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Structures and Hydrogen Bonding Analysis ofN,N-Dimethylformamide and
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Pure N,N-dimethylformamide (DMF) and DMFwater mixtures are studied by molecular dynamics (MD)
simulations. An OPLS all-atom force field is used for the simulation of DMF, revealing the local order and
formation of the weak hydrogen bond of-@i---O, and TIP5P is adopted for the simulation of water and is
compared with the latest X-ray and neutron diffraction experiment. Solution properties of-IdstEr mixtures

are investigated using radial distribution functions (RDFs) and hydrogen bonding properties. A significant
composition dependence, which is attributed to the prevailing influence of the strongly polarizable amido of
DMF and the clustering feature of water, is observed in the simulation. In addition, NMR experiments of
DMF—water mixtures are used for the discussion of the hydrogen bonding effect. The results of the simulation
are adopted to explain the NMR experiments by hydrogen bonding analysis. As a result, the magnetic anisotropy
of the amido group is considered to play an important role in the chemical shift.

1. Introduction represented by a sum of the Coulomb and Lennard-Jones terms

. . . with eq 1
Amides are very interesting compounds and often serve as a q

model of the peptide bond. Hydration effects on the structure onaonb

of such biological model molecules are important in understand- En= z Z[qiqjezlrij + 4€ij(0i]12/ri:;-2 _ Ui?/ri?)] f
ing the role of water in the behavior of these molecules in ™

biological media. The interaction plays a crucial role in the ) . .

solvation of the peptides in aqueous solutions. It is increasingly WhereEais the interaction energy between molecules a and b.
recognized that the €H-+-O hydrogen bond plays a significant ~Standard combining rules are used via eq 2.

role in determining the molecular conformation and crystal
packing! in the stabilization of complexésand in the activity

of biological macromoleculesThe weak hydrogen bond, which h L d fori lecul bonded
exists widely in protein structures, may be the key to protein 1 Ne Same expression is used for intramolecular nonbonde

folding. To investigate the nature of these interactions, we Ntéractions between all pairs of atonis<(j) separated by three
performed molecular dynamics (MD) simulations in a model ©OF More bonds. Furthermorfy, = 1.0 except for intramolecular
molecule systemN,N-dimethylformamide(DMF-water mix- 1,4 interactions for whicl = 0.5. .

tures. However, we choose this amide because it is unable to, For water m_olecules, thg TIPSP model is adopted. Tl.PSP
engage in N-H-+-O—=C hydrogen bonding with dialkyl substitu- 1S & NeW five-site, nonpolarizable water que! that was fitted
tion at the nitrogen. by Mahoney and Jorgensen on the pure liquid water proper-

DMF liquid has been extensively studied by spectral and ties by MC simulation and reproduces the density of liquid

@)

)1/2 1/2
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theoretical studie$:1° Furthermore, Cordeiro and Freitas have
performed a Monte Carlo (MC) simulation to investigate the
DMF—water interaction and the solvent effect on the stabiliza-
tion of the DMF molecule in aqueous solutiodsBut few of
them concern hydrogen bonding networks of DMkater
mixtures, especially the-€H---O interaction. The present work
employs MD simulation to provide information on the molecular
level for the local structures in DMF and DM#Rvater mixtures,
the hydration of the DMF solute, the association between DMF

and water molecules, and the hydrogen bonding network

properties.

2. Computational Method

2.1. Molecular Models.Simple rigid potential models were

water accurately over a large temperature radgePLS-AA
(optimized potentials for liquid simulations-all atom) was
recently developed for the all-atom force field. For the DMF
molecule, a modified OPLS-AA model is adopted because
the original OPLS-AA model was fitted by inaccurate pure
liguid propertie-13 N-methyl group parameters are somewhat
changed to agree well with experimental values of the density
and heat of vaporization so that OPLS-AA work will be hardly
affected. Table 1 lists the potential parameters for the pure
components.

