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Molecular Oxygen Spin-Lattice Relaxation in Solutions Measured
by Proton Magnetic Relaxation Dispersion
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Proton spin-lattice relaxation rate constants have been mea-
sured as a function of magnetic field strength for water, water—
glycerol solution, cyclohexane, methanol, benzene, acetone, aceto-
nitrile, and dimethyl sulfoxide. The magnetic relaxation dispersion
is well approximated by a Lorentzian shape. The origin of the
relaxation dispersion is identified with the paramagnetic contri-
bution from molecular oxygen. In the small molecule cases studied
here, the effective correlation time for the electron-nuclear cou-
pling may include contributions from both translational diffusion
and the electron T,. The electron T, for molecular oxygen dis-
solved in several solvents was found to be approximately 7.5 ps
and nearly independent of solvent or viscosity. © 2001 Academic Press
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pling has contributions from both translational diffusion an
the electron spin—lattice relaxation timg,.. However,T,, is
found to be approximately 7.5 ps and practically independe
of solvent and viscosity.

EXPERIMENTAL

Cyclohexane (100%, CAS No: 110-82-7), benzene (100
CAS No: 71-43-2), acetonitrile (99.9%, CAS No: 75-05-8)
and dimethyl sulfoxide (99.9%, CAS No: 67-68-5) were pul
chased from J. T. Baker Inc. (Phillipsburg, NJ). Glycerc
(99.8%, CAS No: 56-81-5), methanol (100%, CAS No: 67-5¢
1), and acetone (99.7%, CAS No: 67-64-1) were purchas

from Mallinckrodt Baker Inc. (Paris, KY). Distilled and deion-
ized water (resistance 17.5 M()) was drawn from a Barn-
Recent applications of molecular oxygen as a relaxatiefead NANOpure (Barnstead, Dubuque, IA) ultrapure wat
agent to define how oxygen interacts with macromolecules “§9stem that used house deionized water as the feed.
a folded protein give new importance to understanding thea|| solvents except for water—glycerol solution (50% b
electron-spin relaxation in molecular oxygef).(Molecular \weight) were equilibrated with a continuous flow of oxygei
oxygen is well known to alter the magnetic relaxation rates 95[)9.995%, BOC Gases, Murray Hill, NJ) for at |¢8sh before
nuclear and electron spin resonances; however, the electifg®asurements were taken. The glycerol sample was preps
spin relaxation properties of oxygen itself are not well charag equilibrium with air to eliminate microbubble formation in
terized @-5. The EPR spectrum is usually inaccessible behe highly viscous solution. Samples were sealed in threac
cause the lines are broad; however, the oxygen molecule nB¥irin or polycarbonate sample holders with nylon screws th
alter both electron spin and nuclear spin relaxation rates &§mpressed silicone O-ring cord-stock plu#i§)( All surfaces
cosolute spins through contact and dipole—dipole coupling contact with the samples were washed with 0.1 M EDT.
mechanisms2). The magnetic field dependence of spin—latticeolution and dried in an oven prior to use.
relaxation rates, magnetic relaxation dispersion (MRD), pro- The magnetic relaxation dispersion data were obtained us
vides an efficient method for characterizing both spin argl dual magnet spectrometer described elsewht@g This
molecular dynamicsg, 7). In paramagnetic systems, the MRDspectrometer employs a modified Magnex superconducti
profile generally provides a direct report of the effective cofz.05 T solenoid operating in close proximity to a GMW 4-incl
relation times that dominate the electron-nuclear couplinggariable field electromagnet, which is magnetically isolated f
The correlation times may include contributions from translan iron shield. The nuclear spin system is polarized in tl
tional diffusion, rotational diffusion, the electron spin relaxhigh-field magnet, shuttled pneumatically to the remote ele
ation times, and chemical exchange times when they are rel@magnet where the magnetization evolves for a variable tin
vant as in a labile paramagnetic metal-ligand comp&»9). The sample is then pneumatically returned to the high-fie
We have measuretH MRD profiles for several solvents in environment where the remaining magnetization is promp
equilibrium with oxygen or air in order to understand whadetected. The experiments were performed at ambient labc
correlation time dominates the electron-nuclear couplings tory temperature, maintained at approximately 294 K. Nonli
oxygenated solutions. The essential result is that the effectar fits to the data were performed using the Igor 3.21 (Wa\
correlation time for the intermolecular electron—proton cowMatrix, Inc., Lake Oswego, OR) for the Maclntosh compute

