver the full temperature range examined, which extende
o 124 or 130 K, respectively. Because of the low softe
emperatures of decalin and 9:1n-propanol:methanol glasse
ata for tempone in these solvents were not obtained a
igher temperatures for which the additional contribution
 to
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168 ZHOU ET AL.
elaxation was observed in 1:1 water:glycerol or sucrose
cetate.
The temperature dependence of the electron spin relax

ate for C60
21 in methyl-THF is shown in Fig. 2. The fit line

he sum of contributions from two processes. The low tem
ture process is assigned as Raman (uD 5 90 K) by analogy
ith the tempone and trityl radicals. For C60

21 it was possible t
btain data at temperatures extending beyond the melting
f the solvent, which showed that the relaxation reach
lateau at higher temperatures. This temperature depende
haracteristic of a thermally activated process. Neithe
rbach process nor a local mode predicts a plateau in

elaxation rate. Similar temperature dependence of relax
ates was observed for C60

21 in methyl-THF (Fig. 2) or 2:1
oluene:acetonitrile and for C23 in DMSO (Table 1).

TAB
Contributions to Spin–Lattice Relax

Sample Lattice
Temperature

range (K) g valuesa

rganic radicals

rityl H 2O:glycerol 22–173 2.005
rityl 9:1 n-PrOH:MeOH 12–132 2.005
empone H2O:glycerol 14–200 2.009, 2.005, 2.0
empone decalin 10–130 2.009, 2.005, 2
empone sucrose octaacetate 11–300 2.009, 2.005
empone 9:1n-PrOH:MeOH 12–124 2.009, 2.005, 2.0

60
2 MeTHF 10–298 1.995, 2.000

60
2 toluene:acetonitrile 9–217 1.994, 1.999

60
32 DMSO 6–134 2.008, 2.000, 1.9

d transition metals

OTTP-COOH ZnTTP solid 41–260 1.984, 1.964
OTTP-bipy toluene:CHCl3 17–120 1.984, 1.966
O21 (aq) H2O:glycerol 11–100 1.980, 1.937
rO(HEBA)2

2 H2O:glycerol 10–150 1.971 1.972 1.9
rNTPP tol:THF 18–130 1.994, 1.956
u(dtc)2 Ni(dtc)2 solid 26–298 2.018, 2.083
u(dtc)2 toluene:CHCl3 25–140 2.019, 2.087
uTTP ZnTTP solid 30–200 2.045, 2.190
uTTP toluene:CHCl3 20–135 2.049, 2.203
nTTPbipy-Cu(hfac)2 toluene:CHCl3 15–100 2.063, 2.288
u(hfac)2-(Me2-bipy) toluene:CHCl3 10–50 2.075, 2.277
eTPP(Im)2

1 toluene:CHCl3 11–130 1.50, 2.13, 2.61
-Mb-Im H2O:glycerol 6–138 1.44, 2.22 3.02
-Mb-CN H2O:glycerol 5–60 ;1., 1.72, 3.48

d transition metals

oOTTP-OEt toluene:CHCl3 20–140 1.967, 1.971
gTTP H2TTP, solid 28–115 2.040, 2.110
gTTP toluene:CHCl3 28–114 0

a For complexes with axial symmetryg values are given in the orderg', g
b Energies in kelvins.
c Contribution from thermal process is small and has observable imp
d Alternate fitting is with second local mode withA 5 5.5 3 106 andD lo
e Data can also be fit with a local mode instead of a Raman process
f Comparable fit to the data also could be obtained with either an Orb
g Dominant contributions are from local mode and/or thermal process
60 l
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Spin–lattice relaxation rates for two vanadyl complexes
hown in Fig. 3. For neither complex was it possible to fit
xperimental temperature dependence with a single relax
rocess. The temperature dependence of 1/T1 for VOTTP-bipy

n 2:1 toluene:CHCl3 (Fig. 3) and for VOTTP-COOH dope
nto ZnTPP (16) are similar and could be fitted with a com
ation of a direct process dominating at low temperature
aman process at intermediate temperatures and a
ode at higher temperatures (Table 1, Fig. 3). To fit
ata in the doped solid at higher temperatures (up to
) than were examined for the glassy solution (up to 120
n additional process was required, which was modele

hermally activated. An alternative assignment for this a
ional higher-temperature contribution would be a sec
ocal mode.

