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Abstract: The study of intermolecular collisions and bonding interactions in solutions is of critical importance
in understanding and predicting solute/solvent properties. Previous work has established that stable
paramagnetic nitroxide molecules are excellent probes of intermolecular interactions for hydrogen bonding
in polar solvents. In this study, 1H, 2H, 13C, 15N NMR and liquid/liquid intermolecular transfer dynamic nuclear
polarization (L2IT DNP) results are obtained for the paramagnetic probe molecule, TEMPO, interacting
with the common aprotic and protic polar solvents, CH3CN and CH3CONH2, yielding a profile of both dipolar
and scalar interactions. A significant scalar contact hyperfine is observed for the N-O‚‚‚H-C interaction
(13CH3 hyperfine, a/h ) 0.66 MHz) in the CH3CN/TEMPO system, whereas the N-O‚‚‚H-C and N-O‚‚‚
H-N interactions for the TEMPO/CH3CONH2 system yield 13CH3 and 15N hyperfine couplings of a/h )
0.16 and -0.50 MHz, respectively. The distance and attitude of the scalar interaction for the nitroxide
hydrogen bonding at the methyl group in CH3CN and the amino group in CH3CONH2 are computed using
density functional theory (DFT), yielding good agreement with the experimental results. These results show
that the hyperfine coupling provides a sensitive probe of weak hydrogen-bonding interactions in solution.

Introduction

Solution collisional dynamics and hydrogen bonding in solute/
solvent systems employing nitroxide and other radicals have
been an active area of interest for over 30 years.1-15 These
previous studies have shown that stable nitroxide free radicals
are excellent probe molecules that interact with weak protic
solvent molecules providing insight into the short-lived com-
plexes formed and can function as probes in biological studies.8

NMR contact shift studies have shown that the collision

interaction (or the very weak transient complex formed) between
a paramagnetic probe nitroxide and a closed shell diamagnetic
molecule can provide scalar contact shifts which depend on the
Fermi contact electron/nucleus hyperfine coupling constant. In
pioneering studies by Morishima, Grant, Kingsbury, and others,
it was found that NMR contact shifts provide sensitive probes
to study the distribution of unpaired electron spin on the
diamagnetic solvent molecule perturbed by the interaction with
these stable free radical molecules.9-15 These short-lived solvent/
solute interactions during transient complex formation can
involve weak hydrogen-bonding interactions that typically take
place on a 10-8 to 10-11 s time scale (Figure 1).

Dynamic nuclear polarization (DNP) enhancements provide
information characterizing the solute/solvent interactions and
complement NMR scalar contact shift and relaxation studies.
The combination of the NMR nuclear-electron relaxation rates
and DNP enhancements yields collision parameters such as
correlation times of the transient complex, the radical/nucleus
distance of closest approach, and of critical importance, the
relative magnitude of scalar and dipolar interactions during these
intermolecular collisions.16-21 Recent studies have shown that
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dynamic nuclear polarization (DNP) experiments can provide
large enhancements of NMR signals for endogenous biological
solutes.22 Our laboratory has previously described a liquid/liquid
intermolecular flow transfer (L2IT) DNP technique that allows
generation of the polarization at low magnetic fields (0.33 T)
but transfer of the bolus to high magnetic fields for monitoring
the greater chemical shift dispersion (1H 200 MHz, 4.7 T).23-27

For NMR nuclei with low magnetogyric ratios (e.g.,13C), DNP
enhancements may be very large, especially in the presence of
a strong scalar interaction.23-26 The importance of scalar
interactions at high magnetic fields was recently addressed by
Griffin and co-workers.28

More recently, computational tools that predict solution-state
intra- and intermolecular parameters complement the corre-
sponding solute/solvent experimental studies. For example,
intramolecular paramagnetic NMR contact shift studies of
metalloporphyrins and metalloproteins coupled with computa-
tional approaches provide a detailed picture of the hyperfine
interaction.29-30 For intermolecular cases, computational studies
have been reported for CH3CN, a common polar aprotic solvent
that complexes with water,31 methanol,32 and hydrogen
chloride.33 Rissi et al. performed calculations on the
(CH3CN‚‚‚H2O) complex using four different levels of theory.31

In this case, the reported interaction distances (H3CCN‚‚‚HOH)
range from 2.036 to 2.106 Å, and the N-H-O angles are nearly
linear (162.9-169.7°). Coussan and co-workers studied the
CH3CN interaction with methanol using DFT, and three stable
orientations of the CH3OH‚‚‚CH3CN complex were found.32

They found that the N-H and O-H intermolecular bond
distances were in the 2-3 Å range, and the angles of interaction

range from approximately 115-180°. In another study, George
and co-workers examined the CH3CN‚‚‚HCl system also using
DFT, and the N-H bond distance was found to be∼2 Å, and
the angle of the hydrogen-bond formation (N-H-Cl) is 180°.33

Karplus and co-workers have studied the hydrogen-bonding
interactions between simple dimers ofN-methylacetamide
(NMA) and the NMA/water complex.34

Although there are numerous computational studies of the
polar solvents, CH3CN31-33 and CH3CONH2 (or molecules with
an amide linkage),35-42 there is a paucity of computational
hydrogen-bonding studies of nitroxides. A notable exception is
the hybrid self-consistent Hartree-Fock and density functional
(B3LYPA level) study by Barone and co-workers of the
interaction of two water molecules with a nitroxide.43 Another
example is a computational study by Otsuka of the interaction
of methanol and trichloromethane with the two nitroxyl radicals,
DTBN (di-tert-butyl nitroxide) and DMNO (di-methyl nitrox-
ide).44 The latter study is one of the first to examine not only
the dynamics and average distance of the interaction but also
the distance and attitude of the solvent-nitroxide interaction.

