1798 J. Phys. Chem. R006,110,1798-1804

Liquid Structure and Preferential Solvation of Metal lons in Solvent Mixtures of
N,N-Dimethylformamide and N-Methylformamide

Kenta Fuijii, T Takashi Kumai,* Toshiyuki Takamuku,* Yasuhiro Umebayashi! and

Shin-ichi Ishiguro**

Department of Chemistry, Faculty of Science, Kyushwéhsity, Hakozaki, Higashi-ku, Fukuoka 812-8581,
Japan, and Department of Chemistry and Applied Chemistry, Faculty of Science and Engineering, Saga
University, Honjo-machi, Saga 840-8502, Japan

Receied: September 2, 2005; In Final Form: Member 7, 2005

Raman spectra of aprotid,N-dimethylformamide (DMF) and protitl-methylformamide (NMF) mixtures
containing manganese(ll), nickel(ll), and zinc(ll) 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 ofxpme < 0.5, whereas DMF preferentially solvates the metal iong@at > 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 and larger formation entropies in DMF than NMF. This cannot
be explained simply in terms of iersolvent interactions, i.e.,

L'ql:j'd strLllgturehs of am:cdei and their §0I\|/at|on d.st‘;u.ctur'es the electron-pair-donating abilities of these solvents are almost
around metal ion have so far been extensively studied in VIBW e same, and the electron-pair-accepting ability of NMF is

of the electron-pair-donating and hydrogen-bonding abilities of higher than that of DMP5:3 The entropy difference in the
the solvents. The structuredness of an amide in the liquid state 1\ atal-ion complexation can be explained as follows: The

changes depen_ding on its hydrogen-bonding "’_Ibi"ty' .., itis freedom of motion of solvent molecules, both DMF and NMF,
strong for protic amides but v_veak for_apro_uc OU%N' bound to a metal ion is strongly restricted, i.e., the entropy is
Dimethylformamide (DMF), a typical aprotic amide without the low. On the other hand, the freedom of motion of solvent

_.NH proton, i.s thgs Iess-stru7ctured with only \{veak dipole  molecules in the bulk depends on the extent of sokventvent
dipole interactions in the buk.” N-Methylformamide (NMF), - jyiaraction, iie., it is high in less-structured DMF but low in

a t¥plcal Erqt'?fm'dg /W'th. the-NH proton,h|s hlg:Iy structlljredl structured NMF. Upon complexation between metal and ligand
to form chainlike ana/or ring structures through intermolecular ions, solvent molecules desolvate ions and are then accom-

—NH--0=C~ hydroggn bonds:2! Studies on the Iqu|d. modated in the bulk solvent structure. The change in freedom
structure are still ongoing, and a report of neutron scattering ¢ ., ~tion of solvent molecules is thus large, or the entropy
experiments using fully deuterated liquid NMF was recently increase is large, in less-structured DMF wh’ereas it is small
publishect? Theoretical studies of the liquid structure of o entropy increase is moderate. in structured NMF '
amided® 26 and their solvation with metal ioA%?® have also Protic—aprotic solvent mixtures su’ch as DMEME mi)é-

been caried out by means of molecular dynamics SImUI"’Y['Ons'tures can thus be particularly interesting in view of solvent

Metal-ion solvation is weaker in protic sol\(ents than in aprotic structure, as DMF terminates and thus ruptures the chainlike
solvents, as hydroge_rn bonds among protic solvent mo'_eCU|esstructure of NMF. According totH NMR spectroscop§’
are ruptured upon lon sol\_/atlon. Inde_e_d, the en_thalp|es of DMF—NMF mixtures can be regarded as almost ideal mixtures
transfer, A", of aIkaI_| .and_dl\{ale.nt transition meta! ions from 4 er the whole range of solvent compositions. However, little
DMF to NMF are positive, indicating that the solvation gf these s inown about the liquid structure and ion solvation in DMF
ions in protic NMF is weaker than that in aprotic DMF°On NMF mixtures. Although the liquid structure of binary or ternary

the other hand, metal(thhalogeno complexation is significantly ¢\ ent mixtures involving DMF or NMF has been studied by
enhanced in DMF over NMF,-34 which is ascribed to positive means of molecular dynamics simulaticis®® the mixed-

