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Effect of Temperature and Concentration on the Structure of N-Methylacetamide—Water
Complexes: Near-Infrared Spectroscopic Study
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Generalized two-dimensional (2D) FT-NIR correlation spectroscopy and chemometric methods have been
used to study temperature-dependent spectral changes ilNpusthylacetamide (NMA) and NMAwater
mixtures. We also examined the effect of varying water content on the structure of the mixture. It has been
found that the extent of self-association of NMA in GG very high; the association occurs even at
concentration of 0.001 M. In the pure liquid NMA, the population of the monomers is negligible and the
structure is dominated by the linear associates. An increase in temperature reduces the number of hydrogen
bonds, but in contrast to alcohols their strength remains nearly the same. This reflects a difference in the
mechanism of thermal breaking of the associates of NMA and alcohols. The present results reveal that the
interaction between NMA and water in the NMA-rich regiotufo < 0.1) does not have a significant effect

on the intrinsic structure of NMA. The structure of NMA is dominant, and the molecules of water do not
form separate clusters but are dispersed and incorporated into the structure of NMA. We did not observe the
presence of the free OH groups in the mixture. This led to the suggestion that each molecule of water forms
two hydrogen bonds to two different molecules of NMA. An analysis of the asynchronous spectra reveals
that most of the peaks observed in the asynchronous spectra, constructed from the temperature-dependent
data, simply result from the frequency shift. This assumption is supported by the simulation studies.

Introduction associates should be pres&hOn the basis of previous work

. . . on polyamides, Huang et al. have estimated an average length
The molecule oN-methylacetamide (NMA) is the simplest of 7 amide units in liquid NMA at 30°C7 Monte Carlo

bmeoednelecftéuii\?;stiggjg?ezagbi/ira]\ Fi/rgriiitr;/s,o?nedxger;ﬁet:tearle?rrg simulations show that the majority of NMA molecules in the
theoretical methods:16 Yet, the conflicting results are obtained pure fiquid phase (61%) participate in two hydrogen bokds,
even in the recent .e am"nat'on of pure liauid NMA. Liu et Thus, hydrogen-bonded chains dominate the liquid structure.
a?/“ anld Noda et a6 )s(tudlied Iten?perertjttre-égglendent -sp:auctral Both the theory and the experimental results show that the
CLo A . ; L methyl groups are not involved in the hydrogen bondifd®
variations of liquid NMA wsing 2D correlation vibrational During the hydrogen-bonding creation, a redistribution of the

spectroscopy. They found numerous new spectral featgres Nelectron density occurs mainly within the amide group, whereas
the asynchronous spectra, and these features were assigned Pe CH groups are hardly influenced

the hydrogen-bonded associates of various sizes. On the other )
hand, Huang et al. reported that certain new bands revealed in There have been a number of papers published on NMA
previous studies® correspond to the difference bands that are Water interactiort®~2% The theoretical calculations demonstrate
a result of temperature-induced frequency shift of the main bandsthat the molecules of NMA in the water-rich region form
of NMA.” These frequencies are not fundamental normal modes hydrogen bonds with three molecules of wafef’ Two
of vibration but artifacts only. molecules of water are bonded to t_he lone electron pairs of the

The quantitative information concerning the length and €O 9roup, and the third molecule is bonded to the NH group.
population of the associates is not directly accessible from the Y&t Guo et al. demonstrated that the most favorable hydrogen
correlation spectra. A conventional quantitative analysis in NIR 00onds include one bond to the CO group and one bond to the
region is difficult due to the high complexity of the spectra. NH group?® The formation of the second hydrogen bond to
There have been a number of quantitative results on self- the carbonyl group increases the length of this bond gnd reduces
association of NMA obtained from the fundamental the bond energy. Chen et al. presgnted the experimental and
region’-912-14 Yet, these papers do not represent a uniform theoretical evidences that NMA and its hydrogen-bonded water
picture of the self-association of NMA. Ludwig et al. reported Molecules are vibrationally couplédiThis coupling results in
that in neat NMA at low temperatures, the linear pentamers the increasing complexity of the system because the amide bands
dominate? When the temperature increases, these species ard?@come very sensitive to the hydrogen-bonding geometry and
replaced by the linear dimers and monomers. Furer et al. claimthe degree of the couplirf§.The general order of hydrogen-
that the infrared data on solutions of NMA in GGire well bonded strengths obtained by statistical mechanics calculations
reproduced by assumption of the presence of monomers,is as follows: amide-amide> amide-water> water-watert’
dimers, and trimer& while in the pure liquid NMA the higher ~ However, Mitchell and Price have shown that the amidmide

and amide-water interactions should be approximately isoen-
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the NH groupt”-21.27.28|ndeed, a new FT-IR study of NMA 2
water complexes in CGlreveals that water prefers to act as a | (A)
proton donor by attaching to the carbonyl group of NNFA. 15 _ I