In this paper, the CH3CN/TEMPO and CH3CONH2/TEMPO
systems were experimentally characterized by a combined NMR
and L2IT DNP approach. The DFT computational studies were
examined at different distances and attitudes of the complex
interaction, and these were compared with the experimental
hyperfine scalar couplings. The combined experimental/
computational method provides a new approach to understanding
the distance, attitude, dynamics, and energy of weak nitroxide
solution interactions.

Experimental Section

In order to improve sensitivity of the NMR and DNP experiments,
labeled samples were employed. Acetonitrile-15N and acetamide-15N
were prepared from15N-labeled ammonia as described previously.45

Two 13C-labeled compounds,13CH3CONH2 and CH3
13CONH2, were

synthesized using the starting commercial compounds13CH3COCl and
CH3

13COCl (Aldrich Chemical Co.). 2,2,6,6,-Tetramethyl-1-piperidi-
nyloxy (TEMPO) and the other chemicals were purchased from Aldrich
and used directly without further purification. The sample solutions of
TEMPO/CH3CN and TEMPO/CH3CONH2 were prepared and degassed
by the freeze-pump-thaw method in carbon tetrachloride (CCl4) and
p-dioxane (C4H8O2), respectively. Deuterated cyclohexane-d12 was used
as an internal lock. Separate sets of sample solutions with different
concentrations of CH3CN and CH3CONH2 were prepared to measure
the complex formation constantKc and hyperfine coupling constant,
a, (see Supporting Information for details).
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Figure 1. Nitroxide/substrate hydrogen-bonding interaction.
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The radical-induced13C and15N chemical shifts were measured by
using procedures described in the literature.9-11,27The13C and15N spin-
lattice relaxation time measurements (T1) were performed utilizing Jeol
FX-80, FX-200, and Varian 400 NMR spectrometers and were
measured by an inversion recovery method using a 180°-τ-90° pulse
sequence. The1H spin-lattice relaxation time was measured and used
to obtain the radical-induced relaxation rate (1/T1)rad. The13C and15N
spin-spin relaxation timesT2 were obtained from line broadening
measurements of the respective NMR signals in the presence of
TEMPO.

The instrument used in the L2IT DNP experiments was described
previously and is briefly described below.23-24 A variable electromagnet
(0.33 T) is placed orthogonally under a 4.7 T superconducting magnet
at a distance of 1.2 m from the centers of the respective magnet fields.
A ceramic flow sample tube was placed in a microwave TE102 cavity
of a modified Varian E-3 EPR spectrometer. The microwave frequency
was generated in a klystron of a Bruker microwave bridge and amplified
by a Varian “K” series TWT amplifier, and the microwave power was
adjusted by an attenuator to the range of 1-16 W. In this way, the
sample is polarized at a low magnetic field (0.33 T) and then is flow
transferred to a high magnetic field for detection (4.7 T). To determine
the DNP enhancement in the flow system the observed NMR signals,
in the presence of low magnetic field with and without the microwave
power, were measured as a function of flow rates ranging from 2 to 9
mL/min. The ultimate1H, 2H, 13C, and15N DNP enhancements were
obtained using the experimental protocol described previously.23-27

The geometry of the TEMPO structure was obtained by performing
an optimization calculation on the monoclinic crystal structure of
TEMPO.46 The geometry of the TEMPO structure acquired from the
optimization calculation was used for all acetonitrile/TEMPO and
acetamide/TEMPO calculations. The structures of acetonitrile and
acetamide were also optimized using the UB3LYP level of theory and
the basis set previously mentioned.

The DFT calculations were performed using the Gaussian 98 and
Gaussian 03 programs.47-48 The UB3LYP level of theory49-50 with the
Chipman DZP+ Diffuse (with the first d-type polarization function
removed for C, N, and O) basis set were used.51 The computations
were performed on a SGI ALTIX 3700 Supercluster Computer at
Virginia Tech. The Supercluster consists of 16 1.3-GHz Itanium
processors each allocated of 3 MB of cache, 24 GB of memory, 36
GB of internal disk storage, and 500 GB of RAID disk storage.
Molecular orbital diagrams were prepared with Gaussview52 (for details
on the geometries and other computational details see SI).

Results and Discussion

Nitroxide/Substrate Dynamic Nuclear Polarization (DNP).
The nitroxide/substrate collision and/or weak complex formation
in solution may be conveniently monitored utilizing DNP. For
DNP, the time-dependent Overhauser enhancement,A, may be
expressed in the simplified form given17-19 in eq 1, whereγS

andγI are the magnetogyric ratios for the nuclear and electron

spins, respectively, and the coupling (∆) and leakage (f) factors
are defined in terms of the transition probabilitiesW2

D, W0
D,

W1
D, etc. for the nucleus/electron interaction in eqs 2 and 3.

The critical time-dependent DNP parameter is the coupling
factor (F) which is a sensitive measure of the relative scalar/
dipolar strength. The value ofF ranges from a pure scalar
interaction (W0

D:W1
D:W2

D ) 0, F ) -1) to a dominant dipolar
interaction,W0

SC= 0. The latter dipolar-dominated enhancement
has an ultimate limiting value of+0.5 in the extreme narrowing
limit ωSτc , 1 (W0

D:W1
D:W2

D ) 2:3:12). The energy diagram
and interacting spins are illustrated in Figure 2 for a dominant
scalar intermolecular interaction of an unpaired nitroxide
electron spin with spin states,Rs andâs with nuclear spins,RI

andâI. The nuclear spin-lattice relaxation rates in the presence
and absence of a free radical are given by (T1n)-1 - (T1no)-1 )
(W0

D + 2W1
D + W2

D + W0
SC) and (T1no)-1 ) W10, respectively.