Mixtures of liquids can likewise be simulated by using the
interaction potentials of the pure liquids. Generally, a good
description of the behavior of the pure components is not
sufficient for an accurate prediction of the properties of a
nonideal associated binary system such as BMBter mixtures

used for both DMF and water. The nonbonded interactions are When simple combination rules are used for the cross interac-
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tions. Notwithstanding, the simulations of mixtures have been
reasonably successful in predicting many mixed properties. The
results should be viewed as providing a qualitative description
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TABLE 1: Potential Parameters for TIP5P and DMF

J. Phys. Chem. A, Vol. 107, No. 10, 200B575

o (A) € (kJ/mol) g (in units of e)

TIP5P
Ow 3.1200 0.6694 0.0000
Hw 0.0000 0.0000 0.2410
Lp 0.0000 0.0000 —0.2410
DMF original modified original modified
Oc 2.960 0.210 —0.500
C (C=0) 3.750 0.105 0.500
Hr (C=0) 2.420 0.015 0.000

3.250 0.170 —0.140
Cum (N—CHy) 3.500 3.300 0.066 0.087 —0.240
Hum (N—CHa) 2.500 0.030 0.060

of DMF—water mixtures. Moreover, it remains an important
task to compare the experimental and predicted properties o
the mixtures.

2.2. Simulation Details.MD calculations were performed
by using a modified TINKER 3.9 molecular modeling pack-
age!* The calculations were performed in thel°PT ensemble
atT = 298 K andP = 1 atm with a total of 216 molecules.
Calculations on pure DMF and DMFwater mixtures at
different concentrations were carried out. One reference simula-
tion of TIP5P water was also carried out for verification and
comparison. The bigger binary system with a molar fraction of
DMF x = 0.5, consisting of 256 molecules of DMF and 256
molecules of water, was also calculated to examine possible
system-size effects.

The equations of motion were integrated with the modified
Beeman methot¢f The temperature and pressure were main-
tained with the Berendsen algorithh Periodical boundary
conditions were applied together with a spherical cutoff. The
Shake algorithm was used to constrain the bond lengths, wherea
all of the other degrees of freedom remained flexiSleong-
range interactions were handled by the smoothing funétién,
which was similar to the approach used in the parametriza-
tion of DMF and TIP5P models. The energies of the initial
configurations were minimized by using the MINIMIZE pro-
gram in the TINKER 3.9 package. The time step was 1 fs,
and configurations were saved every 0.1 ps for analysis.
Then the systems were sufficiently equilibrated to ensure that
there were no systematic drifts in the potential energies with
time. The equilibrations were followed by monitoring the
radial distribution functions (RDFs) as well as the fraction of
molecules of each species that had a given number of hy-
drogen bonds. The statistics were collected during the last
100 ps.

3. Results and Discussion

3.1. Results of Pure DMF and Water. Thermodynamic
Properties. The liquid density and heat of vaporization are
important measures of the size of the molecules and the strengt
of their interactiont® Density is easy to calculate in a periodic

TABLE 2: Calculated and Experimental Thermodynamic

fProperties of Pure Liquids?

AHyap (kcal/mol) o (g cm3)
calcd exptl calcd exptl
liquid (original) (original) (original) (original)
DMF 11.21 (10.49) 11.10(10.40y 0.943 (0.879) 0.944 (0.873)

TIP5P 10.73 10.51 0.995 0.997

aResults at 298 K and 1 atriResults are taken from ref 9aEx-
perimental data are taken from ref 13&xperimental data are taken
from ref 13b and c.

proximated from the calculated energy via e¢ 4yhereR is
the gas constant anflis the absolute temperature.

AH oo~ —E()UN + RT 4)

In Table 2, a summary of the calculated properties along with

ghe experimental values is shown. The modified OPLS-AA

model of pure DMF represents the experimental liquid density
and the heat of vaporization very well. The agreement between
the calculated and experimental values is also very good for
the TIP5P model. The results are a little different from the
original findings obtained from the MC simulation. For instance,
for a system of 512 TIP5P water molecules, the density and
the heat of vaporization were found to be 0.999 g chand
10.46 kcal mol™1, respectively:2