Most of the previous studies on NMAwater interactions ® i
have been performed in the water-rich region, whereas the § \
experimental data obtained in the NMA-rich region are limited. £ 1 /o
This paper provides new experimental results on the effects of § vl A !
temperature and water content on the NIR spectra of the NMA 0.5 // \j:*/g A
water mixture in the NMA-rich region. Special attention was g ‘L, .
paid to the examination of the changes in the structure of NMA h
resulting from the presence of small and moderate amounts of 5000 5500 6000 6500 7000 7500
water. The structure of pure liquid NMA was elucidated, and Wavenumber/cm™!
the conflicting results obtained from previous 2D correlation _
studied~7 were discussed. The interpretation of 2D correlation 0.25
spectra was supported by the simulation studies.

) 8 015

Experimental Method §

NMA and CCl, of high purity were purchased from Aldrich g 0.05
Chemical Co. (Germany) and were used without further S
purification. High-purity water (resistivity 18.2 8 cm) was =
obtained via the Simplicity 185 Ultrapure Water System 0.05 S
(Milliphore Corp.). Solutions were prepared gravimetrically from
these materials. FT-NIR spectra were recorded at a resolution 6000 6200 6400 6600 6800 7000

of 4 cm* on a Nicolet Magna 860 spectrometer equipped with Wavenumber/cm™
a DTGS detector, and 512 scans were accumulated. The samplt]e:igure 1. FT-NIR (A) and difference spectrd{v.T) — DT = 30
chamber was purged with dry nitrogen. The temperature- °C)] (B) spectra of pure NMA X0 = 0) from 30 10 80°C. AITOWs

dependent FT-NIR spectra were measured in a variable-indicate the direction of intensity changes as the temperature is raised.
temperature quartz cell (Hellma) of 5 mm thickness from 30 to

80 °C with a step of 5C. The temperature of the sample was some values of the perturbation. The 2D correlation analysis

monitored with a digital thermometer dipped into the cell. was performed with the MATLAB 6.5 (The Math Works Inc.)
' program (synasyn.m) written in our laboratory.
Computational Methods Chemometric Methods.If all species present in the system

Data Pretreatment. The temperature-dependent data set was contribute to the total absorbance in an additive manner, the
composed of 11 spectra, while the concentration-dependentOlata matrixD [D(v,T,Xi,0 = const.) orD(v, T = const. Xij,0)]
series included 10 spectra of the mixture and the spectrum of ¢ be decomposed as a product of pure concentration profiles

pure NMA recorded at 36C. The spectra were ordered in the matrix (C) and the companion matrix of pure component spectra

T\ -
direction of increasing temperature angi,o. At first, the S):
baseline fluctuations were minimized by an offset at 9100%cm T
Next, the spectra were corrected for the density change with D=CS +E

temperature and the integrated intensity of the second overtone . . .
of the CH stretching band (8068600 cnl) was used as a whereE matrix includes the residual error. At first, the number

reference® of species present in the system was determined by principal
2D Correlation Analysis. The dynamic spectrum was Component analysis (PCAj.The number of principal compo-

obtained by subtraction of a reference spectrum from each of "€Nts was also examined by cross-validation procetiaad

the original spectra. The spectrum of pure NMA at°8and evolymg chtor analyss_(EEA@“. The results of E'_:A pI’OV.Ide a

the mean spectrum were used as the references for theStarting point for determination of the concentration profiles and

concentration- and temperature-dependent data sets, respectivel{/!® PUré component spectra. The concentration profiles and the
The synchronous intensity was calculated as a cross-product ofPUré component spectra were obtained with multivariate curve
the dynamic intensity at two different wavenumbers, whereas rgsolutlon (MCR) \g\gth constraints (npnnegatlylty on concentra-
the asynchronous intensity was computed as a cross-product of 0N @nd spectraj2=cThe chemometric analysis was performed
the dynamic intensity at; and Hilbert transform of the dynamic Y PLS-Toolbox 3.0 (Eigenvector Research Inc.) for use with
intensity atr,.3%31A positive synchronous peak at(v;) means MATLAB.