The leakage factor,f, is determined from spin-lattice relaxation
time measurements in the presence and the absence of the free
radical, TEMPO. The electron spin saturation factor,s, is given
by

whereShZ is defined in eq 6 as

whereT1s andT2s are the electron spin-lattice and spin-spin
relaxation times, respectively. The electron spin saturation factor
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Figure 2. Energy level diagram with transition probabilities for a dominant
scalar (W0) interaction. In a magnetic field, theâs spin state of the nitroxide
(N-O) and the nuclear spin,RI of the X nuclide (e.g.,13C, γI > 0) are
more stable. The spin orientations (right side) for the X nuclide will be
reversed for15N, γI < 0. The diagram (right side) assumes a direct N-O
interaction with nuclide X.

A )
AZ - AO

AO
)

-Ffs|γS|
γI

(1)

F )
W2

D - W0
D - W0

SC

W2
D + W0

D + W0
SC + 2W1

D
(2)

f )
W0

D + 2W1
D + W2

D + W0
SC

W0
D + 2W1

D + W2
D + W0

SC + W10

(3)

f ) 1 -
T1n

T1no
(4)

s )
SO - ShZ

SO
(5)

ShZ )
SO

1 + RB1s
2T1sT2s

(6)

A R T I C L E S Russ et al.

7020 J. AM. CHEM. SOC. 9 VOL. 129, NO. 22, 2007



is experimentally evaluated from a plot of the inverse observed
enhancement versus the microwave power applied to the
electron spin system. The DNP enhancement factor for flowing
systems has been obtained using an experimental apparatus
previously reported by our laboratory.23-27 In a flow transfer
DNP experiment, the nuclear spin system is polarized in a low
magnetic field (0.33 T) and rapidly transferred (via flow) to a
high, monitoring magnetic field, 4.7 T. We have previously
reported a model23 for the low-to-high magnetic field transfer
experiment which provides a method for determining the
absolute enhancement,A∞.

Representative15N DNP spectra are shown in Figure 3, and
the ultimate1H, 2H, 15N, and13C DNP enhancements,A∞ for
the CH3CN/TEMPO and CH3CONH2/TEMPO systems are
presented in Table 1. In the CH3CN/TEMPO system, the13C
DNP enhancement for the peak assigned to the methyl carbon
exhibits a large scalar enhancement in comparison with the
dipolar-dominated enhancements for the cyano sp-hybridized
carbon, whereas a mixed interaction for the15N cyano nitrogen
is suggested by the significant, but reduced,F value of 0.08.

This result agrees with work from Grant’s group in which
nitroxide-induced13C NMR chemical shift studies of aromatic
nitrogen compounds suggest that the N-O group in TEMPO
orients away from aromatic sp2 nitrogen atoms (without attached
hydrogen atoms).12 This result is also consistent with a
significantly larger hyperfine coupling obtained in the current
study for the NMR contact shifts for the CH3CN/TEMPO
system,Vide infra. As shown in Table 1, the methyl hydrogen
atoms (1H, 2H) and the nitrile sp-hybridized13C carbon have
similar F values and are dominated by a dipolar interaction.
Assuming a rotationally modulated mechanism dominates this
dipolar interaction, the corresponding rotational correlation time
(τr) is estimated from the expression for exclusive rotational
dipolar diffusion17-19

wherer is the nucleus/electron distance in the complex. This
leads to values of 50-52 ps for the rotational correlation time
for the CH3CN/TEMPO system.

In contrast with CH3CN/TEMPO, the CH3CONH2/TEMPO
system exhibits a large, scalar-dominated15N DNP enhancement
and a very small13C dipolar DNP enhancement for the methyl
carbon (Figure 3 and Table 1). Although earlier15N DNP results
have been reported by the groups of Grant, Wind, and Griffin,
the large scalar-dominated Overhauser enhancement for the CH3-
CONH2/TEMPO system is the first reported for solution-state
studies.53-54 The results are consistent with the model of weak
hydrogen-bond formation where the TEMPO radical tends to
form a hydrogen-bonded transient complex with the N-H group
between the amino proton and the N-O group. This interaction
yields a relatively large scalar enhancement at the amino
nitrogen nucleus. The small negative (F ≈ 0) 13C DNP
enhancement observed for the methyl carbon suggests a mixed
scalar and dipolar interaction at this field strength. In contrast
with the CH3CN/TEMPO system, this system exhibits a
diminished C-H bond interaction for the methyl group. For
this case, only the carbonyl carbon is clearly dominated by a
dipolar interaction, assuming a rotational model leads to a
slightly longer value (62 ps) for the rotational correlation time.
The observation of exclusively dipolar enhancements for the
carbonyl group is consistent with DNP results for other small
molecules containing carbonyl groups (e.g., acetaldehyde,
acetone, etc.).55

Nitroxide/Substrate NMR Relaxation. The importance of
NMR spin-lattice, T1, and spin-spin, T2, dipolar and scalar
nucleus/electron relaxation rates to characterize intermolecular
interactions in solution has been described over the last five
decades.56-63 The observed nuclear relaxation rate is given by

(53) Hu, J. Z.; Solum, M. S.; Wind, R. A.; Nilsson, B. L.; Peterson, M. A.;
Pugmire, R. J.; Grant, D. M.J. Phys. Chem. A2000, 104, 4413-4420.
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F. W.; Griffin, R. G.Science1997, 276, 930.

(55) Sun, Z. Ph.D. Thesis, Virginia Tech, Blacksburg, VA, 1996.
(56) Abragam, A.The Principles of Nuclear Magnetism; Clarendon: Oxford,

England, 1961.
(57) Bloembergen, N.; Purcell, E.; Pound, R.Phys. ReV. 1948, 73, 679-712.