- solvent systems always involved water as a component. Ac-
*To whom correspondence should be addressed. E-mail: analsscc@cording to our recent study the formation of CoCt in DMF—

box.nc.kyushu-u.ac.jp. . L :
m P,ﬁy”jshﬁujn?vgr;?y‘_" NMF mixtures is significantly enhanced with increasing DMF

* Saga University. content. This is ascribed to the increasing formation entropy,
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implying that the liquid structure weakens with increasing DMF R
content. In DMF-NMF mixtures, because the two components - 0.73 mol kg
have almost the same electron-pair-donating ability, both Zn(C10,), in NMF
solvents might simultaneously solvate the metal ion. Here, note L free
that not only ion-solvent interactions but also solverstolvent
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 740 760 780 800 820
numbers in mixtures if the two solvents involve the same or Wavenumber /fem”
similar atoms coordinating to the metal ion. Therefore, we _. ) i I
developed a Raman spectroscopic technique to distinguish twog;g“m:l.in‘l;;;gc:i\:]rce(ﬁ;JI;;;ti?nconvolut|on Of th§(O=C—N) vibration
solvent components. This procedure has been successful in '
elucidating the individual solvation number of a series of first  Raman spectra in the low-frequency region of-400 cnt!
transition metal ions in DMFN,N-.dlmethylacgtamlde mix- were obtained with an optical resolution of 2.0@nand a laser
tures*243However, individual solvation number in DMANMF power of 500 mW. Neat DMF (or NMF) in a vessel was mixed
mixture have not yet been investigated. with neat NMF (or DMF) using an autoburet (KEK APB-410),
Here, the individual solvation numbers of manganese(ll), and spectral data were recorded on a personal computer at each
nickel(ll), and zinc(ll) ions in DMF-NMF mixtures are tjtration point.R(v) spectra were obtained from measuteg-
discussed particularly in view of the ||qU|d structure of the Spectra according to the equation
mixture.

Intensity (a. u.)

: . R() O1(n)(vo— v) ™[1 — expCherkT)] (1)
Experimental Section

ReagentsDMF and NMF solvates of manganese(ll), nickel- Whereyo andv (cm™Y) represent frequenpies of the irradiated
(I1), and zinc(ll) perchlorates were prepared by dissolving their 1aser light and Raman shift, respectively, and the other
hydrates in these solvents and purified by repeated recrystalli-Parameters are physical constants or quantities of usual mean-
zation. The DMF and NMF solvate crystals thus obtained were iNgS. The R(v) spectra were then deconvoluted into single
dried in a vacuum oven at 327 K and kept in a desiccator over COmponents of a pseudo-Voigt function.

P,0s. The number of DMF or NMF molecules per metal ion SmaII-AngIe Neutron Scattering MeasurementsSam_pIe
was found to be 6.0 in all of the solvate crystals by EDTA Solutions were prepared by mixing deuterated D¥jFwith
titration. NMF was dried over 3-A molecular sieves for several undeuterated NMF to obtain a high contrast of scattering for
weeks and further dried with barium oxide for 24 h before DMF. Small-angle neutron scattering (SANS) measurements for
distillation. The NMF thus obtained was distilled at 328 K under Mixtures with DMF mole fractions ofowr = 0.1-0.9 were
reduced pressure (3 mmHg) and stored in a dark bottle with acarried out using a SANSU_spectrometer installed on a JRR-
P,0s drying tube. DMF was dried over 4-A molecular sieves 3M reactor (JAERI, Tokai, Japan). The covered range of
for several weeks and distilled at 303 K under reduced pressure.omentum transfe@ [= 4zA"* sin 6, whereZ and 2 denote
The water content was verified to be negligible by Karl-Fisher the wavelength (7 A) of neutron beams and the scattering angle,
titration. All materials and solutions were treated in a glovebox respectively] with the camera length»m was 0.02-0.15 A.
under an atmosphere of argon. Transmission was .measured withPtde detector Ipcated at a