1
n Determined by Fitting to Eq. [1]

Direct
Adir

Raman
ARam, uD

Local
A loc, D loc

b
Thermal

Atherm, Ea
b, tc

o

5.33 103, 105 5.43 1015, 1050, 5.53 10212 c

3.43 103, 80
4.23 104, 112 2.93 1015, 600, 5.53 10212 c

3.93 104, 67
02 2.33 104, 51 6.13 1016, 1150, 4.53 10212

2.43 104, 54
6.03 107, 95 6.83 1019, 330, 3.33 10212

1.63 107, 75 3.33 1019, 370, 3.93 10212

1.33 107, 50 2.63 1019, 334, 3.13 10212

11.5 6.03 104, 100 4.03 105, 350 5.53 1016, 950, 6.53 10212 c,d

8.5 6.53 104, 100 6.53 105, 350
7.43 105, 120 7.93 105, 185

1.3 1.33 105, 115 8.73 105, 370
4.8 1.23 105, 135 4.33 105, 320 8.03 1016, 750, 6.53 10212 c

30 5.83 105, 90 5.73 105, 240
20 3.83 105, 65 2.53 1017, 650, 5.53 10212

19.5 4.83 105, 120 1.53 106, 250 9.73 1017, 950, 5.53 10212

14.5 5.53 105, 110 3.43 105, 250 8.63 1017, 650, 5.53 10212

1.23 107, 125e

6.03 106, 70e

1.23 107, 80 0.83 1020, 240, 5.53 10212 f

20 1.23 108, 82 3.03 1020, 265, 6.53 10212 f

28 9.03 108, 78 4.53 1021, 275, 6.53 10212 f

1.83 105, 120g 3.6 3 106, 350 1.93 1018, 750, 6.53 10212

1.33 105, 120g 1.1 3 107, 270
1.3 3 107, 275

only at temperatures above about 130 K.
950 K.

h process or a local mode.
here is substantial uncertainty in the parameters for the Raman proces
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Above about 20 K the relaxation rates for VO21 (aq) in 1:1
ater:glycerol were faster than for VOTTP-bipy or VOTT
OOH (Fig. 3). The data for VO21 were modeled with th
aman process and a local mode. The importance of a
ode, rather than a thermally activated process, as the s

ontribution to the relaxation is suggested for VO21 becaus
he impact of this mode was evident at temperatures a
bout 25 K, which is much lower than observed for o
rocesses that were assigned as thermally activated. In

ion, if the second contribution were modeled as a therm
ctivated process it would require an activation energy on
rder of 180 K, which is substantially lower than observed
ther processes that were assigned as thermally activate
AO stretching frequency is about 980 cm21 (33), which is

oo high an energy to be the relevant mode. Faster relax
or VO21 than for the vanadyl porphyrins may occur beca
ther local modes in the aquo complex are “softer” than
etalloporphyrins.
The spin–lattice relaxation rates and the temperature d

ence of the rates for CrO(HEBA)2
2 in 1:1 water:glycerol an

or CrNTPP in 9:1 toluene:THF are similar to each other
imilar to that for VOTTP-bipy and VOTTP-COOH, whi
lso have ad1 electron configuration. As noted previously (34),