Figure 3. NMR (top) and DNP enhanced (bottom) spectra of CH3CN/
TEMPO (a) and CH3CONH2/TEMPO (b). (a)15N NMR spectrum (120
scans, 2460 s) and DNP enhanced spectrum (120 scans, 156 s). (b)15N
NMR spectrum (1920 scans, 39 360 s) and DNP enhanced spectrum (120
scans, 180 s).

Table 1. DNPa Results for the CH3CN/TEMPO and CH3CONH2/
TEMPO Systems

system nucleus f s A∞
b r τr (ps)

CH3CN/TEMPO -C2H3 0.69 0.79 -1100( 100b 0.26 50
-C1H3 0.91 0.93 -160( 20 0.24 52
-13CH3 0.71 0.75 +520( 100 -0.20 -
-13CN 0.97 0.65 -620( 120 0.24 52
-C15N 0.97 0.50 +520( 100 0.08 -

CH3CONH2 / -13CH3 0.94 0.37 60( 30c 0.02 -
TEMPO -13CO 0.97 0.46 -310( 30 0.12 62

-15NH2 0.73 0.83 -2310( 460 -0.35 -

a For the 13C DNP and 15N DNP experiments, inverse gated1H
decoupling was employed to minimize any residual nuclear Overhauser
effects. All data were obtained at room temperature. Concentrations are
1.34 M CH3CN/CCl4/0.1 M TEMPO and 0.4 M CH3CONH2/dioxane/0.1
M TEMPO. b DNP enhancements at low magnetic field (0.33 T) were
monitored at high magnetic field (4.7 T).c Standard deviations were obtained
from regression analysis.

Table 2. Radical-Induced Methyl 1H Relaxation Timea of CH3CN/
TEMPOb and CH3CONH2/TEMPOc Solution as a Function of
Magnetic Field

magnetic field (T) 1.9 4.7 9.4

T1 (s) (CH3CN) 0.051( 0.003 0.049( 0.003 0.051( 0.000
T1 (s) (CH3CONH2) 0.06( 0.03 0.05( 0.01 0.054( 0.000

a All measurements were made at room temperature.b 1.34 M CH3CN
in CCl4 with 0.1 M TEMPO solution.c 0.4 M CH3CONH2 in C4H8O2 with
0.1 M TEMPO solution.

FD
r ) 1

1.4+ 0.6[JD
r (ωI)

JD
r (ωS)]

(7)

JD
r (ω) ) ( 1

2πr6)[ τr

1 + ω2τr
2] (8)
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the sum of the radical-induced dipolar and scalar contribution
as well as the nucleus/nucleus interactions (1/T10) as

The radical-induced relaxation rate (1/T1)rad was obtained by
subtracting 1/T10 from the observed relaxation rate (1/T1)obs(eq
9). In principle, dipolar interactions between the electrons and
the nuclei may be modulated by either translational or rotational
diffusion motion of the molecules. In the case of weak nitroxide/
substrate complex formation, the scalar interaction is also a
possible relaxation mechanism. Various models have been
proposed for the scalar interaction including a so-called “sticking
model”61 and a diffusion model.58 The exact form of the
transition probabilities,Wi, depend on the model chosen for
modulation. When the sample and radical molecules form a
transient complex, the dipolar coupling may be modulated by
rotational tumbling of the associated species, and the scalar
coupling may be modulated by the “on-off” mechanism of the
complex formation. When the conditionsωSτr . ωIτr andωIτr

, 1 are satisfied andJ(ωS( ωI) ≈ J(ωS), the radical-induced
relaxation rates are given as

where τc is the more general form of the correlation time
including translation and rotational motion (see eqs 7 and 8 for
exclusive rotation),τSC is the scalar correlation time,r is the
average pair radius for the rotating adduct, andµ0 is the
permeability constant.ø is the fraction of time the nuclear spin
is in the paramagnetic environment and may be considered as
the fraction of associated radical-receptor complex in the fast
exchange case.

Almost all previous1H NMR and DNP studies indicate that
the dipolar interactions dominate between hydrogen nuclei and
the unpaired electron spin regardless of the free radical or the
solvent employed. However, a notable exception has been
reported by Bates in a nitroxide/trifluoroacetic system.19,62 In
the current study, the1H DNP results for the CH3CN/TEMPO
system presented in Table 1 are consistent with the dominance
of the dipolar interaction. The spin-lattice relaxation times for
the methyl protons measured at different magnetic field strengths
are presented in Table 2. By subtracting (1/T10) from (1/T1)obs

at a given field strength, (1/T1)radwas obtained. The results show
that the relaxation times of the-CH3 protons in both systems
reach a plateau in the range of observed frequencies.

The observation of a pronounced plateau in the data from
1.9 to 9.4 T is strong evidence that the relaxation is dominated
by a rotationally driven dipolar coupling of the two spins.2

Assuming that the complex undergoes isotropic rotational
diffusion and the nitroxide radical is bound in a 1:1 complex to
a solvent molecule, (1/T1)rad is given by

whereø is the fraction of the complex which is taken from the
chemical contact shift measurement (Vide infra). The radical-
induced relaxation rates at different magnetic frequencies were
fitted to eq 12 using a nonlinear regression program, giving
rotational correlation times for the CH3CN/TEMPO and CH3-
CONH2/TEMPO system ofτr ) 30 and 35 ps respectively.
These values are∼60% lower than the values directly obtained
from the DNP measurements, but both approaches indicate a
slightly longer rotational correlation time for the CH3CONH2/
TEMPO system. Using this range of correlation times (e.g., 30-
52 ps for the CH3CN/TEMPO) and a range ofø values, eq 11
allows an estimate ofr (i.e., the distance between the hydrogen
and the radical delocalized on the nitroxyl group). In this
manner, we estimate a range of values, 0.30-0.45 nm, for the
CH3CN/TEMPO system. whereas the CH3CONH2/TEMPO
system values are slightly longer, 0.32-0.48 nm.

