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Abstract: Proton spin-lattice relaxation rate changes induced by freely diffusing oxygen in aqueous and
mixed solvents are reported for representative amino acids and glucose. The local oxygen concentration
at each spectrally resolved proton was deduced from the paramagnetic contribution to the relaxation rate.
The measured relaxation increment is compared to that of the force-free diffusion relaxation model, and
the differences are related to a free energy for the oxygen association with different portions of the solute
molecules. The free energy differences are small, on the order of -800 to -2000 J/mol, but are uniformly
negative for all proton positions measured on the amino acids in water and reflect the energetic benefit of
weak association of hydrophobic cosolutes. For glucose, CH proton positions report negative free energies
for oxygen association, the magnitude of which depends on the solvent; however, the hydroxyl positions
report positive free energy differences relative to the force-free diffusion model, which is consistent with
partial occupancy in the OH region by a solvent hydrogen bond.

The energetics of intermolecular contacts is central to
chemical reactivity and molecular recognition. The details of
intermolecular exploration impact both the thermodynamics and
the kinetics of reactions in condensed phases and are central to
a number of efforts to control catalytic processes ranging from
heterogeneous inorganic systems to crucial enzymic components
of biological processes. The definition of the nature of inter-
molecular contact is difficult, although molecular simulations
provide one powerful approach to the problem.1 Experimental
approaches have predominantly rested on spectroscopic tech-
niques that may provide structural or spatial resolution within
the interacting molecules; NMR is the leading example.2-9 The
NMR experiments are similar in concept to fluorescence
quenching experiments except that the resolution is limited only
by the number of distinctly resolved nuclear resonances provided
by the molecule. The change in the nuclear spin relaxation times
induced by a paramagnetic cosolute may be related to the

probability that the paramagnetic cosolute contacts the particular
observed nuclear spin. We extend this general approach in the
present work to take advantage of specific relaxation properties
of the paramagnetic center that simplify the analysis and permit
quantitative interpretation of the spin relaxation rate changes
in terms of intermolecular free energy differences.

Theoretical Background

In the absence of long-lived specific binding interactions, the
electron-nuclear dipole-dipole coupling between a freely
diffusing electron spin and a nuclear spin is generally modulated
by the relative translational diffusion of the spin-bearing
molecules and by the relaxation of the electron spin. The
analytical models for the spin-lattice relaxation rate constants
when the length as well as the orientation of the intermoment
vector may change are distinct from those for intramolecular
dipolar couplings modulated by rotational diffusion. The major
differences are that the spectral density functions that enter the
relaxation equation are not Lorentzian, but may be considerably
broader, and the distance dependence of the paramagnetic
contribution to the relaxation rate constant appears to be weaker
because adding all contributions involves an integration over
the intermoment distance that may extend to limits of the
container size, which is practically infinity on the scale of
molecular dimensions. Analytical expressions for the transla-
tional contribution to the paramagnetic relaxation rate constant
have been developed by Ayant, Hwang and Freed, and
Freed.10-12 For the applications of interest here, there are two
limits for the electron spin relaxation time,T1e, of the freely
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diffusing paramagnetic center: (1)T1e may be long as compared
to the translational correlation time or the rotational correlation
time of the target molecule of interest. (2)T1e may be short as
compared to translational diffusion correlation times. The first
case is relevant to nitroxide centers and some metal centers that
have been used most often in the past;2-9 the second is important
to the present discussion where we use dioxygen as the
paramagnetic relaxation agent.13-16 The paramagnetic contribu-
tion to the kth proton in solution originating with a dipolar
coupling to the oxygen center is given by Freed:17