that the intensity changes at these two wavenumbers are in theResuIts and Discussion

same direction, while a negative synchronous peak indicates

the opposite. The asynchronous intensities were multiplied by 2D FT-NIR Correlation Study of Pure NMA as a Function

a sign of the corresponding synchronous intensities. This way, of Temperature. Figure 1A displays FT-NIR spectra of liquid

a positive asynchronous cross-peaksat ¢2) means that the ~ NMA from 30 to 80 °C [D(»,T)]. As can be seen, the most
spectral change at; occurs faster (earlier) than that a3, prominent spectral variations take place in the 660000 cnT?!
whereas the negative asynchronous peak indicates the oppositaegion. The changes are better seen in the difference spectra
The presence of a synchronous cross-peak;at§) suggests [D(»,T) — D(v,T = 30 °C)] (Figure 1B). The high-frequency
the possibility that the peaks at and v, originate from the band increases in intensity, whereas the other bands show an
same fragment of molecule or two different fragments strongly opposite trend with increasing temperature. The band assign-
interacting. The asynchronous spectrum develops a peak at ( ments are collected in Table 1. The corresponding synchronous
V) if the spectral changes at and v, vary out of phase for and asynchronous spectra in the 560800 cnt! range are
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TABLE 1: Frequencies and Assignments of Selected IR and 0.12 Ny
NIR Bands of NMA/Water Mixture 6808 (A)
vibration species position [cmi]  molecule 0.09
v(NH) bonded 3310 NMA o
»(NH) bonded 3365 NMA e
v(NH) cismonomer 3433 NMA S
v(NH) transmonomer 3474 NMA 5 0.06
v+ v3 bonded 5142 water 2
v+ vs+ L bonded 5610 water <
2v(CH) 5791, 5924 NMA 0.03
2v(NH) higher multimers 6242 NMA
2v,+vs bonded 6460 water
vitovs bonded 6755 water . n .
2v(NH) free terminal NH 6770 NMA 7000 6800 6600 6400 6200
2v(NH) transmonomer 6808 NMA W ber/om™
2v(CH) + 6(CH) ~7270 NMA avenumber/cm
3v(CH) 8470 NMA i
aNMA in CCl,, 0.006 M.» NMA in CCl,4, 0.001 M.¢L, librational 2t (B) A
mode.
7500 3 1.5¢
(A) e
8
o 7000 5 1
- j $
E v =
2 6500 0.5¢
(]
=] “
E - *
2 6000 ' ' : :
g 3600 3500 3400 3300 3200
1]
= Wavenumber/cm™
5500
0.4 . . T :
_ 3471 (©)
5000 5500 6000 6500 7000 7500
(0]
Wavenumber/ecm™, v, %
Ko}
7500 §
(B) <
& 7000 .
k5 "0
= 6500 1 : . . .
é 3600 3500 3400 3300 3200
% 6000 ' 1 Wavenumber/cm”’
& Figure 3. FT-NIR (A) and FT-IR (B) spectra of NMA in CGI(0.001
= M) at 30 °C; FT-IR spectrum of NMA in CCJ (0.006 M) at 30°C
5500 1 (©.
(Figure 1B), the higher frequency band shifts by more than 30
cmL. The simulation studies have shown that the shift in

5000 5500 6000 6500 7000 7500 frequency may generate new features in the asynchronous
spectrad’—39 Thus, the origin of the asynchronicity observed in
) Figure 2B was examined by computer simulations. It has been
Figure 2. Synchronous (A) and asynchronous (B) spectra of pure NMA - jemgnstrated that the positions and relative intensities of the
Lrlom 30to 80°C. Red lines represent positive correlation peaks, whereas peaks observed in Figure 2B are well reproduced in the synthetic
ue lines represent negative peaks.