Liquid Structure. The structure of the liquid can be
characterized well by RDRy(r)[x—y], which gives the prob-
ability of finding an atom of type y at a distancefrom an
atom of type x. The atom types have been defined in Table 1.
For simplicity, only thosey(r)’s that concern the hydrogen bond
in pure DMF are displayed in Figure 1. On the basis of
calculated RDFs with the OPLS potential, Jorgenson and
Swenson suggested that liquid DMF contains significant struc-
ture and local order because of dipelgipole interactiorf. Our
results reinforce the above local order in viewgdf)[Or—C¢]

rndg(r)[Or—Cy], which show well-structured first peaks near

3.5 and 3.6 A, respectively. Since the OPLS-AA model

boundary system and simultaneous provides a good test of the©c0dnizes Hand Hy as different sites instead of a single-8

intermolecular forces, the cutoff criterion, and tRET method
used. The density is calculated from the average volume wit
eq3

h

p = M/(0.6022x [VIIN 3)
wherep is the density in g cm?, M is the molecular weighty

is the number of molecules in the periodic bo¥,is the
calculated volume in A and 0.6022 is the unit conversion
factor. The heat of vaporization allows us to check directly the
intermolecular energy of system, which is responsible for its
state of aggregation. The heat of vaporization is well ap-

group site of OPLSg(r)[O—Hg and g(r)[Or—Hwm] can be
obtained and show further local ordey(r)[Or—Hg presents
two significant peaks near 2.7 and 6.4dk:)[Or—Hyw] presents
three distinct peaks near 2.9, 4.3, and 6.3 A. The large first
peak and the short bond distance in the RDFs indicate weak
hydrogen bonding interactions of formyl oxygen bonded with
formyl hydrogen or methyl hydrogen. Recently, the crystal
structure of pure DMF has been described and shows similar
local order® A ring of four DMF molecules connected by weak
C—H---O hydrogen bonds involving two formyl hydrogens
and two methyl hydrogens was observed. The local order is
quite consistent with the results of the simulation. The broad
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16 them together, DMF molecules tend to be fairly ordered. Vargas
' et al. performed a high-level ab initio calculation and located
1_4_' four stable DMF dimer structures in the gas ph¥s&Ve
] compare the simulation result of pure DMF liquid with Vargas’
124 result. The four stable DMF dimers can be found, but their
] concentrations are small. In the majority of cases, the dimers
1.0 - exist in the form of linear species, not cyclic ones. Keep in
PR mind that we are comparing the results for liquids with the ab
= 08 initio calculation results for the gas phase.
© 06_’ Different definitions have been used to estimate the number
o of hydrogen bonds of water on the basis of various energetic
044 and structure criteriZ2 Here we have adopted a geometric
] criterion that is the same as that used by Luzar and Chafdler.
0.2 4 i Two molecules are considered to be hydrogen bonded if their
; separations are such thg0---H) < 2.45 A, r (O-:-0) < 3.60
0.0 A—r—y—r—r A, and the angle HO-+-O < 30°. With our choice of geometric
2

1 12 criterion, 3.26 hydrogen bonds per water molecule are found

in TIPSP water. Luzar and Chandler found 3.33 hydrogen bonds
per water molecule using the SPC mot#feKalinichev per-
Figure 1. g(r)'s for pure DMF calculated with the new parameter set  formed an MC simulation to find 3.19 hydrogen bonds per water
at 298 K and 1 atm. Distances are in angstroms. The atom types refer,5jacule using the TIP4P mod¥l.Recent proton NMR
to those in Table 1. - . .
chemical shift measurements from-190 MPa gave a scaling
factor of 3.2 for the degree of hydrogen bondfigSince the
first peak height ofy(r)[Ow—0Ow] is somewhat overestimated
relative to the experimental data, the number of hydrogen bonds
q per water molecule in the TIPS5P model is likely to be somewhat
overestimated.

3.2. Result of DMF—Water Mixtures. Thermodynamic

Properties. The DMFwater binary system exhibits strong
nonideal behavior, which is reflected in its large negative excess
d enthalpy and volume of mixinéf Results for the density
obtained in the simulation are compared with experimental data
in Figure 3. The densities of the mixtures are reproduced fairly
jwell qualitatively. However, the calculated values are still
considerably smaller than the experimental data for high
concentrations of DMF. It seems that the TIP5P model is more

first peaks of the RDFs also imply that the intermolecular
interactions are likely to include hydrogen bonds as well as
dispersions.