.
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10° o 0 0" 0" _solvents in gontact with oxygen derives from the paramagn
ot isid il il il ism of the dlssolyed oxygen.
o5 o Boraons | . The MRD profiles for the different solvents are remarkabl
o Acotons similar. Different relaxation rates are expected because
"o 204 4 Aoeoniie | relaxation rate is generally linear in the concentration of tt

paramagnetic center. However, the effective correlation time
L the inflection frequency should not depend on the oxyg
concentration unless the concentration becomes sufficier
= large that oxygen—oxygen interactions become importal
There is no evidence for oxygen—oxygen effects in these de
g [ The paramagnetic contribution to the relaxation dispersi
T T T T T T profile is expected to be dominated by the relative translatior

10 0 o ads) 1o 10 motion of the oxygen molecule and the solvent protons. Tl
relaxation equations for this problem have been developed

FIG. 1. Proton spin—lattice relaxation rates measured as a function of t|
magnetic field strength reported as the proton Larmor frequency (bottom) aE? ed and colleagued, 13 and by Ayantet al. (14). These

electron Larmor frequency (top) for cyclohexa®),(benzenel[)), methanol theories, which are appropria_te for the current (_jata set, inclt
(V), acetone @), acetonitrile &), and dimethyl sulfoxide<¢) at laboratory four parameters: the translational correlation time or the rel

temperature. All samples were prepared in equilibrium with 1 atm of oxygefive diffusion constant, the distance of closest approach

tween the interacting spins, the low-field electron spin rela

ation time, and the correlation time for the electron spi
platform and Mathematica 3.0 (Wolfram Research Inc., Charlaxation process. The inflection frequencies in the data
paign, IL) for the Unix computer platform. Fig. 1 correspond to correlation times that are shorter than m
measures of solvent—-molecule translational correlation time
Thus, the electron relaxation time must make a significa
contribution to the effective correlation time for the electror

Proton spin—lattice relaxation rates for cyclohexane, beﬂyclear coupling. The_ pro‘?'em in fitting data to the t_ranslz
zene, methanol, acetone, acetonitrile, and dimethyl sulfoxi@nal rélaxation equations is that the short electron spin rele
equilibrated with oxygen at 1 atm are shown in Fig. 1 as afion time makes the fit r'elatl'vely |nsen5|'t|ve to the choices
function of magnetic field strength plotted as the proton Lagje trar1'slat|.onal correlation time or, equivalently, the transl
mor frequency on the bottom axis. The electron Larmor frédnal diffusion constant and the distance of closest approa
quency is shown on the top axis. Data for aqueous systems W@ minimize these problems by assuming the Lorentzi
shown in Fig. 2 where the water was in equilibrium with 1 atrf¥nction in Eq. [1], which is the form of the translational mode
oxygen but the 50% glycerol solution was in equilibrium witn the limit that the electron spin relaxation time is very shor
air. In the absence of oxygen, there is no significant magnetic
field dependence of the solvent—proton spin—lattice relaxation
rate constants over the range of fields studied. The rotational ot o “’s"“d’fg,o o o
and translational motions that dominate the proton—proton di- cvinl el el vl
pole—dipole contributions to nuclear spin relaxation disperse at 12 gt N
Larmor frequencies more than an order of magnitude larger 1.1 -
than those studied here because the correlation times are in the*
range of tens to hundreds of picoseconds. The internal chair—
chair conformational interconversions in cyclohexane, which
may be detected by spin—lattice relaxation dispersion measure-
ments in the radiofrequency fieldZ), make no significant
contribution to the dispersion in the Zeeman field because the
relaxation contribution is proportional to the square of the
chemical shift difference and, therefore, to the square of the L B B AL B AL I
magnetic field strength. The chair—chair interconversion would 1 00t 1o* 1o°
correspond to a dispersion near 1 MHz but at this low field the
chemical shift differences are so small that the relaxationF'G-2- Proton spin—lattice relaxation rates measured as a function of t

. . . L . magnetic field strength reported as the proton Larmor frequency (bottom) &
Conmbytlon IS ”eg"g'b'e compared with tho_se from _Otheélectron Larmor frequency (top) for wated) prepared in equilibrium with 1
relaxation mechanisms. Therefore, the magnetic relaxation dign oxygen and for 50% glycerol by weight prepared in equilibrium with 1 at
persion observed in the proton relaxation rate of the differest (@).
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TABLE 1 in the water—glycerol solutions. Figure 2 also shows that tl
Electron Spin Relaxation Parameters amplitude of the relaxation dispersion or the difference b
tween the high- and low-field relaxation rates is reduced si