asynchronous spectrum (not shown). Therefore, one can con-
shown in Figure 2. The spectra reveal some important differ- clude that the correlation peaks at 6794 émo not correspond
ences as compared to the corresponding spectra reported by Lido true bands but are a result of frequency shift. A similar
et al. (Figure 4} In the synchronous spectrum (Figure 2A) conclusion was achieved by Huang et @he authors evidenced
dominates the peak at 6770 cthbeing negatively correlated that the structure of the(NH) mode, observed in the asyn-
with the peaks at 6242 and 6512 tinThis means that the  chronous spectra, simply results from the frequency shift. Liu
intensity at 6770 cm® increases, whereas the other bands et al. have found an asynchronous peak near 6900 ¢hat
decrease in intensity as the temperature is raised. In contrast tovas tentatively assigned to the baseline fluctuatfordis
Liu et al.# we did not observe a synchronous peak at 6440'cm  suggestion is reasonable because we did not observe any
The asynchronous spectrum (Figure 2B) develops a series ofmeaningful asynchronous intensity in this region (Figure 2B).
peaks at 6794 cm. As may be seen from the difference spectra The same authors observed two other correlation peaks at 6440

Wavenumber/cm™, v,



1018 J. Phys. Chem. A, Vol. 109, No. 6, 2005 Czarnecki and Haufa

x 10 group because the anharmonicity constant for this vibration
((6770/2)— 3433= —48 cn11) would be smaller than that of
the monomer band ((6808/2) 3471= —67 cnT?).

A negative synchronous peak at 6242/6770 t(figure 2A)
indicates that the absorbance at 6242 trdecreases with
increasing temperature. Apparently, this band is due to the NH
groups involved in the hydrogen bondiComparison of the
power spectra obtained at lower (365 °C) and higher (55
80 °C) temperatures (Figure 4) reveals that the 6242'dmand

slightly decreases in intensity, while its position is almost
_ t . constant. This implies that an increase in the temperature reduces
5000 5500 6000 6500 7000 7500 the number of hydrogen bonds but their strength remains similar.
Wavenumber/erm In contrast, the bgnd due to the higher associates of alcohols
Figure 4. Power spectra constructed from FT-NIR spectra of pure _ShOWS a blue-shift larger 'than S0 Ci"nwhen temperatur_e
NMA in the temperature ranges of 365 °C (- - - -) and 55-80 °C increases from 20 to 8. This suggests a different mechanism
(-). of the thermal dissociation of the associates of NMA and
alcohols. The difference presumably results from two reasons:
and 6510 cm®. As can be seen (Figure 1B), these peaks are first, the associates of NMA are larger than those of alcohols;
located between two prominent bands changing intensity in the second, the population of the cyclic associates is significant in
opposite direction. Subtracting two single bands that are shifted liquid alcohols, while these associates are absent in NMA.
in frequency results in positive and negative difference bands.  2p ET-NIR Correlation Study of NMA —Water System
parent spectra did not reveal any peaks near 6440 and 651Gyjth x,,,, = 0.005, 0.02, 0.06, 0.1, and 0.12 were recorded from
cmL. Therefore, these peaks were not discussed in this papersg 1o 80°C. The spectral pattern of the changes was similar

Liu et al. assigned the peak at 6770 ¢rto the 2/(NH) mode regardless of the water content, and therefore the results for
of the monomeric speciédlowever, Huang et al. demonstrated selected data set are presented. Figure 5 displays FT-NIR,
that the monomers do not exist in liquid NMA and the high- synchronous, and asynchronous spectra of NM#Ater mixture
frequency component of(NH) mode should be assigned to  ith Xy, = 0.06. As compared to the synchronous spectrum
the end free NH groups in the linear associdtés.the NIR of pure NMA (Figure 2A), one can observe two new auto-peaks
spectrum of NMA in diluted CGl (Figure 3A) appears the 4t 5126 and 5268 cm together with a series of cross-peaks at
prominent monomer band at 6808 tiand a broad feature  these coordinates. The pattern of the asynchronous peaks in the
ranging from 6200 to 6600 crh. The latter feature results from  5100-5300 cnrt region (Figure 5C) is similar to that observed
the.prese.nce of associates and is better seen in the fundamentg) 5 single band shifted in frequen&y3® The origin of the
region (Figure 3B) near 3365 crh Clearly, the extent of self- g0 4ra) changes in this region was confirmed by the simulation

association of NMAfiS very high; the asso_ciationhocclurshelve_n studies. The parameters of the synthetic bands were estimated
at a concentration of 0.001 M. For comparison, the alcohols in from the difference spectr®[v,T,Xi,0 = 0.06)— D(r,T X0

inert solvents appear exclusively as monomers up to 0.6244.
The band at 6770 cm is significantly red-shifted v = 38
cm1) as compared to the monomer band. The analogous shift
for alcohols is appreciable smaller (10 chand results mainly
from the rotational isomerisiti. Near the melting point (26

28 °C), the population of the monomers is expected to be
negligible, and, hence, the absorbance at 6770 '@hould be
weak. This contrasts with the results shown in Figure 1A. The
monomer band of alcohols shifts less than 10~&mwith
increasing temperature from 30 to 80, while the analogous
shift for NMA is around 30 cm?. All of these arguments led
to the conclusion that the 6770 ciband is due to the free
terminal NH groups in the linear associates.