Theg(r)'s for TIPSP are displayed in Figure 2. Our calculate
g(r)'s are in good agreement with the previously reported re-
sults in the literaturé? Figure 2 also shows a comparison of
a(N[Ow—0w], 9(N[Ow—Hw], andg(r)[Hw—Hw] of TIP5P with
the latest X-ray and neutron diffraction experimental d&fa.
g(n[Ow—0Ow] values from two different experiments are in goo
agreement, indicating that experimengét)[Ow—Ow] values
are reliable. TIP5P gives excellent agreement with the two
experimental data points, especially since the tetrahedra
structure, which is measured by the second and third peaks,
fits the experiments well. Fog(r)[Ow—Hw], TIP5P agree- . ) .
ment more closely with experiment over the whole range but suitable for pure water and water-rich regions.
presents a higher first peak than the experiment does. For Liquid Structure. g(r)[Ow—Hw] andg(r)[Or—Hw] are dis-
g(r)[Hw—Hw], TIP5P overestimates the first peak position a Played in Figure 4a and b, respectively. The variations in the
little compared with experiment. TIP5P shows two peaks near heights of the first peak fog(r)[Ow—Hw] and g(r)[Ow—Hw]

3.6 and 4.8 A, but only one peak near 3.8 A is observed in in DMF—water mixtures as a function of the molar fraction of
experiment. On the basis of the comparisons, especially DMF are shown in Figure 5. The correspondi(g)[Ow—0Ow]
g(r)[Ow—0Ow] values, we could conclude that TIP5P gives good andg(r)[Or—0Ow] show similar behavior as the concentration
descriptions of the water structure. of DMF varies. The peak locations in RDFs are hardly affected

Hydrogen Bonding Analysis. A visual inspection of the by the concentration of DMF in Figure 4, whereas the peak
crystal structures reveals the existence of DMF aggregatesamplitudes change significantly.

exhibiting a C-H---O hydrogen bonding type.Different
investigators have defined slightly different criteria for identify-

The increases in the peaks of RDFs between water molecules
are not so much caused by an increase in the structure of water

ing the weak hydrogen bond. We adopt the somewhat modified as they are by the tendency of water to remain in aggregates in

geometrical criteria for EH---O hydrogen bonds by comparing
with Desiraju’s definition, X-ray experimental data, and quantum
mechanical calculation resuft$)>19specifically, R(O-+*H) <
2.8, 3.0< R(O---C) < 4.0, and the angle €H---O > 110.

the mixtures. Figure 4a shows that the first atomic coordination
shells are apt to be more structured with the increase in DMF
concentration in the region oour < 0.750, suggesting that

the water molecules tend to form more clusters in the higher

Then, for each molecule, the probability can be calculated to DMF concentration mixtures. However, the first atomic coor-
have a certain number of hydrogen bonds. A summary of the dination shells are apt to be less structured, and the second
statistics is given in Table 3, indicating that methyl hydrogen coordination shells begin to vanishxpwe > 0.750, suggesting

is a better donor than formyl hydrogen. Most formyl oxygens that the tetrahedral structures of water are rapidly destroyed.
have one or two hydrogen bonds in their complexes, whereasEven at high DMF concentrations, there are some water
few of them have more than three hydrogen bonds. The numbermolecules that tend to reside in aggregates. Figure 4b displays
of hydrogen bonding to two methyl hydrogens is much more two sharp peaks near 1.9 and 2.9 A, indicating hydrogen bond
than the number of hydrogen bonding to two formyl hydrogens. formation between the formyl oxygen of DMF and the hydrogen
This implies that the interaction of the bifurcated pattern between of water. Mostg(r)[Ow—Hw]'s exhibit the two almost equal
formyl oxygen and methyl hydrogen may be more popular in peak amplitudes, indicating that only one hydrogen atom of the
DMF liquid. Because the weak hydrogen bonding force draws water molecule is closely related to the hydrogen bond forma-
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Figure 2. Calculated and experimenig(r)’s for pure water at 298 K and 1 atm. (ap©Ow. (b) Oy—Hw. (¢) Hv—Hw. Distances are in angstroms.

The atom types refer to those in Table 1.

