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The cross relaxation rate for intermolecular dipole–dipole interactions between methyl protons in liquid
methanol at 0 �C was measured and compared to the rate predicted from MD simulations of the
experimental system. The experimental and calculated values agree well, even though the translational
diffusion coefficient and bulk viscosity of the sample are not well-predicted by the simulations.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Many attributes of a peptide or protein may be altered by dis-
solving the biopolymer in a mixture of water and a small organic
molecule such as trifluoroethanol or acetonitrile [1–3]. Alterations
of solubility, electrophoretic mobility, dominant conformation and
propensity for self-assembly can be produced in this way. Direct
interactions between the solvent components and the solute are
presumably involved to some extent in provoking such changes.
Intermolecular NOE experiments have been used to explore details
of interactions between organic cosolvents and dissolved peptides
[4–6].

Theories for the intermolecular NOE are typically based on hard
sphere models and bulk properties of solution components. In
many cases, estimates of intermolecular cross-relaxation rates
made using these approaches are close to experimental results.
For peptides dissolved in organic-water mixtures, disagreements
between observed and calculated cross relaxation rates can be
taken as indicating (1) selective accumulation of a solvent compo-
nent near a spin of interest or (2) alteration of the local
dynamics of solvent–solute interactions. However, hard sphere
models rarely support interpretations of experimental results that
are unique or offer details at the molecular level. Molecular
dynamics simulations have developed to the point that reasonably
reliable predictions of properties of organic solvents and water-
organic mixtures are practical [7–10]. MD methods may, thus, offer
a better way of understanding solvent spin–solute spin interactions
reflected in intermolecular NOE experiments.
ll rights reserved.
Cross relaxation in neat methanol has been studied as a prelude
to application of MD methods to interpretation of intermolecular
NOE results obtained previously in this laboratory [5,6,11,12]. A
mixture of carbon-13 labeled methanol and normal methanol
was used to determine the intermolecular cross relaxation rate
rCH3CH3

� �
arising from interactions between methyl protons of

the liquid. A sample temperature of 0 �C was used since most of
the peptide systems of interest were examined at this temperature.
The experimental results are compared to predictions derived from
MD simulations of the experimental system.
2. Results

2.1. Experimental determination of rCH3CH3

Fig. 1 shows the methyl region of the proton spectrum of a mix-
ture of CH3OH and 13CH3OH, with CD3OH present to provide a lock
signal. The center 12CH3OH signal was selectively inverted and
changes in intensity of the adjacent signals of the 13CH3OH species
were detected as a function of mixing time. A typical plot of inter-
molecular NOE vs. mixing time is shown in Fig. 2. The initial slope
of the plot defines rCH3CH3 for interaction of 12CH3 methyl protons
with the 13CH3 group [13].The value of rCH3CH3 found was
5.2 ± 0.2 � 10�3 s�1, with the uncertainty estimated by considering
the reproducibility of multiple experiments.

2.2. Diffusion

The translational diffusion coefficients (Dtrans) at 0 �C of both
methanol species shown in Fig. 1 were found to be 1.47 ± 0.07
� 10�9 m2 s�1, in agreement with the results of O’Reilly and
Peterson [14] and Price et al. [15].
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mailto:gerig@chem.ucsb.edu
http://dx.doi.org/10.1016/j.jmr.2011.03.002
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


Fig. 1. Proton NMR spectra at 0 �C of the mixture of methanol isotopomers
described in the experimental section. The unperturbed spectrum of the methyl
region is shown at the bottom; intermolecular NOE spectra at the mixing times
indicated, produced by inverting the central 12CH3OH signal, appear above. The
vertical scale factor for each NOE spectrum is 150 times larger than that of the
control. Enough of the center signal remains in the NOE spectra that there is some
baseline distortion at the carbon-13 satellites. This was reduced by subtracting a
spectrum obtained at a short mixing time. The apparent 3JCHOH coupling constant at
this temperature is 4.4 Hz.