2.5

1.5 r

Arbitrary Units

0.5

= 0)]. A striking similarity between 2D correlation spectra
obtained from the simulated (Figure 6) and the experimental
data (Figure 5B and C) evidences that the spectral pattern in
the 5106-5300 cnT? region arises from a single band that shifts
in frequency. This band was assigned to thet v3 vibration
of hydrogen-bonded water (Table “F)An average position of
this band in the studied temperature range is about 5140,cm
whereas the corresponding band in pure water shifts from 5183
cmt at 30°C to 5224 cnit at 80°C. Obviously, thev, + v3
band in the spectrum of the mixture is located at lower
frequencies as compared to the spectrum of pure water. This
suggests that the molecules of water prefer to interact with the
Figure 3A shows a minor feature on the low-frequency wing molecules of NMA. First, the |nt1(;,‘|;SCt|0n of NMAwater is
of the monomer band (marked with an asterisk). In the stronger than that .Of wa_telyvater, ' and, second, the m.OI'
ecules of NMA are in majorityXn,0 < 0.1). Numerous studies

fundamental region (Figure 3B), this feature appears as a clearh h hat the hvd bondi h bonvl
band at 3433 cmi. It is known that the molecules of NMA ~ ave shown that the hydrogen bonding to the carbony! group
is stronger than that to the NH grodp!”21.25Thus, the 5140

may take two different conformations (cis and trans). Tlse "1 . . . .
NMA is estimated to have a higher energy than the trans form €M~ band can be assigned to water interacting with the free
by about 10.5 kJ/md®-44 Thus, at room temperature (28), terminal CO group of NMA. The temperature-induced red-shift

the population ofcisNMA is around 1.59% Recently, the of thi_s bz;md may simply result from weakening of the hydrogen
population ofcis-NMA, evaluated from FT-IR spectra of NMA  Ponding!

in CCls, was found to be 2.7% at 20C.27” The monomer The statistical mechanics simulations of aqueous solutions
frequencies observed by 'Hdermann and Ludwig for theans of NMA show the caging effect around the hydrophobic methyl
(3475 cntl) andcisNMA (3431 cnth) in CCl, are close to  groups of NMA?’ As a result, the molecules of water in these
the values shown in Figure 3 (3471 and 3433 ¢mespec- regions would show little interaction with the other molecules.
tively). Therefore, the band at 3433 chwas assigned tois- The existence of one-bonded water in the complexes with some

NMA. This band could not be assigned to the free terminal NH organic molecules possessing an ether or carbonyl group was
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< 7000 b 4 5500
o : (B)
.§ 6500 - ~ 5400} . 1
2 3
E / ._/'I '
2 6000f - _E 5300} ]
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S 5500 E
, £ 5200( 1
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; e = g
5000 5500 6000 6500 7000 7500 5100} |
Wavenumber/cm™, v,
7500 . 1 1 2
() 5000 5100 5200 5300 5400 5500
& 7000 1 Wavenumber/em™, v,
‘TE- ﬁ? | < Figure 6. Synchronous (A) and asynchronous (B) spectra constructed
S 6500} from the simulated data. Red lines represent positive correlation peaks,
_"3 Er | whereas blue lines represent negative peaks.
E
2 6000 = 1 spectraXu,o: 0.001-0.01, 0.002-0.02, 0.005-0.05, and 0.0%
% 0.1) were recordednia 5 mmcell at 30°C. The general
= 5500 ; tendencies for all data sets are similar; therefore, for the sake
A . =g of clarity the data with the highest content of water are shown.
| "% = i Figure 7A displays FT-NIR spectra of the NMAvater mixture
5000 5500 6000 6500 7000 7500 (X0 from 0.01 to 0.1) at 30C. The dynamic spectrum (Figure