FIG. 1. Temperature dependence of X-band spin–lattice relaxation
or 0.2 mM Nycomed symmetrical-trityl radical in 1:1 water:glycerol (1), 1
M tempone in 1:1 water:glycerol ({) (22), and 1 mM tempone in glas

ucrose octaacetate (‚). The data for tempone were obtained in the cente
he spectrum. The solid lines through the data are the fits obtained using
nd the parameters in Table 1. The dashed lines are the curves calculate
nly the Raman contribution to the relaxation rates.
a

al
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ve
r
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d

he relatively slow relaxation for Cr(V) in these distor
ctahedral and square pyramidal complexes is the result
igh energy of the lowest electronic excited state. The dat

he Cr(V) complexes were fitted to the sum of contributi
rom the direct process, the Raman process, and a local
Table 1). At the highest temperatures for which data w
vailable for CrNTTP, there was a small additional contr

ion that was modeled as a thermally activated process.
For Cu(dtc)2 doped into Ni(dtc)2 the temperature depe

ence of the relaxation was modeled by the direct proce
inor contribution at the lowest temperatures), the Ra
rocess, and a local mode (Fig. 4). In glassy 2:1 toluene:C3
olution the melting/softening temperature is below the
erature region in which the local mode made a signifi
ontribution to the relaxation for the doped solid, so a lo
ode was not required to fit the data in the glass (Table 1

he glass, an additional contribution was observed above
00 K that was attributed to a thermally activated process
elaxation rates for CuTTP in a doped solid or in gla
olution are similar to those for Cu(dtc)2 and were modele
ith the direct process (small contribution at the lowest t
eratures), the Raman process, a local mode, and a the
ctivated process (small contribution at the highest tem

ures). In both Cu(dtc)2 and CuTTP thed9 Cu(II) is approxi-
ately square planar.

FIG. 2. Temperature dependence of X-band spin–lattice relaxation ra
he perpendicular plane for 0.3 mM C60

2 anion in methyl-THF (1) (23). The
olid line through the data is the fit obtained using Eq. [1] and the param
n Table 1. The contributions to the relaxation from the Raman process (
nd the thermally activated process (–z – z –) are shown separately.
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The relaxation rate for six-coordinate Cu(II)
u(hfac)2(Me2-bipy) is substantially faster than for squ
lanar, four-coordinate Cu(dtc)2, and the data between 10 a
0 K could be modeled with the Raman process (Fig
owever, the faster rate of relaxation for the six-coordi
omplex is not due entirely to the change in coordina
umber. Between 10 and 50 K the relaxation rates for
TPbipy-Cu(hfac)2 are about an order of magnitude slow

han for Cu(hfac)2(Me2-bipy) (24). In both complexes th
u(II) is six-coordinate with N2O4 coordination and theg- and
-values are similar (Table 1,24). However, in ZnTTPbipy
u(hfac)2 the bipyridyl is built into the porphyrin, which ma
ubstantially restrict the conformational flexibility of the co
lex compared with that of Cu(hfac)2(Me2-bipy). The relax
tion data for ZnTTPbipy-Cu(hfac)2 also could be modele
ith the Raman process (Table 1).
It has been proposed that the spin–lattice relaxation rate

ow-spin Fe(III) in heme proteins reflected the fractal dim
ion of the protein (35). However, we observed that the sp
attice relaxation rates are very similar for low-spin Fe(III)
mall-molecule porphyrin complexes and in methemogl
36), which suggests that a common explanation shoul
ought for the relaxation in protein and nonprotein envi
ents. Spin–lattice relaxation rates for the low-spin heme

FIG. 3. Temperature dependence of X-band spin–lattice relaxation
or 1 mM VOTPP-COOH in 2:1 toluene:CHCl3 (1) (16) and for 1 mM VO21

n 1:1 water:glycerol ({) (25) for the mI 5 21
2 perpendicular transitions. Th

olid lines through the data are the fits obtained using Eq. [1] and
arameters in Table 1. The contributions from individual processes t
elaxation for VOTPP-COOH are direct (–z z – z z –), Raman (– – –), and loc
ode (–z – z –).
m
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e
n
-

