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Raman spectra of aproticN,N-dimethylformamide (DMF) and proticN-methylformamide (NMF) mixtures
containing manganese(II), nickel(II), and zinc(II) perchlorate were obtained, and the individual solvation
numbers around the metal ions were determined over the whole range of solvent compositions. Variation
profiles of the individual solvation numbers with solvent composition showed no significant difference among
the metal systems examined. In all of these metal systems, no preferential solvation occurs in mixtures with
DMF mole fraction ofxDMF < 0.5, whereas DMF preferentially solvates the metal ions atxDMF > 0.5. The
liquid structure of the mixtures was also studied by means of small-angle neutron scattering (SANS) and
low-frequency Raman spectroscopy. SANS experiments demonstrate that DMF molecules do not appreciably
self-aggregate in the mixtures over the whole range of solvent composition. Low-frequency Raman spectroscopy
suggests that DMF molecules are extensively hydrogen-bonded with NMF in NMF-rich mixtures, whereas
NMF molecules extensively self-aggregate in DMF-rich mixtures, although the liquid structure in neat NMF
is partly ruptured. The bulk solvent structure in the mixtures thus varies with solvent composition, which
plays a decisive role in developing the varying profiles of the individual solvation numbers of metal ions in
the solvent mixtures.

Introduction

Liquid structures of amides and their solvation structures
around metal ion have so far been extensively studied in view
of the electron-pair-donating and hydrogen-bonding abilities of
the solvents. The structuredness of an amide in the liquid state
changes depending on its hydrogen-bonding ability, i.e., it is
strong for protic amides but weak for aprotic ones.N,N-
Dimethylformamide (DMF), a typical aprotic amide without the
-NH proton, is thus less-structured with only weak dipole-
dipole interactions in the bulk.1-7 N-Methylformamide (NMF),
a typical protic amide with the-NH proton, is highly structured
to form chainlike and/or ring structures through intermolecular
-NH‚‚‚OdC- hydrogen bonds.8-21 Studies on the liquid
structure are still ongoing, and a report of neutron scattering
experiments using fully deuterated liquid NMF was recently
published.22 Theoretical studies of the liquid structure of
amides23-26 and their solvation with metal ions27,28 have also
been carried out by means of molecular dynamics simulations.

Metal-ion solvation is weaker in protic solvents than in aprotic
solvents, as hydrogen bonds among protic solvent molecules
are ruptured upon ion solvation. Indeed, the enthalpies of
transfer,∆tH°, of alkali and divalent transition metal ions from
DMF to NMF are positive, indicating that the solvation of these
ions in protic NMF is weaker than that in aprotic DMF.29,30On
the other hand, metal(II)-halogeno complexation is significantly
enhanced in DMF over NMF,31-34 which is ascribed to positive

and larger formation entropies in DMF than NMF. This cannot
be explained simply in terms of ion-solvent interactions, i.e.,
the electron-pair-donating abilities of these solvents are almost
the same, and the electron-pair-accepting ability of NMF is
higher than that of DMF.35,36 The entropy difference in the
metal-ion complexation can be explained as follows: The
freedom of motion of solvent molecules, both DMF and NMF,
bound to a metal ion is strongly restricted, i.e., the entropy is
low. On the other hand, the freedom of motion of solvent
molecules in the bulk depends on the extent of solvent-solvent
interaction, i.e., it is high in less-structured DMF but low in
structured NMF. Upon complexation between metal and ligand
ions, solvent molecules desolvate ions and are then accom-
modated in the bulk solvent structure. The change in freedom
of motion of solvent molecules is thus large, or the entropy
increase is large, in less-structured DMF, whereas it is small,
or the entropy increase is moderate, in structured NMF.