7B) was calculated by subtraction of the spectrum of pure NMA
Figure 5. ET-NIR (A), synchronous (B), and asynchronous (C) spectra at 30 °C from each of the concentration-dependent spectra
OngMA/water mixture_Q(izo= 0.06) from 30 to 8)(/70. Arrows indicarie _ [sligg](r:i,;(gé%)t elin?i(nvéﬁgﬁ o_f t(t)])g. c-gr‘:tsrib%rt(i)gr?d#g?n a|E|(|)\>|N: f';);
the direction of intensity changes as the temperature is raised. Red lines . . -
represent positive correlation peaks, whereas blue lines represen€XPected, the most prominent changes appear in the regions of
negative peaks. water absorption: at 5145 crh (v, + v3) and at 6755 cmt
(v1 + v3). Two other bands are located near 5610 and 6460

suggested by Iwamoto et ®Luck has shown the presence of cm™L The feature at 6460 cr#is due to the 2, + v3 mode of
an overtone band due to nonbonded OH groupal00 cnt?) the bonded OH group, whereas the 5610 &rhand can be
both in the pure water and in the alcokevater mixtures’ assigned to the, + v3 + L (L, librational) vibration of
Recently, nonbonded water was found in a butanol-1-ol/water associated water. Figure 7C displays the synchronous spectrum
mixture in the alcohol-rich regioff Nevertheless, the present calculated from the dynamic spectra shown in Figure 7B. The
results do not provide any evidence for the existence of the asynchronous spectrum (not shown) includes a few peaks of
“free” or one-bonded water in the mixtur&{,o < 0.1) and low intensity, yet these peaks cannot be interpreted because the
suggest that each molecule of water forms two hydrogen bondsdynamic spectra were not normalized with respeckKig.?°
to NMA. The chains of NMA, dominating in the liquid state, The asynchronous spectrum constructed from the normalized
possess only one free end carbonyl group. This implies that thespectra does not include any meaningful peaks. This indicates
molecules of water form two hydrogen bonds with two different that the variation irky,o does not vary the relative populations
molecules of NMA giving rise to the existence of the mixed of the NMA species.
chains. A creation of new species of NMA on addition of water

2D FT-NIR Correlation Study of NMA —Water System would lead to reduction in the population of the other species.
as a Function ofXy,0. Four series of concentration-dependent As a result, in the synchronous spectrum would appear negative

Wavenumber/cm™, v,
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Figure 7. FT-NIR spectra of NMA-water mixture withXu,0 from
0.01 to 0.1 every 0.01 at 3 (A), the dynamic spectrundf(v,Xu,o0)

— D(v,Xu,0 = 0)] (B), and the corresponding synchronous spectrum
(C). Arrows indicate the direction of intensity changeXas increases.
Red lines represent positive synchronous peaks.

peaks due to NMA. As may be seen (Figure 7C), the

synchronous peaks are positive, indicating that all species gain

in intensity whenXu,o increases. Besides, no synchronous

correlation was observed between the bands attributed to wate
and NMA. This led to the conclusion that the presence of water
in the NMA-rich region has a small effect on the self-association

of NMA itself. The intrinsic structure of NMA is dominant,

r
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Figure 8. The spectral profiles of NMAwater mixture Xu,0 from
0.001 to 0.1) resolved by MCR (A). The spectra of pure NMA (upper
solid line), pure water (lower solid line), and the difference spectrum
(dotted line) P(v,Xu,0 = 0.1) — D(¥,Xu,0 = 0)] at 30°C (B).

Chemometric Analysis of NMA—Water System.Both PCA
and EFA results suggest the presence of two species responsible
for the total intensity variations. Figure 8A shows the spectral
profiles of these species. The profile drawn by the solid line is
similar to the spectrum of pure NMA, and the population of
the corresponding species decreases Wigp increases (not
shown). The other spectral profile (dotted line) was assigned
to water. As expected, the concentration of water shows a
constant increase (not shown). For comparison, in Figure 8B
are displayed the spectra of pure NMA, pure water, and the
difference spectrum(v,Xu,0 = 0.1) — D(v,Xp,0 = 0)] at 30
°C. The resolved spectral profile of water (Figure 8A) is very
similar to the difference spectrum. In contrast, this profile is
quite different from the spectrum of pure water (Figure 8B)
obtained at the same temperature. The whole profile of water
is dramatically shifted to lower frequencies. This implies that
the molecules of water dissolved in NMA are involved in
stronger hydrogen bonding than that in the pure water. As
discussed earlier, the NMAwater interaction is stronger than
that of water-water. Interestingly, the spectral profile of NMA
is the same as that of the pure NMA. This observation supports
our earlier conclusion that an addition of small and moderate
amounts of water has a minor effect on the self-association of
NMA itself.