Raman SpectroscopyRaman spectra were measured over beam stopper posmon. Measurerr_]ents were carried out at 298.2
the range 5561000 cnt? using a dispersion Raman spectrom- = 0.1 K, and the obtained SANS intensities were corrected for
eter (JASCO NR-1100) with an argon ion laser (Coherent Inova 1€ Packground of an empty cell and normalized with respect
70) operating at 514.5 nm. The optical resolution was either to the scattering of Iupole‘rf‘.The normal.|zed intensities were
2.5 or 5.0 cm. As no significant difference was found in the further corrected by subtraction of the incoherent scattering.

evaluation of the solvation number, data obtained with the
optical resolution of 5.0 cm* were used for the analyses. A
solvent mixture containing 0-60.7 mol kg* metal(ll) per- Solvation Number in Neat NMF. Figure 1 shows a typical
chlorate was titrated with a mixture of the same solvent Raman spectrum for the in-plane bendii{@—=C—N) vibration
composition without electrolyte using an autoburet (KEK APB- of NMF observed in a solution containing 0.73 mol#&ginc-
410), and spectral data were recorded on a personal compute(ll) perchlorate. The)(O=C—N) vibration at 770 cm?! in the

at each titration point. The Raman spectra were deconvolutedbulk (free NMF) shifts to a higher frequency upon binding to
into single bands. A single Raman band is assumed to bethe metal ion. The sideband is thus ascribed to the solvent bound

Result and Discussion

represented as a pseudo-Voigt functituty) = yfL(v) + (1 — to the metal ion (bound NMF). The observed spectrum was
y)fe(v), wheref, (v) andfs(v) represent Lorentzian and Gaussian deconvoluted into two bands, and the frequency shift,=
components, respectively, and the parametéd < vy < 1) is Vhound — Virees WAS evaluated. As seen in Table 1, the magnitude

the fraction of the Lorentzian component. A nonlinear least- of shift increases in the order Mr Zn < Ni, the order of
squares curve-fitting procedure was employed for the analyses.decreasing ionic radius of the metal ion.

The intensityl of a single Raman band is evaluated according  Typical Raman spectra of NMF containing zinc(ll) per-
to the expressioh= yI_ + (1 — y)lg, wherel_ andls denote chlorate at varying molalities are shown in Figure 2 in the ranges
the integrated intensities of the Lorentzian and Gaussian of 740—-820 and 896-1000 cntl. With increasing salt molality,
components, respectively. the intensity of the 770 cm band decreases without an
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TABLE 1: Coordination Number, n; Raman Scattering
Coefficients of the Bulk, J;, and Bound, J,,, Solvents; and
Band Shift, Av (Vbouna — Vrree), TOr Manganese(ll), Nickel(ll),
and Zinc(ll) lons2

solvent XpMF n N N Av
Mn(ll)
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 1° 6.1(0.3) 0.16 0.15 26.2
Ni(ll)
NMF 0 5.8 (0.3) 0.02 0.01 23.6
DMF 0.25 1.3(0.1) 0.18 0.12 315
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 1° 5.8 (0.2) 0.17 0.13 36.7
Zn(Il)
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

aValues in parentheses are standard deviatibReference 42.
¢ Reference 43.
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Figure 2. Raman spectra in the ranges (a) 7820 and (b) 896
1000 cn1? obtained for zinc(Il) perchlorate NMF solutions with varying
salt molality.
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Figure 3. Typicall; vs my plots for thed(O=C—N) vibration of NMF
in the zinc(ll) system.