Fig. 2. A typical plot of the intermolecular NOE produced on the methyl carbon-13
lines in the CD3OH–CH3OH–13CH3OH mixture described in the text when the
methyl resonance of CH3OH is inverted. The initial slope of the curve, which can be
equated to rCH3 CH3 , was estimated by fitting the function y = a � tmix + b � t2

mix to the
data, with the initial slope taken as the value of the parameter a.
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2.3. Properties of methanol at 0 �C from MD simulations

Wensink et al. reported MD studies of methanol at 25 �C that
led to computed densities and heats of vaporization in agree-
ment with experimental results, although transport properties
were less well predicted. The force field and general approach
of these authors were adopted for the present work. It was con-
firmed that the heat of vaporization, system density, transla-
tional diffusion coefficient and molecular reorientation time
(s2) of liquid methanol computed from simulations done in our
laboratory replicated the values of these quantities at 25 �C pub-
lished by Wensink et al.

Table 1 presents bulk properties at 0 �C calculated from MD
simulations done with various samples of methanol. Results
from at least three independent simulations were averaged to
give the entries in the Table. The computed density of pure
methanol at 0 �C is about 1% less than the experimental value,
similar to the discrepancy between observed and predicted den-
sity at 25 �C [9].

Many studies have found that the translational diffusion coef-
ficient (Dtrans) obtained from simulations of �200 methanol mol-
ecules agree with the corresponding experimental result [19–22].
In our work, the translational diffusion coefficient at 0 �C in-
creased somewhat as the number of methanol molecules in a
simulation increases from 200 to 16,000. Dependence of Dtrans

at 25 �C on the number of molecules present has been reported
[23]. We find that computed diffusion coefficients for simulations
of 2000 or more methanol molecules exceed the experimental va-
lue by 15–20% at both 0 and 25 �C. Isotopomers of methanol had
the same calculated diffusion coefficients in mixtures of these
species.

In contrast, the viscosity (g) computed from simulations was
40–50% less than the experimental value. Computed viscosities
were, again, found to be sensitive to the number of molecules in
a simulation at 0 and 25 �C, increasing significantly as the number
of molecules increased (Table 1).

The re-orientational autocorrelation function P2 ~eðtÞ �~eð0Þh i of a
unit vector directed along the C–O axis of a methanol molecule
was calculated. Integration of the normalized autocorrelation func-
tion yields the re-orientational correlation time s2. Based on the
second-order Legendre polynomial, s2 potentially would be used
in characterizing NMR relaxation experiments. Our simulations at
25 �C gave a value for s2 in agreement with that reported by
Wensink et al. [9]; an increase of s2 at 0 �C is expected. While
relaxation in a variety of isotopic forms of methanol have been
reported in NMR studies [24,25], the roles of aggregation and
hydrogen bonding makes attribution of experimental observations
to specific modes of methanol re-orientation challenging. It
appears that no unambiguous experimental NMR determination
of s2 at 0 �C is available for comparison to the predicted value in
Table 1. Interpolation of the quasielastic neutron scattering data
of Bermejo et al., gives s2 � 1.4 ± 0.9 ps at 0 �C [26].

2.4. Calculation of intermolecular cross relaxation rates

Abragam has shown that the spin–lattice relaxation rate R1 and
cross relaxation rate rAB arising from the dipolar interaction of a
pair of distinguishable spin ½ particles A and B are given by Eqs.
(1) and (2) [27].
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Table 1
Properties of methanol at 0 �C from simulations.