for
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n
e
-
n

n the methylimidazole adduct of R-MbV66C and R-MbK9
nd for the cyanide adducts of horse heart myoglobin, R-
66C, and R-Mb-K98C are shown in Fig. 5. In the myoglo
ariants the site of the mutation is distant from the heme po
19) and is not expected to affect the iron relaxation rate, w
s consistent with the observation of similar relaxation rate
he two mutants and for horse heart myoglobin. The ex
ental data for both the imidazole and cyanide adducts

tted with the direct process (small contribution at the low
emperatures), the Raman process, and an additional proc
igher temperatures (Fig. 5). Comparable fit to the experim

al data could be obtained assuming that the higher tempe
rocess was thermally activated, a local mode, or an Or
rocess. Similarly, the data for FeTPP(Im)2

1 could be fitted a
he sum of the Raman process and a second process at
emperatures (Table 1).

Data were analyzed for two 4d metalloporphyrin complexe
oOTTP(OEt), 4d1, and AgTTP, 4d9. As noted previousl

16), the temperature dependence of 1/T1 for these complexe
s greater than for similar complexes with 3d1 or 3d9 electron
onfigurations. To fit the data for the Mo(V) and Ag(II) p
hyrins the Debye temperature was fixed at 120 K, which i
verage of the values observed for the 3d1 and 3d9 porphyrin
omplexes (Table 1). The coefficientARam and contribution

FIG. 4. Temperature dependence of X-band spin–lattice relaxation
or ;0.2% Cu(dtc)2 doped into solid Ni(dtc)2 (1) (15) and for 1 mM
u(hfac)2(Me2-bipy) in 2:1 toluene:CHCl3 ({) (24) for themI 5 1

2 perpendic
lar transitions. The solid lines through the data are the fits obtained usin

1] and the parameters in Table 1. The contributions from individual proc
o the relaxation for Cu(dtc)2 are direct (–z z – z z –), Raman (– – –), and loc
ode (–z – z – z ).
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rom other processes were adjusted to obtain the best fit
ata. For MoOTTP(OEt) the predominant contribution is fr
local mode and there is a smaller contribution at hi

emperature that was modeled as thermally activated.
gTTP in glassy solution or doped solid the predomin
ontribution is from a local mode. The temperature range
hich data could be obtained for AgTTP (maximum of 115
ay not extend to high enough temperatures to show
ffects of thermally activated processes.

DISCUSSION

For S 5 1
2 samples with a range of molecular electro

tructures the temperature dependence of 1/T1 was fitted to Eq
1] and the best-fit parameters are summarized in Table
ach case the data were fitted to the minimum numbe
ontributing processes consistent with the experimental
n the following paragraphs we examine trends in the pa
ters.
Raman process.For the organic radicals trityl and tempo

he Raman process is the dominant contribution to the r
tion over most of the temperature range for which experim

al data were obtained. The slopes of the plots in Fig. 1 a

FIG. 5. Temperature dependence of X-band spin–lattice relaxation
or 1 mM imidazole adducts R-Mb-V66C-Im and R-Mb-K98C-Im (1), and 1
M cyanide adducts R-Mb-V66C-CN, R-Mb-K98C-CN, and horse h
yoglobin cyanide ({) in 1:1 water:glycerol (19). The solid lines through th
ata are the fits obtained using Eq. [1] and the parameters in Table 1
ontributions from individual processes to the relaxation for the imida
dducts are direct (–z z – z z –), Raman (– – –), and thermal mode (–z – z –).
6

he

r
or
t
r

)
e

In
of
ta.
-

x-
n-
ve

bout 30 K are about 2, which is expected for the Ra
rocess in the high-temperature limit (37). The onset of limit

ng behavior occurs at a smaller fraction ofuD in glasses tha
n crystalline solids because of the greater role of lower
uency vibrations in glasses (38, 39). For the other specie
xamined, there is a temperature range in which the relax

s consistent with the Raman process, although subst
ontributions from one or more additional processes ar
uired to interpret the experimental data over the full tem
ture range.
For all of the samples studied the Debye temperature (uD) is