It is also possible to estimate the correlation time for the scalar
hyperfine interaction correlation time (τSC) with a combination
of the rotational model for the dipolar interaction and the sticking
model for the scalar interaction based on eqs 10 and 11. Under
the condition ofωI

2τ2 , 1 andωS
2τ . 1, the difference between

(1/T1)rad and (1/T2)rad is given as

Therefore, the scalar correlation timeτSC may be determined
on the basis of eq 13 since all other parameters are known. In
this study the13C relaxation rates, 1/T1 and 1/T2, of the methyl
carbon were measured at a fixed magnetic field (9.4 T). The
value of the hyperfine coupling constanta and the mole fraction
ø are obtained from the NMR contact shift measurement (Vide
infra). Of particular interest in the current study is the Fermi
interaction and corresponding hyperfine coupling constant (a)
which is given by

where|ψ(0)|2 represents the unpaired spin density at the nucleus
X (see Figure 2). The rotational correlation timeτr was obtained
from the 1H relaxation frequency-dependent measurement
previously described. The value of the closest distance between
the unpaired electron and the methyl carbon is estimated from
the sum ofr and the C-H bond length, giving values of 0.40-
0.55 nm for the CH3CN/TEMPO system. In this way a scalar
correlation time of∼85 ps is estimated for the CH3CN/TEMPO
system. A value 2-3 times longer than the rotational correlation

(58) Hubbard, P.Proc. R. Soc. London A1966, 291, 537-555.
(59) Poindexter, E.; Caplan, P.; Wagner, B.; Bates, R., Jr.J. Chem. Phys.1974,

61, 3821-3827.
(60) Solomon, I.Phys. ReV. 1955, 99, 559-565.
(61) Solomon, I.J. Chem. Phys.1956, 25, 261-266.
(62) Al-Bala’a, I.; Bates, R. D.J. Magn. Reson.1988, 78, 271-280.
(63) Pfeifer, H.Ann. Phys.1961, 463, 1-8.
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time appears reasonable for the lifetime of the weak C-H
hydrogen-bond complex. In the case of labile complex forma-
tion, the scalar correlation time is defined as the sum of two
terms,τh the life-time of the complex andτS the electron spin-
lattice relaxation time. We assumeτS is longer thanτh for
nitroxide radicals.63

In order to obtain the scalar correlation time for the
CH3CONH2/TEMPO system, the15N relaxation rates, 1/T1 and
1/T2, have been measured at the fixed magnetic field (9.4 T).
The hyperfine constant,a, and the molar fraction of the complex,
ø, are taken from the contact shift measurement, and the
correlation timeτc is taken from the proton relaxation measure-
ment. The scalar correlation timeτSC ≈ 120 ps is estimated for
the CH3CONH2/TEMPO system using the same method as for
the CH3CN/TEMPO system. The considerably longer scalar
correlation time in the CH3CONH2/TEMPO system is also
consistent with a longer rotational correlation time and a
significantly larger hyperfine coupling derived from the15N
NMR contact shift measurements below.

Nitroxide/Substrate NMR Contact Shifts. As previously
indicated, NMR contact shifts provide an alternative approach
for monitoring the collision and/or very weak transient complex
formed between a paramagnetic nitroxide and a closed shell
diamagnetic molecule. These Fermi contact chemical shifts
provide a well-established approach to measure the association
equilibria between the substrate molecule and nitroxide as well
as the corresponding hyperfine coupling constant at the substrate
nuclide of interest.64,65 In order to determine the complex
formation constantKc and limiting contact shift of the complex
∆0, the experimental data have been analyzed using eq 14.

The radical-induced contact shift,∆, will depend on the
concentration of the diamagnetic moleculeC0, and the radical
concentrationCR.5-7 Therefore,∆0 andKc may be determined
from the slope and the intercept of the plotCR/∆ versusC0.
The hyperfine coupling constanta is obtained from the Fermi
contact shift by the relation64-65

whereγS is the gyromagnetic ratio of the electron andγI is the
gyromagnetic ratio of the nucleus. After obtaining the limiting
contact shifts∆0, the hyperfine coupling constantsa/h are
calculated on the basis of eq 15. The paramagnetic-induced
contact shifts for15N, 13CH3, and13CN for the CH3CN/TEMPO

system were measured by varying the concentration of CH3CN
from 0.4 to 2.0 M in TEMPO, and the results are presented in
Table 3. Consistent with the DNP results (Vide supra), a
relatively large scalar contact interaction (a/h ) -0.50 MHz)
is obtained at the nitrogen15N-amino group in the CH3CONH2/
TEMPO system which contrasts with the negligible scalar
interaction at the nitrogen15N-cyano group for the CH3CN/
TEMPO system. A large scalar interaction is also observed at
the 13C-methyl carbon (a/h ) 0.66 MHz) for the CH3CN/
TEMPO system, and a significantly reduced scalar interaction
is present at13C-methyl group in the CH3CONH2/TEMPO
system. For the latter methyl (-CH3) group, the DNP results
indicate a very small dipolar enhancement (A ) -60, see Table
1), but this value represents nearly equal dipolar and scalar
contributions to the DNP enhancement at this frequency. A
better measure of this interaction is the contact shift data (Table
3) which indicates a reduced, but still significant, hyperfine
coupling constant (a/h ) 0.16 MHz). The equilibrium constants,
Kc, measured for the CH3CN/TEMPO and CH3CONH2/TEMPO
systems are consistent with values reported for a nitroxide/
aniline system.1 It is also interesting to note that both the
carbonyl carbon of acetamide and the cyano carbon of aceto-
nitrile have negligible scalar interactions with TEMPO. This is
consistent with unfavorable electrostatic interactions of these
groups with the polar nitroxide (N-O) bond and with the
assumption of a dominant dipolar interaction that was observed
above for the DNP results.