where

[S] is the concentration of the paramagnetic molecule, whileS
is the electron spin quantum number which is 1 for oxygen,ω
is the Larmor frequency for the nuclear spinI, or the electron
spin S, P is a factor discussed below that equals 1 for a
nonbonded hydrogen atom,b is the distance of closest approach
between the electron and nuclear spin, andD is the relative
diffusion constant.TjS is the electron spin-lattice or transverse
relaxation time forj ) 1 or 2, respectively, and the other
symbols have their usual meaning. The electron relaxation time
constant for dioxygen is 7.5 ps,18 so that the magnetic relaxation
dispersion is approaching the limit of Lorentzian where the
correlation time for the electron-nuclear coupling is dominated
by the short electronT1. Because the correlation time for the
electron-nuclear coupling is short and remarkably insensitive
to solution viscosity, the paramagnetic contribution to the spin
relaxation rate constant at each proton is proportional toP[S],
which may also be regarded as the effective concentration of
the paramagnetic molecules. Nevertheless, the relaxation ef-
ficiency depends on the intermoment distance as shown in
Figure 1, where we set the correlation time at 7.5 ps, the
translational diffusion constant to that of the solvent water, 2
× 10-5 cm2 s-1, and assume the spherical symmetry of a
hydrogen atom. The calculation is truncated at distances below
the sum of the van der Waals radii of the hydrogen and oxygen
atoms. The dashed line indicates the relaxation rate that would
be observed if the distance of closest approach to the hydrogen
atom is increased by the presence of an intervening water
molecule; the relaxation rate constant falls by nearly a factor

of 10 if water is in the way, which increases the intermoment
separation by approximately 3 Å. Because the correlation time
is the electronT1 of oxygen, the relaxation rate constant is not
significantly sensitive to changes in the translational mobility
of the oxygen in the vicinity of the cosolute that is observed in
the NMR spectrum. Therefore, the paramagnetic contribution
to the proton relaxation rate is an effective measure of the time-
average proximity of oxygen to the measured proton. For the
spectrum to be in the fast chemical exchange limit, the time
scale for the averaging process must be on the order of the
relaxation time for the proton when the oxygen is adjacent to
the proton, which is approximately 0.2 ms. All present evidence
indicates that the mean lifetimes for the oxygen interactions
are short as compared to this value; that is, the NMR spectrum
is in the rapid exchange limit.

The parameterP includes factors that may change the
accessibility to a particular nuclear spin including steric factors
and any biases in the effective local concentration created by
the local energetic profile. This factor may be divided into two
parts: a steric factor and an equilibrium constant that accounts
for locally different concentrations of the diffusing paramagnet
created by the sum of intermolecular interactions. Thus, we may
write for thekth proton site of the solute molecule,

wherefk is a geometric factor that accounts for the local bonding
pattern in the molecule that limits uniform access to the detected
nuclear spin.

The possibility that an intermolecular complex forms raises
the question of whether the relaxation equation for translational
diffusion is appropriate to describe the nuclear spin relaxation.
However, for oxygen, the electron spin-lattice relaxation time
is very short and dominates the correlation time for the
electron-nuclear dipole-dipole coupling. As a consequence,
the magnetic relaxation dispersion predicted by eq 1 is Lorent-
zian, and essentially degenerate with that for a rotationally
correlated model. In either the rotational or the translational case,
the electron relaxation time is the shortest correlation time in
the problem. Thus, we may treat the data without implicit bias
in the relaxation model using eq 1 because the short correlation
time of the oxygen decouples the relaxation efficiency from
the translational or rotational dynamics of the electron-nuclear
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Figure 1. Proton spin-lattice relaxation rate contribution from oxygen at
a magnetic field of 11.74 T computed using the Freed model17 as a function
of the intermoment distance assuming a correlation time of 7.5 ps appropriate
for the oxygen electronT1. The dotted line represents the relaxation rate at
the intermoment separation of the van der Waals contact plus 3 Å, which
is appropriate for the case of a proton relaxed by oxygen with an intervening
water molecule separating the oxygen from the proton.