Number of CH3OH molecules 200 2000 2000 mixa 16,000 mixb Experimental values

Box side (nm)c 2.363 5.095 5.094 10.190
Density (gl�1) 806.8 ± 0.4 804.7 ± 0.1 827.1 ± 0.2 826.5 ± 0.1 810.2 [16]

810.4 [17]
825. (mix)d

Dtrans, �109 m2 s�1 1.57 ± 0.10 1.72 ± 0.07 1.79 ± 0.11e 1.84 ± 0.07e 1.59 [15]
1.75 ± 0.05 1.83 ± 0.02 1.51 [14]
1.70 ± 0.02 1.83 ± 0.06 1.41 [18]

g, �103 P 3.71 ± 0.05 5.21 ± 0.15 5.37 ± 0.02 6.26 ± 0.34 8.08 [16]
7.97 [17]

s2 (ps) 2.8 ± 0.1 2.6 ± 0.1 2.7 ± 0.1 2.7 ± 0.1

a System consisted of 250 CD3OH, 750 CH3OH and 1000 13CH3OH molecules.
b System consisted of 2000 CD3OH, 6000 CH3OH and 8000 13CH3OH molecules.
c Length of an edge of the cubic simulation box.
d Density calculations for mixtures assumed that the density of all isotopomers have the same temperature dependence as CH3OH and that there is no volume change upon

mixing.
e Values given are for CD3OH, CH3OH and 13CH3OH species, respectively.

Table 2
Calculated cross relaxation rate for CD3OH–CH3OH–13CH3OH mixtures at 0 �C.a

Total
molecules

Number of 13CH3OH
target spinsb

G0(0)/
G1(0)

G2(0)/
G1(0)

rCH3 CH3 ,

�103 s�1

2000 3000 5.97 ± 0.04 3.98 ± 0.03 5.6 ± 0.2
16,000 612c 6.01 ± 0.04 4.00 ± 0.08 5.6 ± 0.1
16,000 24,000 5.98 ± 0.01 4.00 ± 0.02 5.5 ± 0.1

a The quantities given are averages of results obtained from 4 or more trajectory
segments of 500–600 ps duration obtained from the last half of 3 or more inde-
pendent simulations of 2 ns length. Standard deviations are appended. A cut-off
distance of 3.0 nm was used for all calculations. There are 1925 CH3OH methyl
protons in a sphere of this radius.

b The number of 13CH3OH methyl protons in the simulation box that are target
spins for the dipole–dipole calculation.

c Spins within the central 3 nm � 3 nm � 3 nm volume of the simulation box
were selected as target spins.
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Here, c is the proton gyromagnetic ratio and xA and xB are the
corresponding Larmor frequencies. The spectral density functions
jm(x) are Fourier transforms of correlation functions gm(t) which
can be written in terms of the components of the vector r which
connects the two spins [28]

jmðxÞ ¼ 2
Z 1

0
gmðtÞe�ixtdt ¼ 2

Z 1

0
Fmð0ÞFm� ðtÞ
D E

e�ixtdt ð3Þ

with

F0 ¼ r2 � 3z2

r5 F1 ¼ zðx� iyÞ
r5 F2 ¼ ðx� iyÞ2

r5

Random isotropic motion of the vector r is assumed, with the
average of the quantity Fmð0ÞFm� ðtÞ appearing in Eq. (3).

Provided that cross correlation effects can be neglected [29,30],
the collective relaxation contributions of a group of identical B
spins interacting with a target A spin is given by
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The right summation in Eq. (5) collects all pair-wise interactions
with a particular target spin. The number of spins involved in these
interactions (Ncut) may be limited by imposition of a cut-off radius.
The collected interactions are averaged over all target spins (Ntarget).
The strong internuclear distance dependence of Gm(t) dictates that
R1 and rAB are dominated by interactions of a given target spin
with its near-neighbors. The correlation functions Gm(t) are
expected to be real functions [27] and this expectation has been
confirmed in computational studies [31].

For isotropic liquids, normalized correlation functions (Gm(t)/
Gm(0)) are independent of m and normalized G0(t), G1(t)and G2(t)
show the same time dependence [27]. Following Feller et al. [32],
we have assumed that the normalized functions can be repre-
sented by a collection of n exponentially decaying functions. By
approximating the decay of GmðtÞ=Gmð0Þ by a sum of exponentials,
the Fourier transform of Gm(t) becomes

JmðxÞ ¼ 2Gmð0ÞsmðxÞ ð6Þ

with

smðxÞ ¼
X

n

ansn

1þ xsnð Þ2
� � ð7Þ

where
P

an ¼ 1. The largest values of sn observed in any of the anal-
yses done for the present work were of the order 330 ps and, at the
experimental operating frequency (500 MHz), the extreme narrow-
ing approximation does not apply.