TABLE 3: Fractions (%) of O r Atom Accepted Hydrogen
Bonds to H- and Hy Atoms in Pure DMF2

accepted H bonds ©-H—Ce Of*+*Hu—Cwm
0 71.40 64.95
1 25.91 29.71
2 2.59 5.00
3 0.11 0.33
4 0.00 0.01
average 0.31 0.41

aThe atom types refer to those in Table 1.

tion. Interestingly, DMF is found to “enhance” the structure of
water in very dilute solutions ofpwr < 0.100, whereas a further
increase in DMF concentration leads to a “breakdown” of the
water structure. The DMF and water molecules are apt to be
more structured inpye > 0.750.

In addition, some weak correlations o ©Hg, O *-Huy,
Ow---Hg, and Qy---Hy are simultaneously observed, implying

density (g cm™)

1.01

—m— Expt.

1.00 4 --O--Calc.

ﬁ.!!;‘{:'i:: 0
099
0.98
0.97

0.96 4

0.95 4

0.94 4

L e S S B A e m e e e m e
01 02 03 04 05 06 07 08 09

x (DMF)

0.0 1.0

that there exist some weak intermolecular interactions. The “first rig re 3. Calculated and experimental densities in DMFater
peak height” of the weak correlation is defined to be the mixtures at 298 K and 1 atm. Experimental data are taken from

maximum ofg(r)’s for r < 2.8 A in order to compare with the
results of hydrogen bonding analysis. Variations of the first peak
height ofg(r)’s as a function okpur are displayed in Figure 6.
These indicate a preferential conformation of the DM¥ater

ref 26.

clusters where the oxygen of the water molecule is facing a
methyl group of DMF. The situation is also obtained by using
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Figure 5. Variation of the first peak height aj(r)’s for Ow—Hw and
Or—Hw in DMF—water mixtures as a function of the molar fraction
of DMF. The atom types refer to those in Table 1.

Figure 6. Variation of the first peak height a@f(r)’s for Or—Hg, Oc—
Hm, Ow—He, and Qy—Hw in DMF—water mixtures as a function of
Xome . The atom types refer to those in Table 1.

MD simulation in other aqueous mixtures such as acetonitrile
and DMSQ27.28 the first minimum in the corresponding RDF. Water molecules

In a general way, the higher peak amplitudes in waveater can be both double donors and double acceptors of hydrogen
and solute-water pair correlation functions were attributed to  bonds, leading ideally to tetrahedral water coordination. DMF
the enhancement of the ordered structure. Although the pairand water compete as acceptors of hydrogen bonds, which are
correlation function is very useful for the analysis of the liquid donated by water molecules. This leads to some rather interest-
structure sensitivity to various physical parameters such asing solvation effects and hydrogen bonding network in the
temperature and pressure at a permanent composition, one haBMF—water mixtures. A summary of the statistics is given in
to be very careful when the composition of the studied mixture Figure 7.
is changing, especially if one or more than one component is In pure water, the state corresponding to accepting two and
an associated liquitf donating two protons is the most common. As anticipated, the

Hydrogen Bonding Analysis. Since, as was shown above, average number of hydrogen bonds that the water molecules
RDFs do not provide explicit information on ordering in binary engages in decreases with increasing DMF concentration,
mixtures, we carry out a detailed analysis of hydrogen bonding signaling the disruption of the hydrogen bonding network. In a
network in the mixtures to gain deeper insight into the aqueous fluid mixture, average populations depend on both the relative
structures. One basic aspect of the hydrogen bonding networkconcentrations of the components and the pair correlation. The
is the probability distribution, describing the number and type latter are described by the potentials of mean force. Hence, our
of hydrogen bonds that a molecule is engaged in with other simultaneous observations of a diminishing number of water
molecules. water hydrogen bonds and an increasing number of watater

The O-H---O hydrogen bond plays a crucial role in aqueous correlations are not inconsistent. Indeed, without the increased
solutions. These hydrogen bonds are determined by a similarcorrelations, the waterwater bonding populations would
geometrical criterion to that of pure water as defined in section decrease faster than they do with increasing DMF concentration.
3.1, whereas the cutoff distance is taken to be the distance ofFor DMF molecules, most of them have only one hydrogen
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Figure 7. (a) Fraction (%) of water molecule donating and accepting Zypdqne @), two (a), three &), four (), and five (k) hydrogen bonds

to other water molecules and the average number of hydrogen bahd&) Fraction (%) of @ atoms accepting hydrogen bonds tg Htoms.

