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Intermolecular Coupling in Liquid and Crystalline States of trans-N-Methylacetamide
Investigated by Polarized Raman and FT-IR Spectroscopies
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The isotropic and anisotropic Raman spectra of Meatethylacetamide (NMA) at different temperatures
between—10 and 60°C and NMA in acetonitrile were measured in order to spectroscopically compare an
characterize the crystallized (< 28 °C) and liquid states. These plus infrared data were subjected to «
self-consistent component band analysis. We found that the amide | band is composed of two subbanc
the solid phase and three in the liquid phase. For the former, the subbands at 1633 and t&&6erfrom
transition dipole coupling interactions associated with theafidd By species of the crystal unit cell.
Depolarization ratio measurements suggest a departure fromBsisymmetry. The three subbands in the
liquid phase reflect different aggregate structures. The lowest frequency band at 163#snfts from an
NMA oligomer exhibiting a structure similar to that observed in the ordered crystal phase. The most inter
subband shows a significant negative noncoincidence effect, its isotropic component appearing at 1650 c
and its anisotropic part at 1655 ¢t This subband is interpreted as resulting from locally ordered short
oligomeric hydrogen-bonded structures. The third subband is at 1675amd results from isolated non-
hydrogen-bonded NMA molecules or from amide | modes of the terminal groups of the above oligomel
Amide 11l shows a small but detectable positive noncoincidence effect in the liquid phase R arich is

also assignable to transition dipole coupling between adjacent molecules in a locally ordered environm
The Raman bands arising from the symmetric bending modes of the two methyl groups are significar
affected by crystallization; the CGHymmetric bending mode becomes depolarized and less intense whil
the NCH; symmetric bending mode gains intensity and becomes polarized. Ab initio calculations of torsion
distortions of the Chigroups, caused by interactions between adjacent non-hydrogen-bonded NMA molecul
in the crystal, qualitatively reproduce these effects.

Introduction In this context, numerous investigations have been directed
. . . . . . to monosubstituted amides such as formamide (HC@~Nahd
The amide group is a basic repeat unit of biological \ nethyiformamide (HCONHCE),* derivatives such ai|,N-
macromolecules such as peptides and proteins and syntheticyinethviacetamide (CECONH(CH)2).5 and cyclic amides such
polymers such as nquns. The_understandlng of such polyamldeas e-caprolactam and 2-azacyclononanéfieAll these mol-
structure and dynamlgs requires knowledge not only Of.the ecules have in common that their CO and NH groups have a
mtermolecula_lr force field but also of noncovalent coupling strong preference for the formation of hydrogen bonds with
bet;NeeIn am;dteh groups and bet_ween s;Jcthroup§ tand \t’.vate[solvent molecules if this is physically possible. Such hydrogen
molecu esho d € a%ue(()jgs egwtronmeréb gss Hm erac 'onfsbonds are strong in aqueous solution and of intermediate strengtf
comprise hydrogen bonding, between an _groups oty organic solvents. Intermolecular hydrogen bonds are also
different amides in close prOX|m|t_y_and t_)etween a”_“de 9roups ¢, med between the CO and NH groups of adjacent moleédles.
apd V\iater molecules, and transition dipole coupling mecha- This can result in hydrogen-bonded chains, which may exist
nISVr?bsr.ational spectroscopy is a very sensitive tool for character either in a crystaline solffor in the liquid state.
izing the abovg interactions in terms of their types and coupl!ng o ':;Z“gzﬂgga;its;t?;gkeﬁ:g'i'thmHi’o Nsmﬁ‘) Eazrge::: Bicn' din
strengths. This is due to the fact that vibrations of the amide bgtween peptide groups suc)t: a5 are founginypoly?)eptides angc
roup give rise to several intense bands in the infrared and - ’ . . X .
gamgngspectra, termed amide |, Il, 11l etc., the frequencies and proteins. Numer_ous spectroscopic studies have_ examined its
intensities of which depend strongly on the intrinsic electronic ﬁ;oL\Jl?tiéglgga?ax;;tggggatzasrtlr)lljc;(u:;SI ?j?f(fjr;c):/t?oanmgi;;évge” as
roperties of the group as well as on amidiéde chain and o : ) o .
zmirt)je—solvent intgractri)onévz indicated that NMA has a trans structure in its crystalline phase,
' with its five heavy atoms coplanar (trans and cis refer to the
. . . . orientation of CO and NH with respect to the CN bond). Below
33;30 orresponding author. E-mail: skrimm@umich.edu. FAX: 313-764- ;o crystallized NMA consistspof chains of moIeZ:uIes in
Abstract published irAdvance ACS Abstractf)ecember 15, 1997. which hydrogen bonds between an groups connec
® hich hyd bonds bet CO and NH t
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Figure 1. Structure of solid NMA in its orderedT(< 10 °C) phase
(from ref 11a).