7 (ps) A (<109 B nificantly. This reduction is caused in part by the reduce
Cyclohexane 7202 4.9+ 02 114+ 002 OXygen partial pressure in air, which is partly compensated
Benzene 5.2-0.2 3.3+ 0.2 0.47+0.01 increased oxygen solubility. A second factor is the probabili
Methanol (CH) 45+03 31+03 0.43+0.02 that a water molecule is in contact with the paramagne
ﬁgggzﬁr”e :-gf 8-:2% g?f 8-3 8-23‘:’ g-gi relaxation center. In neat solvents, this factor is suppressed,
DMSO 6.7+ 04 14+ 01 0.48+ 0.01 mcluded_as a sc_allng factor that accounts quite well for tl
Glyceroliwater (L:1) 5.7 0.9 3.0+ 0.7 100+ 001 Observations in dilute electrolyte solutions when the force-fr
Water 6.8+ 0.5 1.2+ 0.1 0.50+ 0.01 conditions are relaxed.8). In the water—glycerol solution, the

presence of glycerol excludes a certain volume from simult
neous occupancy by water adjacent to the oxygen. Althougl!
1 - detailed calculation is beyond the scope of this discussion, i
== A[ } + B, [1] 50% solution by weight, the reduction expected is of order
T The magnitudes of the effective correlation times shown
Table 1 do not change very much over the range of solvel

where A and B are constanisps is the electron Larmor g gied. However, they are not completely independent

frequency, andr is the correlation for the electron-nucleagqyent. | the inflection frequency represented simply,4/
coupling. This equation is based on the more general form

all solvents would yield the same dispersion curve and tl
oxygenT, would be approximately 5 ps. However, this cerre
lation time is close enough to translational correlation time
that the translational motions may contribute to the effecti
correlation time. We may reintroduce the translational motic
whereJ(w, s) are spectral densities at the nuclear and electrdiwe assume that the effective correlation time for the electro
Larmor frequencies, respectivel¥5-17. Thus, the first term nuclear coupling may be written as

in Eq. [1] includes the dispersion from the electron Larmor

frequency and the constarg, includes the contribution asso- 1 1 1

ciated with the nuclear Larmor frequency or th@),) term as T ﬁJr T 3]
well as the field-independent diamagnetic contribution. The

factorA is a function of the magnetogyric ratios of the protoyhere the translational correlation tims, may be related to
and the electron, the dissolved oxygen concentration, the {fg re|ative diffusion constar,... Because the solute mobility
termoment distance, and the usual physical constants. We ngtgnited in part by the motion of the solvent, we may appro»

that the Delrin sample shuttle used in these experiments is faba the relative diffusion constant for the solvent and tt
completely impervious to oxygen. There may be a slight d”f)txygen as twice that of the solvent. Thus, we may write
in the oxygen concentration during these experiments, which

will appear as a variation in parameterbut will not affect the 1 6(2D )

conclusions. Polycarbonate sample holders leak oxygen quite — = $ [4]
rapidly. The results are summarized in Table 1 in terms of the T !

parameters of Eq. [1] and are shown as the solid lines in Figs.. ) o

1 and 2. The entries in Table 1 show that the inflectio?n is the mean jump length for the diffusive process, usual
frequency is only a weak function of the solvent choice despi@@Proximated as the diameter of the molecule, which is pr

the fact that the translational diffusion constants or viscositi@@rtional to the power of the molar volume or, equivalently,
for these solvents differ. the (molecular mass/densit{f) We may than write

Figure 2 summarizes measurements made on water protons
in water and in aqueous glycerol, 50% by weight, in equilib- 1 (1> (rmxv) o
. : . : - . - : - + CDsolven ’ [5]
rium with air. The glycerol solution has a viscosity five times Tie
that of water, which will increase the correlation times for the
translational and rotational motions that dominate proton—pnehereC is a constant, mw the molecular weightthe density,
ton dipole—dipole couplings. Thus, the relaxation dispersi@nd D . the self-diffusion constant for the solvent, respec
curve is shifted to higher relaxation rates. However, the infletively. If the electron relaxation time is constant, then Eq. [~
tion frequency is unchanged from that in water. Therefore, tieelinear. The data of Table 1 are plotted according to Eq. [
translational and rotational motions make no effective contiia Fig. 3, which shows that the effective correlation time for th
bution to the correlation time for the electron-nuclear couplinglectron-nuclear coupling in the nonagueous solvents is r

1+ ngz

1
T,- Al3J(w)) + 7I(w9)], [2]
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0.25 acetone e . . . . .
acetShitile magnetism is used to probe interactions with cosolute mac
methanol molecules by measuring the oxygen-induced changes in m
~o020 | benzene romolecule'H spin-lattice relaxation rates.
‘.'m i O
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