The symbols are same as in part a. (c) Fraction (%) ©&0ms accepting hydrogen bonds to thg &om. The symbols are the same as those in
part a. The atom types refer to those in Table 1.

bond to one water molecule over the entire composition range, bonding or not, so the adoption of a criterion to the k:--O
but a small number have two hydrogen bonds to two water hydrogen bonds in DMFwater mixtures may be somewhat
molecules in diluted aqueous solution. The ratios between thearbitrary. The same geometrical criteria in section 3.1 are used
number hydrogen bonding to one and the number hydrogenfor DMF—water mixtures to compare with pure DMF. Notice
bonding to two water molecules increase with the concentration that different criteria result in numerically different results for
of DMF. Therefore, the dimer DMH,O seems to be more the extent of hydrogen bonding from the same simulation. A
stable than the trimer DMEH20),. summary of the statistics is displayed in Figure 8. Little attention
According to the simulation, water molecules are hydrogen was paid to the €H---O hydrogen bond in aqueous solution.
bonding to water molecules, but near the solvated DMF mole- Here, it is found that the interaction of the weak hydrogen bonds
cules, they can simultaneously bond with DMF or readily switch cannot be neglected. Formyl oxygen is a better acceptor than
their bonds from water to DMF to form (DMR)(H20), aggre- hydroxyl oxygen, and methyl hydrogen is a better acceptor than
gates. Some average numbers of hydrogen bonds are relativelformyl hydrogen. Figure 8a and b shows that the average
large inxpwr < 0.10, and the water structure breaks more number of hydrogen bonds accepted by formyl oxygen increases
quickly in xpme > 0.75. In DMF-rich regions, water molecules  abruptly with increasingpwmr in Xome < 0.10. Figure 8c and d
are apt to form one or two hydrogen bonds with DMF molecules shows that the average number of hydrogen bonds accepted by
and form fewer hydrogen bonds with water molecules. Becausehydroxyl oxygen increases abruptly with increasiage in xpme
DMF molecules that hydrogen bond to water molecules appear > 0.75. This indicates that the two hydrophobie-B groups
more frequently, water clusters are easily destroyed. However, play different roles in DMF agueous solution.
there persists some noticeable degree of hydrogen bonding, Snapshots of the configurations show that water molecules
represented by small clusters such as dimers and trimers, everare not evenly distributed over the whole region but are apt to
in systems with high concentrations of DMF. form some clusters. DMFwater mixtures exhibit microhet-
Since the intermolecular energy of the system is described erogeneity on a molecular length scale, as water-rich and DMF-
by a continuous interaction potential in the simulation, we cannot rich clusters interpenetrate over an extensive range of compo-
distinguish with precision whether two molecules are hydrogen sition.
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Figure 8. (a) Fraction (%) of @ atoms accepting zer@j, one @), and two @) hydrogen bonds to Hatoms and the average number of hydrogen
bonds ). (b) Fraction (%) of @ atoms accepting hydrogen bonds to other &loms and the average number of hydrogen bonds. The symbols
are the same as those in part a. (c) Fraction (%) wfa@ms accepting hydrogen bonds te &dloms and the average number of hydrogen bonds.
The symbols are the same as those in part a. (d) Fraction (%)ait@ns accepting hydrogen bonds tg Htoms and the average number of
hydrogen bonds. The symbols are the same as in part a. The atom types refer to those in Table 1.