2.5. Calculation of rCH3CH3 for methanol from simulations

Intermolecular dipolar relaxation in liquid methanol depends
on all pair-wise interactions in the sample. Ideally, when predict-
ing relaxation from a MD simulation, the summations shown in
Eq. (5) would extend over a very large number of spins. However,
there are practical limits to how many molecules can be included
in a simulation. Moreover, the calculation of pair-wise interactions
according to Eq. (5) becomes highly time-consuming as the num-
ber of molecules increases.

At some point, the distance between a pair of protons is so
large that their interaction contributes little to the sum in Eq.
(5). Computation of Gm(t) can thus be accelerated by imposing
a cut-off radius to limit the number of spins considered to be in-
volved with a given target spin. We imagine a sphere of radius
rcut centered on a particular methanol CH3 proton. The subse-
quent motions of protons that are present within the selection
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sphere at time = 0 relative to the target proton are assumed to
produce the intermolecular relaxation of the target spin. Given
a large enough cut-off radius, the number and behavior of spins
selected by this procedure should be sufficient to reproduce the
relaxation behavior of a macroscopic sample. It was determined
for the mixture of methanol isotopomers that values of rcut larger
than 2.5 nm gave essentially the same computed relaxation rates
for liquid methanol.

Table 2 gives the results of calculations of rCH3CH3 done using
trajectories produced by MD simulations of the mixture of
CD3OH, CH3OH and 13CH3OH molecules described earlier. All cal-
culations reported used rcut = 3.0 nm. With simulations of 2000
methanol molecules, a 3.0 nm cut-off produces a sphere of inter-
acting CH3OH around some 13CH3OH target spins that includes
spins in replica cells defined by the periodic boundary conditions.
It is possible that coordination of the motions of molecules in the
central simulation box with those of molecules in replicas could
influence the calculated correlation functions [31]. To check for
such influences, calculations were done using trajectories ob-
tained from simulations of 16,000 molecules. Target 13CH3OH
molecules were taken only from a 3 nm � 3 nm � 3 nm cube in
the center of the simulation box. In this case, all CH3OH mole-
cules selected by rcut = 3.0 nm are well within the central simula-
tion box and periodic influences from the replicas should be
absent or highly reduced. There was essentially no difference be-
tween rCH3CH3 calculated by these approaches, or when all of the
target 13CH3OH molecules in the central simulation box of 16,000
J2ðxÞ ¼
xsþ 5ffiffi

2
p ðxsÞ1=2 þ 4

ðxsÞ3 þ 4
ffiffiffi
2
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2
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ðxsÞ3=2 þ 81xsþ 81

ffiffiffi
2
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 !
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molecule simulations were considered (Table 2). The average of
all calculations indicated rCH3CH3 , estimated from simulations, is
5.6 ± 0.1 � 10�3 s�1.

It is expected that G2(0) = 4 � G1(0) and G0(0) = 6 � G1(0)for an
isotropic system [27]. The ratios G2ð0Þ=G1ð0Þ and G0ð0Þ=G1ð0Þ were
monitored throughout our calculations. As shown in Table 2, the
observed ratios were close to the expected values.

3. Discussion

MD simulations following the procedures of Wensink et al. [9]
afford good predictions of the heat of vaporization and density of
methanol at 25 �C. However, simulations were less successful in
predicting dynamic properties such as translational diffusion and
bulk viscosity at 25 �C, as has previously noted by these authors.
After confirming the results at 25 �C reported by Wensink et al.,
use of their protocol led to a predicted density for methanol at
0 �C that was within about 1% of the experimental value. Again, dif-
fusion and viscosity at this temperature were not accurately pre-
dicted (Table 1).