Pk ) fkKk Kk ) [O2,local]/[O2,bulk] (4)
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coupling. Because the paramagnetic relaxation contribution is
decoupled from the translational and rotational dynamics of the
interacting particles, we may compute the paramagnetic con-
tribution to the relaxation rate by adding contributions from all
points in the space available to the paramagnetic center using
a lattice model. The approach is justified provided that the
oxygen is uniformly distributed in the solution. As shown in
Figure 2, we place a lattice of points around the solute molecule
and compute the total paramagnetic contribution to the relaxation
rate constant as a sum of contributions proportional to the
inverse sixth power of the distance from each point weighted
by the volume element size, setting to zero any point that is
inside a solute atom or inside the surface described by the
shortest distances of approach between oxygen and the solute
atoms. This calculation agrees well with the paramagnetic
contribution to proton spin-lattice relaxation rates measured
in nonaqueous solutions and incorporates the several aspects
of excluded volume and steric factors associated with the
anisotropy in the distances of closest approach between the
solute protons and the oxygen molecule.19 The steric factors
for each proton observed are summarized in Table 1, where
each entry is normalized to the lattice sum for a hydrogen atom,
which is taken as the reference. The factors may vary by a few
percent depending on the particular conformation of the
molecule, but on average are about a factor of 2 reduction
relative to a nonbonded hydrogen atom. The calculation yields
the nuclear spin-lattice relaxation rate constants appropriate
to the force-free or hard-sphere limit for the intermolecular
potential.

Simultaneous measurement of the paramagnetic contribution
to the solute and the solvent protons provides a simple means

for eliminating the effects of small differences in the oxygen
concentration between samples. The ratio of the paramagnetic
relaxation rates may be written

where the factorsfk are the steric factors deduced from the
lattice-sum calculations for the solvent protons and each solute
proton,k, andB(ω) collects the remaining factors in eq 1. Thus,
the paramagnetic contribution to the relaxation rate provides
Kk, a measure of the concentration of the oxygen molecule at
the kth proton of the solute as compared to the bulk solvent,
which is taken as the appropriate reference state. TheKk values
are then related to the free energy difference between the
aqueous pool and that immediately adjacent to the observed
solute proton by the classic relation

Experimental Section

D-Glucose,L-phenylalanine,L-arginine,L-alanine,L-leucine,L-lysine,
andL-thyrosine were purchased from Sigma-Aldrich and used without
further purification. The glucose and amino acid solution concentration
was 50 mM with 99.96% D deuterium oxide and 99.96% deuterated
DMSO (Cambridge Isotope Laboratories, Inc., Andover, MA) as
solvents depending on the experiment.

Although oxygen is a convenient paramagnetic reagent, the solubility
is low (∼0.23 mM)20 when equilibrated with air at 25°C. To achieve
the desired dynamic range in the relaxation measurements, all of the
samples were equilibrated with 11 atm of O2 using pressure/vacuum
valve sample tubes 524 PP purchased from Wilmad Glass, Buena, NJ.

Pressure is applied to the NMR sample tubes by first clearing any
dissolved air in the solution using freeze-pump-thaw cycles and then
by equilibrating the protein solution with 11 atm oxygen (99.997%,

(19) Martini, S.; Teng, C.-L.; Diakova, G.; Bryant, R. G., unpublished results. (20) Wilhelm, E.; Battino, R.; Wilcock, R. J.Chem. ReV. 1977, 77, 219-262.

Figure 2. Lattice model diagram for computing the paramagnetic contribu-
tion to the proton spin-lattice relaxation rate in solutions where theT1 for
the paramagnetic center is short as compared to the correlation time for
relative translational motion of the electron-nuclear pairs. The total
paramagnetic contribution is proportional to the sum of the inverse sixth
power of the distance from each point weighted by the volume element
size, setting to zero any point inside an atom or the surface described by
the distance of closest approach between solute protons and oxygen.