Protic-aprotic solvent mixtures such as DMF-NMF mix-
tures can thus be particularly interesting in view of solvent
structure, as DMF terminates and thus ruptures the chainlike
structure of NMF. According to1H NMR spectroscopy,37

DMF-NMF mixtures can be regarded as almost ideal mixtures
over the whole range of solvent compositions. However, little
is known about the liquid structure and ion solvation in DMF-
NMF mixtures. Although the liquid structure of binary or ternary
solvent mixtures involving DMF or NMF has been studied by
means of molecular dynamics simulations,38-40 the mixed-
solvent systems always involved water as a component. Ac-
cording to our recent study,41 the formation of CoCl+ in DMF-
NMF mixtures is significantly enhanced with increasing DMF
content. This is ascribed to the increasing formation entropy,
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implying that the liquid structure weakens with increasing DMF
content. In DMF-NMF mixtures, because the two components
have almost the same electron-pair-donating ability, both
solvents might simultaneously solvate the metal ion. Here, note
that not only ion-solvent interactions but also solvent-solvent
interactions in the coordination sphere of the metal ion and in
the bulk can play a role in determining the individual solvation
number, or the number of molecules of each solvent component
bound to the metal ion. However, such established techniques
for determining the total solvation number as large-angle X-ray
scattering and extended X-ray absorption fine structure (EXAFS)
spectroscopy cannot be applied for the individual solvation
numbers in mixtures if the two solvents involve the same or
similar atoms coordinating to the metal ion. Therefore, we
developed a Raman spectroscopic technique to distinguish two
solvent components. This procedure has been successful in
elucidating the individual solvation number of a series of first
transition metal ions in DMF-N,N-dimethylacetamide mix-
tures.42,43However, individual solvation number in DMF-NMF
mixture have not yet been investigated.

Here, the individual solvation numbers of manganese(II),
nickel(II), and zinc(II) ions in DMF-NMF mixtures are
discussed particularly in view of the liquid structure of the
mixture.

Experimental Section

Reagents.DMF and NMF solvates of manganese(II), nickel-
(II), and zinc(II) perchlorates were prepared by dissolving their
hydrates in these solvents and purified by repeated recrystalli-
zation. The DMF and NMF solvate crystals thus obtained were
dried in a vacuum oven at 327 K and kept in a desiccator over
P2O5. The number of DMF or NMF molecules per metal ion
was found to be 6.0 in all of the solvate crystals by EDTA
titration. NMF was dried over 3-Å molecular sieves for several
weeks and further dried with barium oxide for 24 h before
distillation. The NMF thus obtained was distilled at 328 K under
reduced pressure (3 mmHg) and stored in a dark bottle with a
P2O5 drying tube. DMF was dried over 4-Å molecular sieves
for several weeks and distilled at 303 K under reduced pressure.
The water content was verified to be negligible by Karl-Fisher
titration. All materials and solutions were treated in a glovebox
under an atmosphere of argon.

Raman Spectroscopy.Raman spectra were measured over
the range 550-1000 cm-1 using a dispersion Raman spectrom-
eter (JASCO NR-1100) with an argon ion laser (Coherent Inova
70) operating at 514.5 nm. The optical resolution was either
2.5 or 5.0 cm-1. As no significant difference was found in the
evaluation of the solvation number, data obtained with the
optical resolution of 5.0 cm-1 were used for the analyses. A
solvent mixture containing 0.6-0.7 mol kg-1 metal(II) per-
chlorate was titrated with a mixture of the same solvent
composition without electrolyte using an autoburet (KEK APB-
410), and spectral data were recorded on a personal computer
at each titration point. The Raman spectra were deconvoluted
into single bands. A single Raman band is assumed to be
represented as a pseudo-Voigt function,fV(ν) ) γfL(ν) + (1 -
γ)fG(ν), wherefL(ν) andfG(ν) represent Lorentzian and Gaussian
components, respectively, and the parameterγ (0 < γ < 1) is
the fraction of the Lorentzian component. A nonlinear least-
squares curve-fitting procedure was employed for the analyses.
The intensityI of a single Raman band is evaluated according
to the expressionI ) γIL + (1 - γ)IG, whereIL andIG denote
the integrated intensities of the Lorentzian and Gaussian
components, respectively.