and the molecules of water are involved in this structure by Conclusions

hydrogen bonding. A similar conclusion was obtained by

Takamuku et al. from IR and X-ray studies of aqueous mixtures

of N,N-dimethylacetamide (DMA}? The authors concluded that
the inherent structure of DMA is dominant in the DMAvater
mixtures forXpua > 0.6. It has to be noted that an increase in

An analysis of the experimental spectra measured at different

temperatures, confirmed by the simulation studies, leads to the

conclusion that most of the asynchronous peaks in the spectra
of pure NMA and NMA-water mixtures result from the

Xu,0 for a butan-1-ol/water mixture reduces the population of temperature-induced frequency shift. These peaks do not cor-

the polymeric specie$.

respond to true bands but are artifacts. The population of the
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monomers in the pure liquid NMA is negligible, and the band ~ (13) Kuznetsova, L. M.; Furer, V. L.; Maklakov, L. I.. Mol. Struct
1 i ; - 1996 380 23.

e;}t 6|_770 cm* was aSS|ghned to the free terminal NH_gr%ups_lm (14) Furer, V. L.J. Mol. Struct 1997 435 151,

the linear associates. The monomer band, observed in the diluted (15) akiyama, M.; Torii, H.Spectrochim. Actd999 56A 137.

solutions of NMA in CC}, at 6808 cm?, has a low-frequency (16) Herrebout, W. A.; Clou, K.; Desseyn, H. @.Phys. Chem. 2001,

component of weak intensity. This feature was assignaisto 105 4865.

NMA. The extent of self-association of NMA is very high; this 145(3%37) Jorgensen, W. L.; Swenson, C.JJAm. Chem. Sod98§ 107,

process occurs even at a concentration of 0.001 M (in))CCl (18) Symons, M. C. R.; Harvey, J. M.; Jackson, SJEChem. Soc.,
In contrast to the alcohols, an increase_ in_ter_nperature redut_:eszarilgayGTargn?-_ Illigr;iz(rJ]dYO?"f 2,\5/8- Phys. Chema 1997 101 3182

an a\./erage number of hydmgen bonds in “qUId.NMAZ but their 2203 Cher’1, X. G, Sch\;veitz.er-syténner,.R.; Krin’1m, S, Mirkin, N. G.;
relative strength remains nearly the same. This indicates thatagper s. A.J. Am. Chem. S0d994 116, 11141.

the temperature-induced dissociation of the associates of NMA  (21) Mitchell, J. B. O.; Price, S. LChem. Phys. Lettl9971, 180, 517.
and alcohols occurs in a different way. No evidence was found ~ (22) Han, W.; Suhai, SJ. Phys. Cheml996 101, 3942.

for the presence of nonbonded or one-bonded water in the53§23) Torii, H.; Tatsumi, T.; Tasumi, MJ. Raman Spectrost998 29,
mixture, suggesting that each molecule of water forms two  (24) Kim, J.; Cho, M.Bull. Korean Chem. So@003 24, 1061.
hydrogen bon_ds to two different molecules_ of NMA. The results (gg) gglginhl}lk%; Iﬁgmm Spf]. ?r%h%ﬂirgé 283%9?%7?3 9742.
of 2D correlation and chemometnc_analyss_prove that the small 2273 Kbdderr'ﬁannPT.;'Lud\}vig,behys. Chem. Chem. Phy2004 6,
and moderate amounts of water in the mixtukg,6 < 0.1) 1867.
have a minor effect on the structure and population of NMA  (28) zZhang, R.; Li, H.; Lei, Y.; Han, SJ. Mol. Struct 2004 639, 17.
associates. The inherent structure of NMA dominates, and the (29) Czarnecki, M. AAppl. Spectrosc1999 53, 1392.

. : . (30) Noda, I.Appl. Spectrosc1993 47, 1329.
molecules of water are involved in this structure by hydrogen (31) Noda, I Appl. Spectrosc200Q 54, 994.

bonding to the free terminal=€0 groups. (32) Wold, S.; Esbensen, K.; Geladi,Ghemom. Intell. Lab. Syst987,
2, 37.
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