The large system of 512 molecules has similar cluster chemical shift reference of sodium 2,2-dimethyl-2-silapentane-
properties to the small system of 108 DMF and 108 water 5-sulfonate (DSS) and set at the center of the sample tube of
molecules. Snapshots of the configurations of water molecules5-mm diameter.
in the large system reveal that the large cluster is not compact However, NMR is a quantity that is averaged over the protons
like the small system, whereas the fairly dense clusters areof all of the molecules in the solution. The hydration of a solute
interconnected by some sparse water molecules. Of course, thén aqueous solution is not fully understood on the microscopic
number of molecules in the clusters is different, which implies level. It is well known that the effect on the chemical shifts of
that size effects are worth considering. Computing efficiency hydrogen bonds is much larger than all of the other intermo-
and size effects ought to be a compromise. lecular interaction effects. Since the chemical shift is a measure

Comparison with the NMR Experiment. Spectral measure-  of the electron density about the probe nuclei, it gives the
ments such as IR, Raman, and NMR are highly powerful information state for the atom. The chemical shift measures the
techniques that may be used to investigate intermolecularchanges in the electronic shell, driven by the proximity of
interactions in solution. However, there is still very little spectral hydrogen bonding donors and acceptors. In this regard, the
data over the whole composition range for binary mixtures, chemical shift is similar to the intermolecular potential energy
especially in aqueous mixtures. NMR and IR spectra of aqueousof MD simulations. In the planar ground-state configuration of
binary mixtures of acetone, alcohol, and DMSO have been DMF, the two NCH groups are in nonequivalent magnetic
measured?® 3! We measuredH NMR spectra of DMFwater environments (Figure 9). Since the energy barrier to rotation
mixtures over the whole composition range at different tem- about the central €N bond is relatively high owing to electron
perature$? H NMR spectra were measured using a Bruker delocalization, two discrete NGHesonances are often observed
DMX500 spectrometer operating at 500 MHz at 298®.1 in NMR spectréf In general, NCH(c) is at higher field than
K. Chemical shifts were determined by the external double- NCHjs(t). It is well recognized that the nonexchanging chemical
reference methd83334using a homemade external reference shift, A6(NCHj), between the two NCiigroups is significantly
tube and a capillary of 2-mm diameter with a blown-out sphere temperature-, solvent-, and concentration-dependent. The effect
of 4-mm diameter at the bottom, which was filled with the of concentration oMé(NCHj) is important since studies of the
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DMF. The larger th&(Hw) value, the stronger the polarization
and the hydrogen bonding interactions of the water molecules.

H g Oj / /C“a Analyses of densities and partial molar excess volumes of the

mixtures also lead to the similar conclusion that DMF behaves
as a strong structure mak&rin Figure 10b, the chemical shift
of formyl hydrogens,o(Hg), increases withxpye over the

() HaC whole composition ranged(Hg) increases with increasing
Figure 9. Nonequivalent magnetic property and magnetic anisotropy temperature irxpve < 0.10, whereas it decreases with in-
of DMF. creasing temperature ixpye > 0.1032 implying the type of

. . . . intermolecular interactions of €€H group transitions from
magnetic anisotropy of_the a”.“do (I_:lgure 9) have been baseddispersion to hydrogen bonding. In Figure 10c, the nonex-
on these relative chemlqal shlﬁs. Figure 10 sh.ows the resunschanging chemical shift between the two methyl hydrogads,
of the proton NMR chemical s_hlfts co_mpare_d with the average (Huw), increases rapidly withos in Xomr < 0.30, whereas it
nu%zeéig;?cﬁrs(?r?iino?&r;?Zrlgrtohtgnsél?qHu'?tli?sné measure of increases with increasing temperature, implying that the hydro-
W), . . . . . .

the electron density about the water protons, and it reflects thegs:]1 320'%29(;?;93;?;2 d;‘mtl\?vitelzggg Ig;eamglce)c:ﬁwtl)gfézc
polarization of water molecules dissolving solutes. Since the ) ted by th P t f DMF dy tg it '
models are more applicable in water-rich regions, we will mainly ?hccephe y _et(;xygekz]n a.orrlls E'ft Thanh vO\I/a e, rebsu j n
discuss those regions. Figure 10a indicatesdfidiy) is some- in;rgczgggso flr(]a,---zpcar?(;ng,i--sH N'I :r.e imf)orélr:??rs;w 3” ing

what larger than the value for pure watexiyr < 0.10, reaches DMF
a maximum akoyr ~ 0.06, and decreases rapidly Wity in 0.10, whereas those of-©-Hg and Q---Hy become significant
in Xxome > 0.100.