Table 1. Geometric Factors Computed Relative to Hydrogen
Atom Based on Lattice-Sum Ratios Obtained with a 0.025 Å
Lattice Spacing

proton fg (H) proton fg (H)

water 0.59 PHE:HB2 0.59
hydrogen atom 1.00 PHE:H4 0.74
DMSO 0.44 PHE:H24 0.46
ALA:HA 0.55 PHE:H42 0.57
ALA:HB1 0.68 PHE:H35 0.73
ALA:HB2 0.64 PHE:H53 0.75
ALA:HB3 0.64 TYR:HA 0.61
ARG:HA 0.52 TYR:HB1 0.54
ARG:HB1 0.50 TYR:HB2 0.60
ARG:HB2 0.41 TYR:H26 0.46
ARG:HD1 0.63 TYR:H35 0.68
ARG:HD2 0.51 TYR:H53 0.66
ARG:HG1 0.47 TYR:H62 0.57
ARG:HG2 0.40 GLU_B:HO1 0.81
LYS:HA 0.49 GLU_B:HO2 0.68
LYS:HB1 0.49 GLU_B:HO3 0.68
LYS:HB2 0.51 GLU_B:HO4 0.67
LYS:HD1 0.53 GLU_B:HO6 0.78
LYS:HD2 0.60 GLU_B:H1 0.54
LYS:HE1 0.63 GLU_B:H2 0.44
LYS:HE2 0.65 GLU_B:H3 0.51
LYS:HG1 0.46 GLU_B:H4 0.40
LYS:HG2 0.50 GLU_B:H5 0.44
PHE:HA 0.61 GLU_B:H6 0.63
PHE:HB1 0.54 GLU_B:H7 0.59

( R1,solute
para

R1,solvent
para)

k

)
PsoluteB(ω)[O2]BULK

PsolventB(ω)[O2]BULK

) Kk

fk,solute

fsolvent
(5)

∆Gk° ) -RT ln Kk. (6)

Local Measures of Free Energies in Solution A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 46, 2004 15255



BOS Gases, Murray Hill, NJ) or nitrogen (99.9995% BOS Gases,
Murray Hill, NJ). Eight freeze-pump-thaw cycles were conducted,
using dry ice-2-propanol as the cooling agent. Samples were sealed
with a gastight screw that was further secured mechanically with
Parafilm.

All NMR data were acquired using a 500 MHz Varian Unity Plus
spectrometer.1H NMR spectra were acquired at 30°C with spectral
width of 5000 Hz. Proton spin-lattice relaxation rates were measured
using the inversion recovery sequence (180-τ-90-t)n, using a
saturation recovery delay list of 0.10, 0.25, 0.36, 0.50, 0.70, 0.90, 1.20,
1.60, 2.30, 3.0, 4.0, 5.0, and 6.0 s. Each acquisition consisted of 32
transients, containing 8192 complex points. Because the recovery of
proton longitudinal magnetization after a 180° pulse is not generally
represented by a single exponential, due to the sum of different
relaxation terms, the spin-lattice relaxation rates were calculated using
the initial slope approximation, and, subsequently, a three-parameter
exponential regression analysis of the longitudinal recovery curves was
performed.

Results and Discussion

The paramagnetic contributions to the proton relaxation rates
of solute protons were isolated by measuring the spin-lattice
relaxation rate constant under 11 atm of nitrogen and 11 atm
of oxygen. Representative relaxation data are shown in Figure
3 for glucose H-5R. Figure 4 summarizes the relaxation data
obtained for aqueous solutions of several amino acids utilizing
the analytical approach outlined above. The free energies
deduced are all negative relative to the hard-sphere model
reference, but there are reproducible differences between
different positions in these molecules.

Averaged over all of the protons measured, the free energy
changes are approximately-1.4 kJ/mol, which indicates that
the local oxygen concentration is approximately 80% higher
than expected based on a hard-sphere model, that is, one that
neglects any intermolecular association that may be driven by
London dispersion forces or solvent effects. As sensed at any
individual proton, these energy changes are small, approximately
-0.6 in units of RT, but are easily measured. The total oxygen
interaction with a particular molecule is the sum of such
individual contributions; the total intermolecular free energy thus
scales with the size of the solute molecule. It is important to
point out that in nonpolar nonaqueous solvents such as
chloroform, free energy differences such as those measured here
are often essentially zero; that is, the measured equilibrium
constant is 1, and the hard-sphere calculation reproduces the
observation reliably.21 Thus, the free energy differences reported
here are determined in large measure by the solvent water.
Because the CH proton regions of the solute molecules are
hydrophobic, and oxygen is hydrophobic and sparingly soluble
in water, the unfavorable solvation of both the oxygen and the
CH regions of the cosolute may be minimized by an association.
We note that the formation of a clathrate structure about
hydrophobic regions of the solute molecules, methyl groups,
for example, that would exclude paramagnetic oxygen would
lead to a measured relaxation rate constant that is smaller than
expected based on a free diffusion model. In this case, the
analytical strategy employed would yield a positive free energy
for the oxygen-solute interaction, which is not observed in the
amino acids studied here.