etween 50 and 135 K. These values are in a reasonable
ince the Debye temperature for polycrystalline ice is a
00 K (40) and lower values are expected for organic gla
ecause the vibrational modes are softer (41). Literature value
f Debye temperatures for molecular species include 22
for transition metal salts of lidocaine (42), about 33 K for a

in-containing liquid crystal (43), 46–57 K for 4-coordinat
lkyl tin halides (44), 88 K for [Eu(h6-C6Me6)(AlCl 4)2] 4 (45),
8–100 K for one-dimensional organic conductors der

rom TCNQ (46), about 100 K for glassy aqueous 1 M NaOH
47), 102–144 K for 6-coordinate alkyl tin halides (48), about
20 K for bis(ethylenedithio)tetrathiofulvene triiodide (49),
nd 128 K for [(CF3COO)3EuHAl(C2H5)2

•2THF]2 (50).
In 1:1 water:glycerol the Debye temperatures for the r

ively small molecules tempone (112 K), VO21 (120 K), and
rO(HEBA)2

2 (115 K) are similar. These Debye temperatu
re higher than were observed for small molecules in org
olvents: tempone in decalin (67 K), tempone in 9:1n-propa-
ol:methanol (54 K), Cu(dtc)2 in 2:1 toluene:CHCl3 (65 K),
nd Cu(hfac)2(Me2-bipy) in 2:1 toluene:CHCl3 (70 K). The
ifference inuD values between 9:1n-propanol:methanol an
:1 water:glycerol is smaller for the bulky trityl radical (80
s 105 K) than for tempone (54 K vs 112 K) (Table 1). T
npaired electron of the trityl radical is largely localized on
entral carbon, which is insulated from solvent. The t
olecule is sufficiently large (m.w.5 1151 g/mol) thatuD is

trongly influenced by the molecule itself, with some impac
he solvent. The tempone radical is much smaller and
npaired electron is in close proximity to the solvent, wh
akesuD more solvent dependent. For thed1 andd9 metallo-
orphyrinsuD is in the range of 110 to 135 K, independen
hether the host is a polycrystalline diamagnetic metallo
hyrin or glassy 2:1 toluene:CHCl3. The small range inuD for

he metalloporphyrins suggests that, analogous to trityl
olecule largely defines the motions that contribute to
aman process at the paramagnetic center. In contrast to
etalloporphyrins, the Debye temperatures for the low-
e(III) porphyrins, whether small molecule or protein, are

he range of 78–82 K. These lower values suggest tha
dditional axial ligands in these complexes have a subst

mpact on the motions that contribute to the Raman pro
hese Debye temperatures are somewhat higher than theuD 5
0 K obtained for two iron–sulfur ferredoxins (9, 10). Debye
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emperatures between 56 and 65 K were observed for alk
erivatives of DNA (51).
The coefficients of the Raman contribution,ARam, are ex-

ected to depend on several factors. (1) As the rigidity o
aramagnetic center decreases, the paramagnetic cen
omes more sensitive to motions of its surroundings andARam

s expected to increase. (2) Asg anisotropy and deviation ofg
alues from 2.0023 increase, the same amplitude of moti
urrounding atoms has a greater impact on the parama
enter andARam is expected to increase. Theg values reflec
pin–orbit coupling so, equivalently,ARam is expected to in
rease as spin–orbit coupling increases. For example,ARam is
reater for tempone (2.53 104 to 3.9 3 104) than for trityl
adical (;4 3 103), consistent with the greaterg anisotropy fo
empone (Table 1). The substantially largerARam for the C60