Raman spectra in the low-frequency region of 10-400 cm-1

were obtained with an optical resolution of 2.0 cm-1 and a laser
power of 500 mW. Neat DMF (or NMF) in a vessel was mixed
with neat NMF (or DMF) using an autoburet (KEK APB-410),
and spectral data were recorded on a personal computer at each
titration point.R(ν) spectra were obtained from measuredI(ν)-
spectra according to the equation

whereν0 andν (cm-1) represent frequencies of the irradiated
laser light and Raman shift, respectively, and the other
parameters are physical constants or quantities of usual mean-
ings. The R(ν) spectra were then deconvoluted into single
components of a pseudo-Voigt function.

Small-Angle Neutron Scattering Measurements.Sample
solutions were prepared by mixing deuterated DMF-d7 with
undeuterated NMF to obtain a high contrast of scattering for
DMF. Small-angle neutron scattering (SANS) measurements for
mixtures with DMF mole fractions ofxDMF ) 0.1-0.9 were
carried out using a SANS-U spectrometer installed on a JRR-
3M reactor (JAERI, Tokai, Japan). The covered range of
momentum transferQ [) 4πλ-1 sin θ, whereλ and 2θ denote
the wavelength (7 Å) of neutron beams and the scattering angle,
respectively] with the camera length of 2 m was 0.02-0.15 Å.
Transmission was measured with a3He detector located at a
beam stopper position. Measurements were carried out at 298.2
( 0.1 K, and the obtained SANS intensities were corrected for
the background of an empty cell and normalized with respect
to the scattering of lupolen.44 The normalized intensities were
further corrected by subtraction of the incoherent scattering.

Result and Discussion

Solvation Number in Neat NMF. Figure 1 shows a typical
Raman spectrum for the in-plane bendingδ(OdC-N) vibration
of NMF observed in a solution containing 0.73 mol kg-1 zinc-
(II) perchlorate. Theδ(OdC-N) vibration at 770 cm-1 in the
bulk (free NMF) shifts to a higher frequency upon binding to
the metal ion. The sideband is thus ascribed to the solvent bound
to the metal ion (bound NMF). The observed spectrum was
deconvoluted into two bands, and the frequency shift,∆ν )
νbound- νfree, was evaluated. As seen in Table 1, the magnitude
of shift increases in the order Mn< Zn < Ni, the order of
decreasing ionic radius of the metal ion.

Typical Raman spectra of NMF containing zinc(II) per-
chlorate at varying molalities are shown in Figure 2 in the ranges
of 740-820 and 890-1000 cm-1. With increasing salt molality,
the intensity of the 770 cm-1 band decreases without an

Figure 1. Typical result of deconvolution of theδ(OdC-N) vibration
of NMF in the zinc(II) system.

R(ν) ∝ I(ν)(ν0 - ν)-4ν[1 - exp(-hcν/kT)] (1)
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appreciable change in the peak frequency or half-width at half-
maximum (HWHM). The intensity was normalized using the
933 cm-1 (ν1) band of the perchlorate ion as an internal standard.
The spectrum in Figure 2b also includes bands at 963 and 915
cm-1 originating from NMF [stretchingν(N-CH3) andν(CO-
NH) vibrations]45 and the perchlorate ion (overtone ofν2 at 455
cm-1), respectively. The band shape ofν1 of the perchlorate
ion in NMF is rather asymmetric with a weak shoulder at the
lower-frequency side. The same is also observed in water, but
not in DMF, N,N-dimethylacetamide, orN,N-dimethylpropi-
onamide.47 Ion-pair formation of the perchlorate ion is hardly
expected, because this generally shifts the band toward a higher-
frequency side.46 Although the reason theν1 vibration splits
into two bands in protic NMF is not clear at present, the
observed spectrum over the range 890-1000 cm-1 was decon-
voluted, and the total intensity of the 933 cm-1 (main and
shoulder) band was used for normalization of the measured
Raman bands. On the basis of the normalized intensity of free
NMF, the solvation numbern of the metal ion in neat NMF
was evaluated.

The integrated intensity of the free band is represented asIf

) Jfmf, where Jf and mf represent the Raman scattering
coefficient and molality, respectively, of free NMF in the bulk.