As my = my — nmy;, wheremr andmy, denote the total molalities
of the solvent and the metal ion, respectively, in solution, we
obtain the equation

)

Becausemy is known, plots ofl; againstmy give a straight
line with the interceptt = Jimy and the slopg = —nJ. The
J; value and the solvation numberare thus obtained ak =
o/mr andn = —f/J%. The detailed procedure of the analyses is
described elsewhef@*3 A typical It vs my plot for the zinc-
(I) system in NMF is depicted in Figure 3. The Raman
scattering coefficiend, for a bound solvent band is obtained
according toJ, = #n/n using they value given as the slope of
Ip vs my plots (, = nJmu). The solvation numbers of the metal
ions in NMF thus obtained are listed in Table 1, together with
the J and Jp 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(ll), nickel(ll), and zinc(ll) per-

Iy = —ndmy + Jmy

appreciable change in the peak frequency or half-width at half- chlorate solutions in DMF have been reported previotafy.
maximum (HWHM). The intensity was normalized using the The band at 660 cni of the in-plane bending)(O=C—N)
933 cn1'! (11) band of the perchlorate ion as an internal standard. vibration of DMF in the bulk shifts to a higher frequency upon
The spectrum in Figure 2b also includes bands at 963 and 915binding of DMF to the metal ions in the order Mn Zn < Ni,

cm! originating from NMF [stretching/(N—CHs) andv(CO—
NH) vibrations}® and the perchlorate ion (overtoneigfat 455
cm™1), respectively. The band shape nf of the perchlorate

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

ion in NMF is rather asymmetric with a weak shoulder at the established that the solvation number in DMF is 6 for these
lower-frequency side. The same is also observed in water, butmetal ions, the same value as obtained by means of EXAFS

not in DMF, N,N-dimethylacetamide, oN,N-dimethylpropi-
onamidet” lon-pair formation of the perchlorate ion is hardly

spectroscopy®
Raman spectra for thé(O=C—N) vibration of DMF and

expected, because this generally shifts the band toward a higherNMF in DMF—NMF mixtures &pwe = 0.5) containing metal-

frequency sidé® Although the reason the; vibration splits

(Il) perchlorates at varying molalities are shown in Figure 4.

into two bands in protic NMF is not clear at present, the For all of the metal systems examined, the intensity of the free

observed spectrum over the range 82000 cnt! was decon-
voluted, and the total intensity of the 933 th(main and

solvent band decreases, and that of the bound solvent band
increases without any appreciable change in the peak frequency

shoulder) band was used for normalization of the measuredor HWHM. The peak frequency of the bound band, on the other
Raman bands. On the basis of the normalized intensity of free hand, depends strongly on the solvent composition, as shown

NMF, the solvation numben of the metal ion in neat NMF
was evaluated.

The integrated intensity of the free band is representdd as
= Jmy, where J and mx represent the Raman scattering
coefficient and molality, respectively, of free NMF in the bulk.

in Table 1. TheAvpyr value decreases, or the met&@(DMF)
bond weakens, with decreasingvr for all the metal system
examined, whereas th&vnve value remains constant. This
could be expected, because the electron-pair-donating ability
of NMF is slightly larger than that of DMF.
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Figure 4. 6(O=C—N) vibration of DMF and NMF in a DMFNMF 1 DOOOOOOOEE L
mixture kowme = 0.5) containing (a) Mn(CIg)2, (b) Ni(ClOq),, and (c) w 01 , NN }xnmr=0'7
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The 660 cm* band of free DMF was used to determine the = 01 . o
DMF solvation numbers in DMFNMF mixtures. The intensity A T1070/0/0 06 66 6 6 6 66 €€ €€ {{C{e(({((({C{(
of the band was normalized using the asymmetgiband of Q o1 . N 1
the perchlorate ion, as in neat NMF. As seen in Table 1, the ~§ 1 POOOOCOOBII T LT
Raman scattering coefficiedt for the 660 cm? band of free 0.1 — =0
DMF thus evaluated from the asymmetri¢ band in the 1 [POOCOCO
mixtures is practically the same as that evaluated from the 0.1
symmetricr; band in neat DMF. For all of the metal(ll) systems ]
examined s vs my plots of the 660 cm! band of DMF in a 0.1
given solvent mixture fell on a straight line, and the individual ;
solvation numbers of DMFpme, were determined. (Thig vs o1 ) L
mw plots are available as Supporting Information.) The values 0.3 0.5 1