Glucose provides both similarities and differences as sum-
marized in Figure 5. The CH regions of glucose uniformly show
negative free energies for the oxygen interaction. In water, the
average free energy difference is-1.7 kJ/mol or-0.7 in units
of RT. These free energy differences are similar to these found
for the CH positions in the aqueous amino acid solutions, even
though the glucose is rich in OH functions that could dominate
the local interactions with water. Glucose was studied in DMSO
solutions so that the OH protons could be readily detected. In
DMSO, and DMSO to which a small amount of deuterated water
(∼300 mM) is added, the free energy differences observed at
the CH protons are smaller than those in the aqueous solutions.
This significant decrease is consistent with other results in
nonaqueous solutions.21

The OH protons detected in DMSO and wet DMSO solutions
all show a positive free energy difference based on the
paramagnetic relaxation rate changes. The magnitude of the free

(21) Fumino, K.; Diakova, G.; Bryant, R. G. Unpublished results.

Figure 3. Representative relaxation data obtained at a proton Larmor
frequency of 500 MHz for the H5R proton of glucose under 11 atm of
nitrogen (b) and 11 atm of oxygen (O).

Figure 4. Free energy differences measured at individual protons for
aqueous solutions of several amino acids using the lattice-sum hard-sphere
model as the reference for the rates computed according to the Freed model:
17 alanine, 1(HR), 2(CH3); tyrosine, 3(HR), 4(Hâ1), 5(Hâ2), 6(H6,2),
7(H5,3); phenylalanine,8(Hâ1), 9(Hâ2), 10(H6,2), 11(H5,3), 12(H4),
13(HR); lysine,14(HR), 15(Hε), 16(Hδ), 17(Hγ), 18(Hâ); arginine,19(HR),
20(Hâ), 21(Hγ), 22(Hδ).

Figure 5. Free energy differences measured at individual protons for
solutions of glucose in D2O and wet dimethyl sulfoxide using the lattice-
sum hard-sphere model as the reference for the rates computed according
to the Freed model.17
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energy change is not strongly dependent on the addition of
enough water to provide one water molecule for each OH
function, which implies that these effects are dominated by
DMSO and not by adventitious water. The positive free energy
means that the effective local oxygen concentration at the OH
proton is smaller than that expected based on a free diffusion
hard-sphere model. This result is consistent with partial solvent
exclusion of the oxygen by hydrogen bond formation with the
OH groups. The net effect is small, but clearly observable, and
corresponds to approximately a 20% reduction in the effective
contact concentration of oxygen.

Conclusion

The measurement of paramagnetic relaxation rate contribu-
tions from a freely diffusing paramagnetic molecule with a short
electron spin-lattice relaxation time provides a direct measure
of intermolecular proximity in solutions with a molecular
resolution limited by the number of observable nuclear spin
resonances in the solute molecule explored. The computation
of the expected relaxation efficiency based on a noninteraction

or hard-sphere model provides a reference against which
intermolecular free energy values may be deduced at various
positions in the solute molecule studied. The intermolecular free
energies that this approach provides are small, on the order of
RT measured at any particular proton position in the solute,
but provide a sensitive approach for exploring the average
structure in the solution that is affected by all intermolecular
interactions such as solvent hydrogen bonding, ionic equilibria,
electrostatic effects, and secondary intermolecular association
reactions. These approaches should provide considerable detail
for examination of factors that control molecular recognition.
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