As mf ) mT - nmM, wheremT andmM denote the total molalities
of the solvent and the metal ion, respectively, in solution, we
obtain the equation

BecausemT is known, plots ofIf againstmM give a straight
line with the interceptR ) JfmT and the slopeâ ) -nJf. The
Jf value and the solvation numbern are thus obtained asJf )
R/mT andn ) -â/Jf. The detailed procedure of the analyses is
described elsewhere.42,43 A typical If vs mM plot for the zinc-
(II) system in NMF is depicted in Figure 3. The Raman
scattering coefficientJb for a bound solvent band is obtained
according toJb ) η/n using theη value given as the slope of
Ib vsmM plots (Ib ) nJbmM). The solvation numbers of the metal
ions in NMF thus obtained are listed in Table 1, together with
the Jf and Jb values. As seen, the solvation numbers are
essentially 6 for all of the metal systems examined in NMF, as
well as DMF. This is expected because NMF has an electron-
pair-donating ability and a molecular structure around the
coordinating carbonyl oxygen atom similar to those of DMF.

Individual Solvation Numbers in DMF -NMF Mixtures.
Raman spectra of manganese(II), nickel(II), and zinc(II) per-
chlorate solutions in DMF have been reported previously.42,43

The band at 660 cm-1 of the in-plane bendingδ(OdC-N)
vibration of DMF in the bulk shifts to a higher frequency upon
binding of DMF to the metal ions in the order Mn< Zn < Ni,
the order of decreasing ionic radius of the metal ions. The
solvation numbers were obtained according to the analysis
procedure described in the previous section. It has been
established that the solvation number in DMF is 6 for these
metal ions, the same value as obtained by means of EXAFS
spectroscopy.48

Raman spectra for theδ(OdC-N) vibration of DMF and
NMF in DMF-NMF mixtures (xDMF ) 0.5) containing metal-
(II) perchlorates at varying molalities are shown in Figure 4.
For all of the metal systems examined, the intensity of the free
solvent band decreases, and that of the bound solvent band
increases without any appreciable change in the peak frequency
or HWHM. The peak frequency of the bound band, on the other
hand, depends strongly on the solvent composition, as shown
in Table 1. The∆νDMF value decreases, or the metal-O(DMF)
bond weakens, with decreasingxDMF for all the metal system
examined, whereas the∆νNMF value remains constant. This
could be expected, because the electron-pair-donating ability
of NMF is slightly larger than that of DMF.

TABLE 1: Coordination Number, n; Raman Scattering
Coefficients of the Bulk, Jf, and Bound, Jb, Solvents; and
Band Shift, ∆ν (νbound - νfree), for Manganese(II), Nickel(II),
and Zinc(II) Ions a

solvent xDMF n Jf Jb ∆ν

Mn(II)
NMF 0 5.9 (0.6) 0.03 0.01 13.4
DMF 0.25 1.6 (0.1) 0.16 0.11 19.6
DMF 0.5 3.2 (0.1) 0.17 0.15 22.0
DMF 0.75 5.6 (0.1) 0.17 0.13 24.5
DMF 1b 6.1 (0.3) 0.16 0.15 26.2

Ni(II)
NMF 0 5.8 (0.3) 0.02 0.01 23.6
DMF 0.25 1.3 (0.1) 0.18 0.12 31.5
DMF 0.5 3.3 (0.1) 0.18 0.13 32.4
DMF 0.75 5.3 (0.1) 0.17 0.10 34.8
DMF 1c 5.8 (0.2) 0.17 0.13 36.7

Zn(II)
NMF 0 5.7 (0.4) 0.02 0.01 17.8
DMF 0.25 1.2 (0.1) 0.16 0.06 24.2
DMF 0.4 2.3 (0.1) 0.17 0.07 26.9
DMF 0.5 3.5 (0.1) 0.17 0.05 27.7
DMF 0.65 4.6 (0.3) 0.18 0.09 28.9
DMF 0.75 5.5 (0.1) 0.17 0.09 30.0
DMF 1b 5.8 (0.3) 0.17 0.12 32.7

a Values in parentheses are standard deviations.b Reference 42.
c Reference 43.

Figure 2. Raman spectra in the ranges (a) 740-820 and (b) 890-
1000 cm-1 obtained for zinc(II) perchlorate NMF solutions with varying
salt molality.