thus obtained are listed in Table 1, together witandJ, values. Q/107A

On the other hand, as seen in Figure 4 4t@=C—N) vibration = gigyre 6. SANS intensitieslc(Q) obtained in DMFd;—NMF
of NMF is too weak to evaluate the NMF solvation number in  mixtures.

mixtures with accuracy.

The J; values in the mixture are practically the same as that of molecules, homo- or heterogeneous, in solvent mixtures at
in neat DMF over the whole range of solvent compositions, the mesoscopic level. SANS techniques have been applied to
suggesting that the polarity of DMF is not appreciably changed, some organic solvertD,0 mixtures?®=521.,(Q) is represented
even though DMF is strongly hydrogen-bonded with NMF in  aslq(Q) = lo[1—(Lp%6)Q? in a smallQ range, wherdy is
the mixture. As the solvation number of the metal ion is 6 for the scattering intensity a@ = 0 A1 and Lp the Debye
all of the metal systems examined in both DMF and NMF, we correlation lengtlt2 which reflects an average size of aggregates.
assumed that the total solvation number also remains 6 in theObserved values of.,(Q) in DMF-d;—NMF mixtures are
mixtures, and we calculated the mole fraction of DMF in the shown in Figure 6. As seeh,r(Q) is practically constant, i.e.,
coordination sphere of the metal ion fromeu"d = Npye/6. Lp ~ 0 A, in the mixture over the range entire examined, 0.1
The value ofxpume?U" in the coordination sphere is plotted < xpwr < 0.9. This indicates that DMF does not appreciably
againstxpmr in the bulk in Figure 5. As seen, no appreciable self-aggregate, i.e., solvent molecules are homogeneously mixed
difference in thexpme?*U"—xpyr plot is observed among the in the DMF—NMF mixture at any solvent composition. This

metal ions, implying that no specific metadolvent or solvert conclusion is consistent with that obtained By NMR
solvent (steric) interactions are involved in the coordination spectroscopy?

sphere of the metal ion. However, note thg{r""d = xpuyr Low-frequency Raman spectra in the range-200 cnt?!
holds in NMF-rich mixtures withxome < 0.5, whereagpygePeund provide information on restricted motion (translation or libration)

> Xpmr in DMF-rich mixtures withxpyme > 0.5. This cannot be  of a molecule under the influence of intermolecular interactions
explained simply in terms of the electron-pair-donating ability of various types$:%5457 Low-frequency Raman spectra have
of solvent, i.e., the ability is even slightly larger for NMF. The extensively been studied for water and waterganic solvent
liquid structure of solvent, or the solvergolvent interactions mixtures. Liquid water shows two broad bands at 190 and 60
in the bulk, seems to play an essential role in the preferential cm™, which are ascribed to a restricted translation of hydrogen-
solvation in DMF-rich mixtures. bonded water molecules and a frustrated translation of a water
Liquid Structure of DMF —NMF Mixtures. The SANS molecule accommodated in a so-called cage formed by its
intensity, l.or{Q), provides information about the distribution neighbors, respectiveff 69 R(v) spectra obtained for DMF
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Figure 7. Reduced Raman specti(v) obtained in DMFNMF
mixtures. |
NMF mixtures are shown in Figure 7. TH&v) spectrum for
neat NMF exhibits two broad peaks at around 50 and 117 cm 0 s 1 s

similarly to water. These bands are assigned to intermolecular
librations25 On the other hand, thB(v) spectrum for neat
DMF shows a single band at 66 ctn It is thus proposed that
the higher-frequency band corresponds to the libration of

-1
‘Wavenumber/ cm

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

hydrogen-bonded solvent molecules and the lower-frequency Jower frequency band higher frequency band
band corresponds to the libration of solvent molecules accom- 70 . 120
modated in a cage formed by neighbors. According to our recent o ““--*_
study, two Raman bands for NMF, as well as water, and a single7g 60y P '-‘-’--z::': e -e---1110
band for DMF in the range<200 cnt? have indeed been 2 7% %9/ -
reproduced by means of molecular dynamics simulations using > so 100
256 solvent molecules.