Hyperfine Interactions: Computational Approach. It is
well recognized that Brownian motion leads to many different
types of collisions in a solute/solvent system. As one example,
the previously described CH3CN/TEMPO system provides
correlation times that are nearly equal at different sites in the
molecule (e.g., methyl hydrogens and cyano carbons) where
nonspecific dipolar interactions are observed. In contrast, other
collisions exhibit weak hydrogen-bonding complex formation,
and a Fermi contact interaction is observed. These latter specific
collisional complexes are readily obtainable via DFT calcula-
tions of this interaction, providing direct comparison to the
experimental results. The attitude and magnitude of weak
hydrogen-bonding interactions were computationally determined
for a large number of conformations for the CH3CN/TEMPO
and CH3CONH2/TEMPO systems as described below.

TEMPO: Hyperfine Couplings. As a preliminary test of
the DFT computational approach, intramolecular hyperfine
coupling constants were examined for the nitroxide, TEMPO.
The experimental intramolecular hyperfine coupling constants
based on experimental13C NMR contact shifts are reported by
Hatch and Kreilick.66 As illustrated in Table 4, calculations
performed on the TEMPO molecule for the DFT geometry
optimized monoclinic crystal structure46 correlate well with the

(64) LaMar, G.NMR of Paramagnetic Molecules: Principles and Applications;
Academic Press: New York, 1973.

(65) McConnell, H. M.; Chestnut, D.J. Chem. Phys.1958, 28, 107-117. (66) Hatch, G.; Kreilick, R.J. Chem. Phys.1972, 57, 3696-3699.

Table 3. 13C and 15N Contact Shifts and Hyperfine Constants (a) for the Acetamide/TEMPO and Acetonitrile/TEMPO Systems

CH3CONH2/TEMPO system CH3CN/TEMPO system

group ∆0 (ppm) a/h (MHz) Kc group ∆0 (ppm) a/h (MHz) Kc

-13CH3 17a ( 1 0.16( 0.01 0.48( 0.04 -13CH3 70a ( 4 0.66( 0.04 0.8( 0.08
-13CONH2 -1a ( 2 -0.01( 0.02 -13CN 0a ( 2 0
-15NH2 130( 10 -0.5( 0.04 0.48( 0.05 -C15N 22 ( 4 -0.08( 0.02 0.6( 0.1

a The values are calculated from chemical shifts versus the concentration plot and corrected with the internal reference cyclohexane,∆0 ) 4.0 ppm over
the concentration of 0.4-2.0 M TEMPO.
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experimental values reported.66 The computational and experi-
mental data show that the unpaired electron spin density is
mainly localized on the oxygen and nitrogen atoms. As expected,
the calculated coupling constants have a significantly higher
value for the oxygen atom and the values decrease at increasing
distances from the oxygen atom. The characteristic alternation
of sign for the coupling constants proceeds around the six-
membered carbon ring with theR, â, andγ carbons exhibiting
-, +, and- signs, respectively.

TEMPO/Substrate Intermolecular Hyperfine Couplings.
Several different orientations of the CH3CN/TEMPO system
were examined for the intermolecular interactions between CH3-
CN and TEMPO, and several orientations are presented in the
Supporting Information. Our first criterion for evaluating the
various orientations is based on the corresponding relative
energies of the intermolecular interactions, and the three
orientations with the lowest total energy as a function of distance
are shown in Figure 4a. The three orientations,1, 2, and3, with
the lowest energy illustrate the different attitude dependence
of the N-O‚‚‚H-C interaction. The orientations were calculated
at oxygen-hydrogen distances of 0.9-4.6 Å in increments of
0.5 Å. The energy minimum occurs at 2.1 Å, which is within
the range previously suggested by literature for related CH3CN
studies.31-33,44All the relative energy curves indicate a distance
of 2.1 Å at the minimum energy, and a range of approximately
(0.5 Å has been arbitrarily placed on the calculated data. The
lower graph provides the calculated13CH3 hyperfine coupling
constants for the 45° orientation. As expected, based on steric
repulsion arguments, the1 [N-O‚‚‚H-C, 90°] conformation
exhibits consistently higher energy at all distances relative to
the other two conformations.

As previously described, the hyperfine coupling constants
were experimentally measured for15N, 13CH3, and13CN of the
CH3CN/TEMPO system. It should be noted that the methyl1H
hyperfine interaction was not experimentally accessible by the
DNP technique, but these values were computed and are given
in the Supporting Information. The methyl carbon has the
highest hyperfine value 0.66( 0.04 MHz which is significantly
greater than those of the cyano carbon (∼0 MHz) or nitrogen
(-0.08( 0.02 MHz). This hyperfine coupling constant is shown

as a dashed line on the graph in Figure 4c. The large
experimental hyperfine coupling constant for the methyl carbon
indicates there is a stronger interaction between the methyl group
of CH3CN and the N-O group of TEMPO.

The calculated hyperfine coupling constants and relative
energies for each orientation are shown in Figure 4b. As
illustrated, the relative energy curves for all three orientations
indicate that the conformations with the lowest energy are the
orientations2 [N-O‚‚‚H-C, 45°] and3 [N-O‚‚‚H-C, 0°]. The
calculated and experimental hyperfine coupling constant results
are also plotted in Figure 4c as a function of distance between
the nitroxide nitrogen and the hydrogen of the methyl group
(N-O‚‚‚H-C). The hyperfine coupling constant data presented
in Figure 4c suggests that orientation3 [N-O‚‚‚H-C, 0°] does
not reproduce the experimental hyperfine coupling constant
value for the methyl carbon. However, the computational results

Table 4. Experimental and Calculated (DFT) Hyperfine Coupling
Constants (MHz)

position experimental (MHz) calculated (MHz)

R -10.166 -9.3
âaxial } +13.7a +16.9 } +12.2b
âequatorial +7.4
âring +2.3 +1.7
γ -0.90 -0.63
N +45.7 +33.6
O - -37.6

a The data assignment is based on an average ofâaxial andâequatorial, see
experimentally reported data.66 b Average of the calculatedâaxial and
âequatorial.