nions (;107) than for tempone or trityl is attributed to
ombination of greater spin–orbit coupling and to the w
ariety of low-energy motions accessible to the buckyball.
he vanadyl and Cr(V) porphyrinsARam (;1 3 105) is smaller
han for the Cu(II) porphyrins (;5 3 105), which is consisten
ith the largerg anisotropy for Cu(II) than for vanadyl
r(V) (Table 1). ARam is larger for the six-coordina
u(hfac)2bipy2 adducts (;1 3 107) than for the Cu(II) por
hyrins (;5 3 105) because of greater flexibility and largeg
nisotropy of the Cu(hfac)2 adducts than of the porphyrins. F

he low-spin Fe(III) metmyoglobinsARam increases in the ord
eTPP(Im)2

1 (1.2 3 107) , R-Mb-Im (1 3 108) , R-Mb-CN
9 3 108), which parallels the order of increasingg anisotropy
Table 1).

Direct process.The weak temperature dependence tha
haracteristic of the direct process was observed for VOT
OOH, VOTTP-bipy, CrO(HEBA)2

2, CrNTTP, Cu(dtc)2, and
uTTP at low temperatures (Table 1). The data for tempo
ucrose octaacetate at temperatures below 77 K (Fig. 1)
btained on a 0.7 mM sample. For a 2 mM sample the relax
tion rates at temperatures below about 15 K were faster

or the lower concentration sample and that data could be
ith a contribution from the direct process. In addition,
ave observed that if samples are dissolved in solvents
rystallize (instead of forming a glass) the resulting loc
igh concentration of solute can result in a weak temper
ependence of 1/T1 similar to that predicted by the dire
rocess. The relaxation that is observed under these cond
ay be due to intermolecular electron–electron spin–spi

eraction. Thus, the observation of a weak temperature d
ence of 1/T1 at low temperatures may not always be du

he direct process for isolated spins. The samples used f
resent study were prepared at relatively low concentra
;millimolar) in glass-forming solvents to minimize interm
ecular interactions. Saturation recovery measurements
ate that the concentrations used in these studies are
nough that relaxation rates for the samples reported he
ot significantly concentration dependent at;100 K. How-
ver, further tests of the concentration dependence of r
elaa
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tion rates at temperatures below about 10 K will be requ
o distinguish between inter- and intramolecular contribut
o the process that we refer to as the direct process in
eport.

Local modes.For most of the transition metal complexes
dditional process with a characteristic energy in the rang
85 to 350 K (130 to 240 cm21) was required to fit the dat
hese processes are tentatively assigned to local mode
rations in this energy range have been observed for me
orphyrins by resonance Raman spectroscopy (52). The coef-
cients, A loc, were of the order of 105 for the 3d transition
etals and increased to 43 106 and 13 107 for 4d Mo(V) and
g(II), respectively. The increase inA loc with increasing prin
ipal quantum number is consistent with increasing spin–
oupling for heavier transition metals. Because of the l
alues ofA loc the local mode contributions dominate over
aman process for the complexes of Mo(V) and Ag(II). F

her work is needed to determine whether this is a ge
henomenon for complexes of heavier transition metals.

emperature dependence ofg values ford9 [Ni(CN)4Cl2]
52 in

aCl has been assigned to low-frequency local anharm
ibrations (53). The temperature dependence of the Ra
pectrum of tetramethylbenzene has been assigned to
ional mode at 190 cm21 (54).
In an NMRD study of the relaxation of Cu(II)-substitut

ransferrin and native (copper–zinc) superoxide dismuta
as observed that the spin–lattice relaxation rate for the C
id not depend on the rotational correlation time for the pro
55). It was proposed that the relaxation occurred via vibrat
f the protein that provided a “microcrystal” environment

he paramagnetic center (55). This observation suggests th
he temperature dependence of relaxation rates observe
etal ions in proteins in rigid lattice may extrapolate into

low tumbling region in fluid solution.
Thermally activated process.For several of the samples

dditional contribution was observed at the highest temp
ures for which data were available. This contribution
reated as a thermally activated process, although a comp
t to the data could be obtained assuming another local m
ith a characteristic energy approximately equal to the valu
a used for the thermal process. To distinguish among a
ode, a thermally activated process, and an Orbach pr