R(v) spectra in Figure 7 obtained at varying solvent composi- 60 60
tions of the DMFNMF mixture show isosbestic points for g o
intramolecular vibrational bands observed in the rar@o0 3 50 e 50
cmL. This does not apply for bands in the rang200 cnt™. P R L RP S P
The 117 cmi! band (higher-frequency band) in neat NMF shifts
slightly and gradually with increasingwg, implying that NMF 1000 -~ . 1000
is hydrogen-bonded to DMF to give a shifted band. A similar 5 750 Ry *"3;\ 750
behavior is also seen for the 50 chband (lower-frequency S 500 . o e 500
band) in neat NMF, which gradually shifts with increasiag, N oo e T
) d ; . 250F° . 250
implying that NMF is accommodated in a newly developed cage - “e.
involving DMF molecules to give a shifted band. The shifted %00 02 04 06 08 1000 02 04 06 08 10"
band might thus reflect formation of a new type of liquid Xy Xpur
structure or intermolecular interaction in the DMNMF Figure 9. Variation of peak frequencyo, half-width at half-maximum

mixture. Indeed, it is difficult to simultaneously reproduce all , and intensityl of bands appearing at higher and lower frequencies
R(v) spectra of the mixtures with a limited number of intrinsic  in the range<200 cnt? with the DMF contentoue in DMF—NMF
bands. Thus, theR(v) spectrum for a given mixture was Mmixtures.

deconvoluted into two bands, and the peak frequeneiWHM

w, and intensityl of each band were obtained. A typida{v) NMF is extensively hydrogen-bonded with DMF in mixtures
spectrum for a 1:1 mixture and its deconvoluted bands are shownwith xpyr > 0.5. It is thus proposed that the 110 chiband be
in Figure 8, together with those for neat DMF and NMF. ascribed to NMF hydrogen-bonded to DMF. The intensity

The variation profiles ofv, w, and| in Figure 9 show a decreases monotonically wiaur to approach zero abyr =
characteristic feature, i.e., each parameter value varies linearlyl. This can also be explained in terms of the rupture of the
with xpwir, and the slope in the NMF-rich mixtures is appreciably chainlike structure of self-aggregated NMF and the formation
different from that in the DMF-rich mixtures. Considering the of hydrogen bonds between NMF and DMF. The intensity
higher-frequency band, the value shifts monotonically to a  decrease is even enhanced with increasgig, implying that
lower frequency with increasingr in the NMF-rich mixtures, the Raman scattering coefficient for self-aggregated NMF is
but remains ca. 110 cm in the DMF-rich mixtures. As smaller than that for NMF hydrogen-bonded to DMF.
discussed above, the higher-frequency band originates from the The strong tendency of DMF to rupture the chainlike structure
libration of hydrogen-bonded NMF; the shift in the NMF- of self-aggregated NMF is also evidenced by the lower-
rich mixture can be explained in terms of rupture of the chainlike frequency band, which provides information on frustrated
structure of self-aggregated NMF and formation of NMF libration of either DMF or NMF molecules accommodated in a
hydrogen-bonded to DMF. Furthermore, thevalue, which cage formed by its neighbors. The 55 ¢hiband does not shft
remains constant in the DMF-rich mixtures, implies that the appreciably, and its HWHMgp, in neat NMF remains almost
formation of self-aggregated NMF is strongly suppressed but unchanged in NMF-rich mixtures. The corresponding band for
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