There is an inverse relation between the translational diffusion
coefficient of a liquid and viscosity [21,23,33–35]. Thus, underesti-
mates of the viscosity of methanol at 0 and 25 �C by the MD sim-
ulations are qualitatively consistent with overestimated of
translational diffusion coefficients. However, predictions of both
parameters depend on the number of molecules simulated and
there appears to be no simple relationship between the calculated
diffusion coefficients and sample viscosity.

The force field used for the simulations reported here does not
include the effects of electronic polarization. It has been found in
other systems that failure to include polarizability can lead to
underestimation of diffusion and over-prediction of viscosity
[36–39]. There are reports that a more elaborate force field that
takes into account molecular polarizability improves the pre-
dicted diffusion coefficient and viscosity of methanol [22,34,35].
but most of those studies involved simulations of only 200–500
molecules of methanol. Given the dependence of Dtrans and g on
the number of molecules reported here (Table 1), it would be of
interest to explore the effects of molecular polarizability in larger
simulations.

A hard sphere model of liquid methanol can be used to estimate
the intermolecular cross relaxation parameter rCH3CH3 in the mix-
ture studied. Assuming rapid molecular reorientation, each proton
of a methanol molecule is considered to be located at the center of
a sphere of radius rM [40]. The results of Ayant et al. [41] show that
rCH3CH3 arising from interactions of the CH3OH methyl protons with
methyl protons of 13CH3OH is given by

rCH3CH3 ¼
3c4

Hh2NS

10pDr
6J2 2xHð Þ � J2ð0Þð Þ ð8Þ

where xH is the proton Larmor frequency, NS is the number of in-
verted CH3OH spins per mL, D is the sum of the diffusion coeffi-
cients, assumed to be equal for the CH3OH and 13CH3OH
molecules ðD ¼ 2DCH3OHÞ, r is the distance of closest approach of
the spheres representing these species (r = 2rM) and J2(x) is a spec-
tral density function given in equation (9),
with the correlation time s ¼ r2

D . Assuming that the radius of a meth-
anol molecule is 0.208 nm [6] and that DCH3OH is the experimental
value reported above, Eq. (8) gives 4.6 � 10�3 s�1 for the methyl–
methyl cross relaxation rate at 0 �C, in reasonable accord with the
experimental result and predictions from MD simulations. Using
the larger diffusion coefficient predicted by the MD simulations
gives 3.9 � 10�3 s�1. Other results of Ayant et al. can be used to cal-
culate rCH3CH3 using a model in which the protons of methanol are,
on average, displaced some distance from the rotational center of
the molecule. It was shown that such models can lead to an increase
in the predicted cross relaxation rate. For example, assuming that
the average location of the methyl protons is 0.1 nm from the center
and that the rotational diffusion constant of the molecule is 1

6s2
[33],

leads to rCH3CH3 = 5.0 � 10�3 s�1.
4. Conclusions

MD simulations done using a conventional force field lead to a
predicted intermolecular cross relaxation rate for dipole–dipole
interactions of the methyl protons in liquid methanol that is close
to the experimental value at 0 �C. This outcome is somewhat sur-
prising since the simulations do not produce particularly good pre-
dictions of the translational diffusion coefficient or bulk viscosity.
However, we note that Luhmer et al. have reported that MD simu-
lations of xenon-129 dissolved in benzene produced a cross relax-
ation rate due to interactions of solvent protons with Xe that
agreed with experiment [28]. Error compensation effects may be
at play here and it would be of interest to understand them better.
For the present, it appears reasonable, given a sufficiently reliable
force field, to expect intermolecular cross relaxation parameters
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for solvent–solute interactions estimated through MD simulations
to agree reasonably well with experiment.
5. Experimental

5.1. Materials

CH3OH (anhydrous, 99.8%), 13CH3OH (99 atom %) and CD3OH
(99.9 atom %) were used as received from Sigma–Aldrich. A mix-
ture of these components with the molar ratios 2.9:3.9:1.0, respec-
tively, was prepared and sealed in a J. Young tube (Wilmad) under
atmospheric pressure.
5.2. Instrumentation and experimental procedures