adjacent molecules in a structure that exhiliitg symmetry
(Figure 1). A small amount of static disorder is present even
in this crystalline phas&® A more disordered structure was
observed between 10 and 28.11a At higher temperatures,
neat NMA is in its liquid phase. This is believed to have an

even more disordered structure, though one still maintaining

some degree of hydrogen bonditg.

Vibrational spectroscopic studies on NMA started with the
detailed IR investigations by Miyazawa and co-workéfS.hey
observed IR spectra of solid NMA and NMA in organic solvents

J. Phys. Chem. A, Vol. 102, No. 1, 199819

the physics of pure liquids and binary mixtures and has been
observed for many diatomic moleculfE€scompounds with a
carbonyl group? dimethyl sulfoxide!® 1,2,5-thiadiazol@?
chloroform?! and monoamides such as formamide &h-
dimethylacetamidé?

In many respects NMA is still a relevant system to investigate.
It behaves like a highly ordered oligopeptide in the crystal phase
while it becomes more disordered in the liquid phase, which
makes it more similar to an amorphous polymer. Vibrational
spectroscopy is well suited to comparing these phases of NMA
with each other and also with NMA dissolved in different types
of liquids. In this paper we report polarized Raman spectra of
neat NMA measured at different temperatures betweth and
60 °C with 457 and 384 nm excitation. Thus we obtain spectra
of the liquid as well as of the solid state. Moreover we have
measured polarized Raman spectra of NMA dissolved in
acetonitrile (CHCN and CI3CN). All spectra were subjected
to a self-consistent spectral analysis that yielded frequencies,
half-widths, and depolarization ratios of all relevant Raman-
active bands above 1200 cf The data allow us to describe
and compare intermolecular NMANMA and NMA—solvent
interactions. The Raman band depolarization ratios are utilized
to determine the influence of these interactions on the contribu-
tion of theor — =* transition to the Raman cross sections far
from resonance.

Material and Methods

Materials. NMA was purchased from Sigma and distilled
before use. The concentration of the analyte was 3.0 M for the
Raman experiments in GBON and ranged between 0.25 and
1.0 M for measurements of amide | in GEN.

Instrumental Methods. Most of the Raman experiments
were carried out using a conventional spectrometer at the
University of Michigan. The Raman spectra were measured
with 90° scattering geometry. Excitation at 457 nm was
obtained from a Coherent argon ion laser. The incident laser

and provided assignments of the main amide bands. This wasbeam was polarized perpendicular to the spectrometer’s optical

followed by polarized IR studies of single-crystal NM&0.c
Ataka et al*® measured IR spectra of trans and cis NMA in N

axis and focused onto the sample bfy=a 10 cm lens. Plasma
lines of the argon ion laser were eliminated by an optical unit

matrixes at cryogenic temperatures. Other IR studies on solid consisting of a mirror, a small grating, and an exit slit of
NMA with and without an aqueous environment revealed rather appropriate width. The sample was contained in a thin capillary
complex spectral features, particularly in the high-frequency tube that was situated in a sample holder connected to a
region between 1000 and 1800 thwhich are still not fully thermostat. The scattered light was collected by a lens with
understood* Raman spectra of neat NMA have also been 15° angular acceptance and analyzed with a polarizer. A
reported.oc.15 polarization scrambler was placed between the polarizer and
Since these Raman and IR experiments on neat liquid andthe spectrometer entrance slit. The scattered light was disperse
solid NMA, the availability of more advanced techniques such by a Spex Czerny-Turner double monochromator equipped with
as FT-IR and UV-Raman has shifted the focus to the spectros-2400 grooves/mm holographic gratings. The spectral resolution

copy of NMA in aqueous or organic solverdf& ¥ In addition,
some UV resonance Raman data on neat liquid NMA were
reported by Triggs and Valentiff. They found that the amide

was 2 cntl. The light was detected by a photomultiplier.
Another pair of polarized Raman spectra were measured at
—10 °C using a Raman spectrometer at the University of