Figure 4. CH3CN/TEMPO system. (a) The three lowest-energy orientations
(top) and highest occupied molecular orbital (bottom). (b) Plot of distance
vs relative energy for the orientations above. (c) Plot of distance vs hyperfine
coupling constant for the two orientations exhibiting the lowest relative
energies (45° and 0°).
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suggest that orientation2 [N-O‚‚‚H-C, 45°] reproduces the
experimental data with respect to both the sign and magnitude
of the experimental hyperfine coupling (+0.66 MHz). In
addition, the negative sign calculated for the hydrogen coupling
in this conformation (see Supporting Information (SI), S32) is
consistent with the upfield chemical shifts previously reported
for most weak hydrogen bonding in these systems.67 However,
earlier work by Morishima and co-workers for the di-tert-butyl
nitroxide/CH3CN system suggest an1H NMR contact for the
methyl hydrogens that is nearly zero.67

The agreement of the13CH3 experimental data for the
conformation2 could be due to a combination of steric repulsive
factors and optimized transfer of spin density to the carbon
nucleus. One might predict that the best spin density transfer
would occur at the 90° orthogonal orientation1, where the
methyl hydrogen interacts directly with theπ-orbital of the
TEMPO oxygen; however, steric repulsive interactions between
the methyl hydrogen atoms of CH3CN and methyl hydrogen
atoms of TEMPO appear to diminish the importance of this
conformation. This is also apparent from the HOMO diagram
(Figure 4a) for the three orientations as well as the poor
agreement for the calculated hyperfine sign for both the
hydrogen and carbon of the CH3 group of the CH3CN. Figure
4a illustrates the HOMO molecular orbital diagrams for the
different orientations which clearly show significantly better
orbital overlap for2 [N-O‚‚‚H-C, 45°] conformation with
good agreement of the magnitude and sign of the hyperfine
coupling. Therefore, the2 [N-O‚‚‚H-C, 45°] orientation
(Figure 4a, middle) appears to be consistent with the various
factors influencing weak hydrogen-bonding interactions. Al-
though the approach described above did not include the
influence of solvent or other solute molecules (CH3CN), we
did examine the influence of solvent (CCl4) using the polarizable
continuum model (PCM, Gaussian 3) for orientation2. The
PCM results for CH3CN/TEMPO with orientation2 provide
only very minor changes in the computed magnitude values for
the calculated hyperfine couplings (see SI). We also examined
the influence of the electronegative group in the substrate
molecule by changing from the CH3CN/TEMPO to the CH3-
CH3/TEMPO system and repeating the same calculations
described above in Figure 4 (see SI). Surprisingly, the results
for the CH3CH3/TEMPO conformations for1-3 at the same
orientations and distances were very similar to the CH3CN/
TEMPO system at the B3LYP level. Since it is well recognized
that molecules with methyl groups and other sp3-hybridized
nonacidic carbons (N-O‚‚‚H-C) not adjacent to electronegative
groups usually exhibit very reduced scalar interactions usually
dominated by only dipolar interactions with nitroxides.23,24,27,55

These results suggest that the intermolecular hyperfine interac-
tion (a) is mainly influenced by “close-in” spin interactions in
the transient [N-O‚‚‚H-C] complex. In addition, the elec-
tronegative group (e.g., cyano group) in intermolecular CH3-
CN/TEMPO solution collisions provides longer lifetimes that
yield dominant scalar interactions for weak hydrogen-bonding
interactions. As noted above, the experimentally derived scalar
interaction-derived value of∼85 ps estimated for the CH3CN/
TEMPO system is 2-3 times longer than the rotational
correlation time. In summary, the computational results for orientation 2 [N-O‚‚‚H-C, 45°] are consistent with the

experimental hyperfine data of TEMPO and clearly illustrate
weak carbon-hydrogen bonding of the nitroxide with the methyl
group of CH3CN.

(67) Morishima, I.; Matsui, T.; Yonezawa, T.; Goto, K.J. Chem. Soc., Perkin
Trans. 21972, 633-635.

Figure 5. CH3CONH2/TEMPO favored orientations (top) and highest
occupied molecular orbital for each favored orientation (bottom). Plot of
distance vs hyperfine coupling constant for three orientations.
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For the CH3CONH2/TEMPO system, 13 orientations were
calculated to ascertain the site, attitude, and distance of the
optimized hyperfine interactions between CH3CONH2 and
TEMPO. Three of the orientations illustrated in Figure 5
represent the lowest-energy orientations examined5-7 and
orientations4-7 represent those conformations that agree with
the experimental (-) and (+) sign respectively, for the amide
nitrogen (a/h ) -0.55 MHz) and methyl carbon (a/h ) 0.18
MHz). Several alternative orientations are presented in the
Supporting Information. Furthermore, the computational results
show that the-NH2 group of CH3CONH2 is sp2-hybridized
and planar, as illustrated in Figure 5. The crystal structure of
CH3CONH2 determined by Senti et al.68 is in agreement with
the planar structure calculated, and the Cartesian coordinates
for the geometry optimized CH3CONH2 molecule are provided
in the Supporting Information. For orientations4-6, the relative
energy minimum occurs at 2.1 Å, in similar fashion to the
distance obtained for the CH3CN/TEMPO system. Orientation
7 in Figure 5 shows the [N-O‚‚‚N] interaction and has a higher
minimum energy than the other three conformations but is an
orientation conformation that reproduces the experimental
hyperfine coupling constant data for the amide nitrogen and
methyl carbon. In this case, theπ-orbital of the CH3CONH2

nitrogen presumably interacts with the s-orbital of TEMPO

oxygen. Additional data for this orientation is summarized in
the Supporting Information.