Proton NMR spectra were collected at 500 MHz using a Varian
INOVA instrument and a Nalorac triple resonance probe equipped
with xyz pulsed field gradient coils. Pulse sequences used for the
intermolecular NOE experiments were based on those published
by Dalvit [42], except that an excitation sculpting scheme [43,44]
with 15 Hz bandwidth square pulses was used for selective inver-
sion of the CH3OH signal at the start of the NOE mixing time, rather
than the approach described by Dalvit. A computational study of
the selectivity of this inversion based on the Bloch equations sug-
gested that the intensities of the signals from 13CH3OH were al-
tered less than 1% by inversion of the CH3OH line. Mixing times
for intermolecular NOE experiments ranged from 50 to 4000 ms.
Sample temperatures were determined using the observed shift
difference between OH and 12CH3 methyl signals of the sample
and a standard calibration curve [45]. (http://www.spectroscopy-
now.com/FCKeditor/UserFiles/File/specNOW/HTML%20files/NMR_
temperature_measurement.htm). Temperatures are believed to
have been constant to better than ±0.1 �C during the course of an
experiment and accurate to better than ±0.5 �C.

Plots of the intermolecular NOE vs. mixing time were analyzed
as described previously [13,46]. The derived cross relaxation
parameter (rCH3CH3 ) for interaction of 12CH3OH and 13CH3OH
methyl protons was corrected for the extent of inversion of the
12CH3OH signal.

Self-diffusion coefficients of sample components were deter-
mined by bipolar double stimulated echo pulsed field gradient
experiments [47], following procedures previously described [5].
Pulsed field gradients were calibrated using doped 1% H2O in
D2O sample (Varian) and the data of Longsworth [48].
5.3. MD simulations

All simulations were done with the GROMACS package [49,50]
running on a SUN SunFire X4600. The force field and overall ap-
proach of Wensink et al. was used [9]. Systems examined included
200 and 2000 molecules of CH3OH and a total of 2000 or 16,000
molecules of a mixture of CD3OH, CH3OH and 13CH3OH, with the
isotopic species present in the ratio 1:3:4, respectively. Force field
parameters for isotopically enriched species were assumed to be
the same as those for CH3OH. A cubic simulation cell was used,
with periodic boundary conditions applied. Motion of the model
center of mass was corrected every 0.01 ps. Snapshots of the sys-
tem coordinates and velocities typically were written every 50 or
100 fs. Covalent bonds were kept at constant length by the SHAKE
procedure since it was observed that removing these constraints
had virtually no effect on the calculated cross relaxation parame-
ters. The integration time-step was 0.002 ps. Cut-offs for electro-
static and van der Waals terms were 1.1 nm [9]. The PME
method for long-range electrostatics was applied, as was the
long-range correction for the van der Waals interaction described
by Allen and Tildesley [51].

Simulations were regulated at 298 or 273 �C and a pressure of
1 bar by use of the Berendsen temperature (velocity re-scaling)
and pressure coupling methods with relaxation time constants of
0.1 and 1 ps, respectively [52].

After initial equilibration for at least 500 ps, simulations of tra-
jectories of 2 ns duration were carried out, with analyses of system
properties done using the last half of the trajectory created. Pro-
grams contained within the GROMACS package were used to com-
pute the system density, self-diffusion coefficients from the mean
square molecular displacement using the Einstein relationship
[53], viscosity through calculation of transverse current autocorre-
lations [54], and molecular re-orientation times.

Fitting of GmðtÞ
Gmð0Þ computed from a MD trajectory to a sum of expo-

nential functions used a local version of Provencher’s program DIS-
CRETE [55]. (See http://s-provencher.com/index.shtml.) The
program systematically tried sums of up to eight terms, with the
best fit selected according to criteria discussed by Provencher. Typ-
ically, the best fit consisted of 5 or 6 exponential terms.
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