Figure 3. Typical If vsmM plots for theδ(OdC-N) vibration of NMF
in the zinc(II) system.

If ) -nJfmM + JfmT (2)
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The 660 cm-1 band of free DMF was used to determine the
DMF solvation numbers in DMF-NMF mixtures. The intensity
of the band was normalized using the asymmetricν1 band of
the perchlorate ion, as in neat NMF. As seen in Table 1, the
Raman scattering coefficientJf for the 660 cm-1 band of free
DMF thus evaluated from the asymmetricν1 band in the
mixtures is practically the same as that evaluated from the
symmetricν1 band in neat DMF. For all of the metal(II) systems
examined,If vs mM plots of the 660 cm-1 band of DMF in a
given solvent mixture fell on a straight line, and the individual
solvation numbers of DMF,nDMF, were determined. (TheIf vs
mM plots are available as Supporting Information.) The values
thus obtained are listed in Table 1, together withJf andJb values.
On the other hand, as seen in Figure 4, theδ(OdC-N) vibration
of NMF is too weak to evaluate the NMF solvation number in
mixtures with accuracy.

TheJf values in the mixture are practically the same as that
in neat DMF over the whole range of solvent compositions,
suggesting that the polarity of DMF is not appreciably changed,
even though DMF is strongly hydrogen-bonded with NMF in
the mixture. As the solvation number of the metal ion is 6 for
all of the metal systems examined in both DMF and NMF, we
assumed that the total solvation number also remains 6 in the
mixtures, and we calculated the mole fraction of DMF in the
coordination sphere of the metal ion fromxDMF

bound) nDMF/6.
The value ofxDMF

bound in the coordination sphere is plotted
againstxDMF in the bulk in Figure 5. As seen, no appreciable
difference in thexDMF

bound-xDMF plot is observed among the
metal ions, implying that no specific metal-solvent or solvent-
solvent (steric) interactions are involved in the coordination
sphere of the metal ion. However, note thatxDMF

bound ) xDMF

holds in NMF-rich mixtures withxDMF < 0.5, whereasxDMF
bound

> xDMF in DMF-rich mixtures withxDMF > 0.5. This cannot be
explained simply in terms of the electron-pair-donating ability
of solvent, i.e., the ability is even slightly larger for NMF. The
liquid structure of solvent, or the solvent-solvent interactions
in the bulk, seems to play an essential role in the preferential
solvation in DMF-rich mixtures.

Liquid Structure of DMF -NMF Mixtures. The SANS
intensity, Icorr(Q), provides information about the distribution

of molecules, homo- or heterogeneous, in solvent mixtures at
the mesoscopic level. SANS techniques have been applied to
some organic solvent-D2O mixtures.49-52 Icorr(Q) is represented
as Icorr(Q) ) I0[1-(LD

2/6)Q2] in a small-Q range, whereI0 is
the scattering intensity atQ ) 0 Å-1 and LD the Debye
correlation length,53 which reflects an average size of aggregates.
Observed values ofIcorr(Q) in DMF-d7-NMF mixtures are
shown in Figure 6. As seen,Icorr(Q) is practically constant, i.e.,
LD ≈ 0 Å, in the mixture over the range entire examined, 0.1
e xDMF e 0.9. This indicates that DMF does not appreciably
self-aggregate, i.e., solvent molecules are homogeneously mixed
in the DMF-NMF mixture at any solvent composition. This
conclusion is consistent with that obtained by1H NMR
spectroscopy.39

Low-frequency Raman spectra in the range 10-200 cm-1

provide information on restricted motion (translation or libration)
of a molecule under the influence of intermolecular interactions
of various types.6,9,54-57 Low-frequency Raman spectra have
extensively been studied for water and water-organic solvent
mixtures. Liquid water shows two broad bands at 190 and 60
cm-1, which are ascribed to a restricted translation of hydrogen-
bonded water molecules and a frustrated translation of a water
molecule accommodated in a so-called cage formed by its
neighbors, respectively.58-60 R(ν) spectra obtained for DMF-

Figure 4. δ(OdC-N) vibration of DMF and NMF in a DMF-NMF
mixture (xDMF ) 0.5) containing (a) Mn(ClO4)2, (b) Ni(ClO4)2, and (c)
Zn(ClO4)2 at varying molalities.