As previously indicated (Table 3), the nitrogen nuclide
exhibits the greater absolute hyperfine value of-0.5 ( 0.04
MHz compared to the methyl carbon (0.16( 0.01 MHz), and
both are significantly greater than the carbonyl carbon (-0.01
( 0.02 MHz). As expected, the significantly larger hyperfine
value at the nitrogen nucleus indicates a stronger interaction
between the amide and the NO group for TEMPO when
compared with the other two possible interaction sites (e.g.,
carbonyl and methyl groups). However, a significant competition
between the amide (-NH2) and methyl (-CH3) sites is also
suggested.

Of the four orientations presented in Figure 5, the orientational
conformations4 [N-O‚‚‚H-N, 45°] and5 [N-O‚‚‚H-N, 0°]
have the lowest relative energy. The calculated and experimental
hyperfine coupling constants for the15N- and13CH3-acetamide
nuclei for these orientations are presented in Figure 6. The lower
graph shows that the data for the4 [N-O‚‚‚H-N, 45°]
orientation clearly illustrate the poor agreement of the experi-
mental hyperfine coupling constants with the computational
values. In contrast, the upper graph in Figure 6 illustrates data
for the 5 [N-O‚‚‚H-N, 0°] orientation which provide good
agreement between the experimental hyperfine coupling con-
stants both in terms of the sign and magnitude for both the
13CH3 and15NH2 nuclei,a/h ) 0.16 and-0.50 MHz, respec-(68) Senti, F.; Harker, D.J. Am. Chem. Soc.1940, 62, 2008-2019.

Figure 6. CH3CONH2/TEMPO system. Calculated and experimental hyperfine coupling constants vs distance.
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tively. Thus, we suggest that the5 [N-O‚‚‚H-N, θ ) 0°]
orientation is one of the more important contributions for the
CH3CONH2/TEMPO intermolecular interaction. However, it
should be noted that a number of different conformations (or
combinations) could be important in describing this weak
hydrogen-bonding interaction especially for a molecule with
more than one interaction site. In this regard, the [N-O‚‚‚H-
C, 45°] orientation that was favored for the previously described
CH3CN/TEMPO system also exhibits good agreement for the
sign and magnitude of the-CH3 carbon, but not the-NH2

nitrogen (see SI). The difference in the attitude between the
C-H bond of the-CH3 group in both systems and the N-H
bond in the CH3CONH2/TEMPO system [N-O‚‚‚H-C, 45°]
and [N-O‚‚‚H-N, 0°], respectively, could be a result of the
changed hybridization of a methyl group (sp3) vs an amide group
(sp2).

Conclusions

In summary, weak hydrogen bonding and a corresponding
hyperfine interaction is observed at relatively acidic H-C or
H-N sites in the substrate molecules CH3CN and CH3CONH2.
The attitude of the interaction critically defines the magnitude
and sign of the corresponding hyperfine interaction. For
example, the straight-on orientation for the amine group of
CH3CONH2 5 [N-O‚‚‚H-N, 0°] and the 45° orientation for
the methyl of the CH3CN/TEMPO2 are found to be important
conformations for significant scalar interactions. The DFT values
computed for conformation5 [N-O‚‚‚H-N, θ ) 0°] for the
CH3CONH2/TEMPO system provides good agreement for the
CH3CONH2/TEMPO interaction with the experimental hyper-
fine coupling constants and suggests an important interaction
with the -NH2 group of the CH3CONH2 molecule during
collisions in solution. This orientation suggests a decrease in
the steric repulsions in comparison with other orientations. The
5 [N-O‚‚‚H-N, θ ) 0°] orientational confirmation also exhibits

methyl hydrogens at a 63° angle with respect to the TEMPO
oxygen (Figure 6). The 63° angle compares favorably with the
45° orientation also found for the CH3CN methyl-hydrogen
interaction. The results of this study also suggest that the
intermolecular hyperfine interaction (a) is mainly influenced
by “close-in” interactions in the transient substrate/nitroxide
complex that are not significantly influenced by the solvent as
based on PCM computational results. The preferred conforma-
tions (e.g.,2 for CH3CN/TEMPO) suggest longer scalar lifetimes
that yield dominant scalar interactions for these weak hydrogen-
bonding interactions. In conclusion, a major finding of this study
is that solution intermolecular scalar interactions can be ac-
curately modeled at the UB3LYP level in terms of the magnitude
and attitude for substrate/nitroxide complexes.

Acknowledgment. Dedicated to the memory of over thirty
students and faculty who lost their lives on April 16, 2007 at
Virginia Tech. We gratefully acknowledge financial support for
this work from the National Science Foundation, Westvaco
Company, Eastman Kodak Company, and the Petroleum
Research Foundation. J.C.D. acknowledges the support of an
Appalachian College Association John B. Stephenson Fellow-
ship.

Supporting Information Available: Complete refs 47 and 48
(p S2), computational details (p S3), Cartesian coordinates for
TEMPO, etc. (p S6), calculated conformations, energies, etc.
for the acetonitrile/TEMPO system (p S11), calculated confor-
mations, energies, etc. for the acetamide/TEMPO system (p
S20), and the computed hydrogen Fermi contact coupling
constants (p S32) are available as Supporting Information. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA064632I

Weak H-Bonding Interactions in Solution A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 22, 2007 7027