Xpmr > 0.10. The variation of the chemical shift wigur is
analogous to that of they@-H-+--Ow&OF hydrogen bond, which The situation is analogous to that of acetone in aqueous
denotes the hydrogen bond that the ldtom donates to the = mixtures investigated by NMR and MD simulatidh&° but is
hydrogen bond to the @ atom and the @atom, suggesting  different from that of alcohol® Furthermore, the comparisons
that the presence of the highly polarized water molecules is reveal that the acceptor of the amido is more effective in
responsible for the ©H---O hydrogen bond between water and determining the) values than the hydroxyl group, owing to its

——CHS{C) H CHa
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Figure 10. (a) Average numbers of (@-Hy*-Ow and Qy—Hw*--Ow&Ofr hydrogen bonds donated and accepted by water molecules along with
O0(Hw). (b) Average numbers of & Hg+-Or and G—Hg-+-Ow hydrogen bonds along with(Hg). (c) Average numbers of \c-Hw+++Or and Gy—
Hw-+-Ow hydrogen bonds along withd(Hy). The atom types refer to those in Table 1.
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magnetic anisotropy. The ratio of DMF to water seems to be anisotropy are key factors in inducing the anomalous polariza-
the predominant factor in the hydrophobic hydration. The tion of DMF and water molecules in NMR experiments.
polarized water is correlated not only with the interaction  The present study was successful in revealing the detailed
between water and the amido but may be also related to thestructural and hydrogen bonding properties in DMF solute
hydrophobic hydration of the €H group, especially at low molecules as well as in water solvent molecules as functions
concentration. of concentration. Since a combination of MD simulation and

A comparison of such present results could further validate NMR analysis was demonstrated to be useful for illustrating
the intermolecular potentials and methods employed in the the cooperative effect and hydration in the aqueous solu-
simulation. More importantly, such a scheme could be used to tions, we can expect it to be a powerful technique that is
tie together such disparate measures of hydrogen bond as RDRpplicable to a variety of subjects in solution chemistry and
and the chemical shift. biochemistry.
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for MD simulations and compared with the latest X-ray and 72, 2469.
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the structure and property of pure water better. 100, 2689. _ _
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Then, both the strong ©H--O and the weak €H-O (17) Andersen, H. CJ. Comput. Phys1983 52, 24.
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that the DMF molecules are apt to coalesce into the water Schleyer, P.V. R, Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A.,
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hydrogen bonds in water-rich region, Where_as the tetrahedral (19) Jorgensen, W. L.; Madura, J. Blol. Phys.1985 56, 1381.
structure of water is lost as DMF concentration increases and  (20) Sorenson, J. M.; Hura, G.; Glaeser, R. M.; Head-Gordon]. T.
breaks more quickly in the DMF-rich region. At the same time, Chem. Phys2000Q 113, 9149.
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Y He... i ; ezei, M.Phys. Many-Body Syste , 37.
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feature of water, the strongly polarizable amido, and its magnetic 3811.

References and Notes



Analysis of DMF and DMFWater Mixtures

(26) Miyai, K.; Nakamura, M.; Tamura, K.; Murakami, 3. Solution
Chem.1997, 26, 973.

(27) Kovacs, H.; Laaksonen, Al. Am. Chem. Sod.991 113 5596.

(28) Vaisman, I. |.; Berkowitz, M. LJ. Am. Chem. Sod 992 114,
7889.

(29) Mizuno, K.; Ochi, T.; Shindo, YJ. Chem. Physl1998 109 9502.

(30) Mizuno, K.; Kimura, Y.; Morichika, H.; Nishimura, Y.; Shimada,
S.; Maeda, S.; Imafuji, S.; Ochi, T. Mol. Lig.200Q 85, 139.

J. Phys. Chem. A, Vol. 107, No. 10, 200B583

(31) Mizuno, K.; Imafuji, S.; Ochi, T.; Ohta, T.; Maeda, $. Phys.
Chem. B200Q 104, 11001.

(32) Lei, Y.; Li, H.; Zhu, L.; Han, S.Acta Chim. Sin.2002 60,
1747.

(33) Momoki, K.; Fukazawa, YAnal. Chem199Q 62, 1665.

(34) Momoki, K.; Fukazawa, YAnal. Sci.1994 10, 53.

(35) Venables, D. S.; Schmuttenmaer, CJAChem. Phys200Q 113
9502.