Figure 5. xDMF
bound vs xDMF plots for manganese(II), nickel(II), and

zinc(II) ions.

Figure 6. SANS intensitiesIcorr(Q) obtained in DMF-d7-NMF
mixtures.
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NMF mixtures are shown in Figure 7. TheR(ν) spectrum for
neat NMF exhibits two broad peaks at around 50 and 117 cm-1,
similarly to water. These bands are assigned to intermolecular
librations.19,25 On the other hand, theR(ν) spectrum for neat
DMF shows a single band at 66 cm-1. It is thus proposed that
the higher-frequency band corresponds to the libration of
hydrogen-bonded solvent molecules and the lower-frequency
band corresponds to the libration of solvent molecules accom-
modated in a cage formed by neighbors. According to our recent
study, two Raman bands for NMF, as well as water, and a single
band for DMF in the range<200 cm-1 have indeed been
reproduced by means of molecular dynamics simulations using
256 solvent molecules.

R(ν) spectra in Figure 7 obtained at varying solvent composi-
tions of the DMF-NMF mixture show isosbestic points for
intramolecular vibrational bands observed in the range>200
cm-1. This does not apply for bands in the range<200 cm-1.
The 117 cm-1 band (higher-frequency band) in neat NMF shifts
slightly and gradually with increasingxDMF, implying that NMF
is hydrogen-bonded to DMF to give a shifted band. A similar
behavior is also seen for the 50 cm-1 band (lower-frequency
band) in neat NMF, which gradually shifts with increasingxDMF,
implying that NMF is accommodated in a newly developed cage
involving DMF molecules to give a shifted band. The shifted
band might thus reflect formation of a new type of liquid
structure or intermolecular interaction in the DMF-NMF
mixture. Indeed, it is difficult to simultaneously reproduce all
R(ν) spectra of the mixtures with a limited number of intrinsic
bands. Thus, theR(ν) spectrum for a given mixture was
deconvoluted into two bands, and the peak frequencyν, HWHM
ω, and intensityI of each band were obtained. A typicalR(ν)
spectrum for a 1:1 mixture and its deconvoluted bands are shown
in Figure 8, together with those for neat DMF and NMF.

The variation profiles ofν, ω, and I in Figure 9 show a
characteristic feature, i.e., each parameter value varies linearly
with xDMF, and the slope in the NMF-rich mixtures is appreciably
different from that in the DMF-rich mixtures. Considering the
higher-frequency band, theν value shifts monotonically to a
lower frequency with increasingxDMF in the NMF-rich mixtures,
but remains ca. 110 cm-1 in the DMF-rich mixtures. As
discussed above, the higher-frequency band originates from the
libration of hydrogen-bonded NMF; theν shift in the NMF-
rich mixture can be explained in terms of rupture of the chainlike
structure of self-aggregated NMF and formation of NMF
hydrogen-bonded to DMF. Furthermore, theν value, which
remains constant in the DMF-rich mixtures, implies that the
formation of self-aggregated NMF is strongly suppressed but

NMF is extensively hydrogen-bonded with DMF in mixtures
with xDMF > 0.5. It is thus proposed that the 110 cm-1 band be
ascribed to NMF hydrogen-bonded to DMF. The intensity
decreases monotonically withxDMF to approach zero atxDMF )
1. This can also be explained in terms of the rupture of the
chainlike structure of self-aggregated NMF and the formation
of hydrogen bonds between NMF and DMF. The intensity
decrease is even enhanced with increasingxDMF, implying that
the Raman scattering coefficient for self-aggregated NMF is
smaller than that for NMF hydrogen-bonded to DMF.

The strong tendency of DMF to rupture the chainlike structure
of self-aggregated NMF is also evidenced by the lower-
frequency band, which provides information on frustrated
libration of either DMF or NMF molecules accommodated in a
cage formed by its neighbors. The 55 cm-1 band does not shft
appreciably, and its HWHM,ω, in neat NMF remains almost
unchanged in NMF-rich mixtures. The corresponding band for

Figure 7. Reduced Raman spectraR(ν) obtained in DMF-NMF
mixtures.