equires experimental data at temperatures up to or beyon
emperature equivalent to the characteristic energy. It
ossible to make this distinction only for the C60 anions. In this
ase the leveling off of the relaxation rates at high temper
s characteristic of a thermally activated process. Eithe
rbach process or a local mode would predict that the r
tion rate would continue to increase with increasing tem
ture. Thus, the high temperature process for the C60 anions is
ssigned as thermal with an activation energy in the ran
30 to 370 K (230 to 255 cm21). The similarity in the activa

ion energies for this thermal process for the different an
nd different solvents and the observation that melting o
f the
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olvent does not cause a discontinuity in the temperatur
endence suggest that the dynamic process is a vibra
ode of the buckyball. The activation energy of 330 to 37

228 to 255 cm21) is within experimental uncertainty of the 2
m21 vibration observed for C60 and its anions (56).
Low-spin hemes.The experimental data for the low-sp

emes (Fig. 5 and Table 1) do not extend to high eno
emperature to distinguish between an Orbach, local mod
hermally activated process. Comparable fit to the avai
ata can be obtained for each of these options with a ch

eristic energy of 240 to 275 K (165 to 190 cm21) (Table 1) tha
s approximately the same for the three systems examin
he process is Orbach then the characteristic energy,DOrb,
ould be the energy separation between the ground state

ow-lying electronic excited state. EPRg-values for low-spin
e(III) can be analyzed to determine the energy of the

ying excited state (57, 58) in units of l, the spin–orbit cou
ling constant. Application of this approach to FeTPP(Im2

1,
-Mb-Im, and R-Mb-CN gives energies of 2.23l, 1.68l, and
.9 l, respectively. Since it is likely thatl is similar for the

hree low-spin hemes, these calculations indicate that th
rgies for the low-lying electronic states are quite differen

he three systems, which is not consistent with assign
f the process as Orbach with an approximately constant
f DOrb.
Based on literature values ofl one can also estimate t

nergy of the low-lying excited state. The free ion value ol
or Fe(III) is about 500 cm21 (59, 60) and is expected to b
maller in complexes due to covalency. Levin and Brill
ainedl 5 350 cm21 for high-spin metmyoglobin (61). Baker
nd Figgis obtained values ofl between 260 and 270 cm21

rom EPR and magnetic susceptibility studies on low-
e(III) complexes: tris(o-phenanthroline) iron(III), tris(2,29-
ipyridyl) iron(III), and hexacyanoferrate (62). Using these
alues as estimates ofl, the energy separations of 2.23l, 1.68
, and 0.9l correspond to 780 or 590 cm21 for FeTPP(Im)2

1,
88 or 445 cm21 for R-Mb-Im, and 315 or 240 cm21 for
-Mb-CN. These values are in the same range as the es
f 355 to 590 cm21 for the thermally accessible excited state

ow-spin Fe(III) in horse heart ferrocytochromec (63). The
stimates for the energy of the low-lying excited state
ubstantially larger than the value ofDOrb that would be ob
ained if the high-temperature spin–lattice relaxation pro
ere assigned as Orbach (165 to 185 cm21). This reasonin
lso suggests that assignment of the high-temperature p

o an Orbach process involving a low-lying electronic exc
tate is not plausible.
Assignment to a local mode would require a vibratio

requency of 165 to 185 cm21. Resonance Raman spectra
eme proteins indicate that the Fe–N stretching frequenc

he bond to the distal histidine is typically about 200 cm21 (64).
hus, assignment of the high-temperature process to a
ibrational mode may be plausible. At room temperature
ation around the Fe–N bond to coordinated imidazole
 is
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elatively facile process in model Fe(III) porphyrinates (65),
hich suggests that low-amplitude oscillations might oc
ith a relatively low barrier even at lower temperatures. T
rocess is another possibility for a thermally activated re
tion process. Comparison with results for other low-
eme systems will be needed to test the plausibility of t
roposals.
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