Figure 8. Typical results of deconvolution ofR(ν) spectra obtained
in neat DMF, neat NMF, and a 1:1mixture.

Figure 9. Variation of peak frequencyν0, half-width at half-maximum
ω, and intensityI of bands appearing at higher and lower frequencies
in the range<200 cm-1 with the DMF contentxDMF in DMF-NMF
mixtures.
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DMF-DMF interactions in neat DMF appears at 66 cm-1. This
implies that no DMF-DMF interactions are involved, or that
DMF is homogeneously dispersed, in NMF-rich mixtures.

Individual Solvation Number and Solvent Structure. The
work reported herein revealed that the manganese(II), nickel-
(II), and zinc(II) ions are six-coordinate in neat NMF, as well
as in neat DMF. This might apply as well in DMF-NMF
mixtures. As described in the previous section, if only the
metal-solvent interaction is taken into account, no preferential
solvation of the metal(II) ion is expected in the mixtures. Indeed,
the metal ion is not preferentially solvated in mixtures withxDMF

< 0.5. However, the metal ions evidently prefer DMF to NMF
in DMF-rich mixtures. This cannot be explained without taking
into account the liquid structure in DMF-NMF mixtures.

Let us consider the process of solvation of a metal ion in the
gas phase into a DMF-NMF mixture. In an NMF-rich mixture,
DMF molecules are hydrogen-bonded with NMF, and excess
NMF molecules extensively self-aggregate to form a chainlike
structure. When the metal ion is introduced into the mixture,
solvent-solvent bonds, either DMF-NMF or NMF-NMF, are
ruptured, and the liberated molecules then solvate the metal ion.
Here, note that, because DMF and NMF have similar electron-
pair-donating abilities, the energies required to rupture NMF-
DMF and NMF-NMF hydrogen bonds are not significantly
different. This might be the reason preferential solvation of the
metal ion does not occur in NMF-rich mixtures withxDMF <
0.5. On the other hand, in DMF-rich mixtures withxDMF > 0.5,
NMF molecules are extensively hydrogen-bonded with DMF,
whereas excess DMF molecules are free from hydrogen bond-
ing. When the metal ion is introduced into such a mixture, the
hydrogen-bonded NMF needs to rupture strong intermolecular
bonds, unlike the non-hydrogen-bonded DMF. This might lead
to preferential solvation of the metal ion with DMF in DMF-
rich mixtures.

Consequently, we propose that the liquid structure of the
solvent is responsible for preferential solvation in DMF-NMF
mixtures and that no specific metal-solvent interactions are
involved in the metal-solvent systems examined. This might
lead toxDMF

bound-xDMF plots that are independent of the metal
ion, as is, in fact, seen for the metal ions examined here.

Conclusion

Manganese(II), nickel(II), and zinc(II) ions are all six-
coordinate in neat NMF and DMF. The same total solvation
number is proposed also in DMF-NMF mixtures. The indi-
vidual DMF solvation numbers of these metal ions in the
mixtures were obtained by Raman spectroscopy. The results
revealed that no preferential solvation of these metal(II) ions
occurs in NMF-rich mixtures, whereas DMF is preferred in
DMF-rich mixtures. Also, no appreciable difference among
metal ions is found in thexDMF

bound-xDMF plots. The liquid
structure of the DMF-NMF mixture was investigated by means
of SANS measurements and low-frequency Raman spectros-
copy. These studies revealed that solvent molecules are homo-
geneously mixed in the mixtures over the whole range of solvent
compositions. In NMF-rich mixtures, DMF is extensively
hydrogen-bonded with NMF, and excess NMF molecules self-
aggregate to form a chainlike structure. In DMF-rich mixtures,
NMF is extensively hydrogen-bonded with DMF, and excess
DMF molecules are free from hydrogen bonding. In DMF-rich
mixtures, the metal ion prefers the non-hydrogen-bonded DMF
to the hydrogen-bonded NMF, leading to the preferential
solvation of the metal ion with DMF.
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