| band is composed of two Lorentzian subbands which they Bremen equipped with the 384 nm output of an excimer pumped
assigned to NMA oligomers of various sizes. More recently dye laser. We have used the 488 nm line of the argon ion laser
Chen et al®"measured polarized Raman spectra of neat liquid in this laboratory to measure the amide | band of NMA in&£H
NMA with visible and UV excitation. Their spectral analysis CN at different concentrations. Both spectrometers are equipped
revealed two Voigtian rather than Lorentzian subbands of amide with CCD cameras, which allow recording of spectra with low

| at 1646 and 1658 cm. While the former appears nearly intensities. Details of the experimental setup are given else-
totally polarized, the latter is completely depolarized. In the where??

IR spectrum amide | appears close to the frequency of the All spectra were subjected to a line shape analysis by the
depolarized Raman band. This doublet cannot be explained inprogram MULTIFIT2® This program allows appropriate base-
terms of different oligomers. It is indicative instead of a line corrections, deconvolution of highly overlapped bands by
noncoincidence effect (NCE), i.e., intermolecular interactions the Fourier self-deconvolution technigifeand discrimination
that cause the frequencies of isotropic and anisotropic scatteringbetween Lorentzian, Gaussian, and Voigtian band profiles. The
to separaté® The NCE is a well-established phenomenon in influence of the spectrometer function on the experimentally
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Figure 3. FT-IR spectrum of liquid NMA measured at 3C. The

data were taken from an earlier studyThe solid line and the single
bands displayed therein result from the line shape analysis outlined in
the text. The dots are experimental points. The labeling of the prominent
bands is the same as used for Figure 2, and assignments are based c
ref 10i.
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Raman spectra of neat NMA taken at 60, 40, 0, arid °C
with 457 nm excitation. While the anisotropic spectrum is
identical with the depolarized (i.dpe) spectrum, the intensities
of bands in the isotropic spectra were obtained by
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Figure 2. Isotropic () and anisotropic-{:) Raman spectra of neat || spectra are dominated by the amide | and amide 11l bands.
NMA taken with 457 (10, 40, and 60C) and 383 nm {10 °C) At 40 °C, the former is observed at 1645 chwhile the latter

excitation at the indicated temperatures. The most prominent bands . .
are labeled as follows: A I, A ll, and A Il for amide 1, Il, and III; appears around 1300 ct Their frequencies depend on

CCHs sb and NCH sb for the Raman bands of the symmetric bending t€mperature, amide | increasing and amide Ill decreasing with
modes of the C- and N-methyl groups, respectively. rising temperatures. These effects are consistent with a

weakening of intermolecular hydrogen bonds.
observed band shapes could be neglected because the spectral All spectra of the liquid phas& (> 30 °C) look rather similar

bandwidth was less than one-fourth the half-widths of all Raman put differ from those of the solid crystallized phase. This is

and IR bands investigatél. The relative intensities of the  particularly true of the relative intensities of the bands between
Raman bands were derived from their areas. The depolarization1350 and 1500 cn#, which all result from CH bending (b)

liso = Ipar_ (4/3) per 2

ratio (DR), p, was then calculated as vibrations of the C- and N-methyl groups. In the liquid phase
_ the CCH symmetric bend (sh) at1380 cnt! is significantly
p= Ipelllpar 1) more intense than the NGHb at~1420 cnt?®. Its DR value

is close to 0.33, which indicates that the intensity stems

where l,er and lyar denote the intensities measured with the predominantly from FranckCondon type coupling with the

polarizer oriented perpendicular and parallel to the incident _, _« {ransition in the far-UV regiod® In contrast, the NCHl

polarization, respectively. sb band appears more depolarized. The phase transition reverse

The collection cones of the collimator Ienses_utlllzed in the both intensities and DR values, so that the GEbiband appears
Raman spectrometers have a half-angle &f 15his allows a more depolarized in the solid-state spectra.

rather exact determination of the depolarization ratfoslo Other changes in the spectrum are also noteworthy. Amide

eliminate possible errors due to an insufficient depolarization | 5ng amide 11l become narrower upon crystallization, and amide
by the polarization scrambler, the _Iatte_r was adjusted so that| o hipits a significant change in its band shape. Amide Il is
the measured DR of the 216 chline in the CC} Raman aiher weak in all Raman spectra and appears solely as a
spectrum (for the University of Michigan spectrometer) and of gy, ider on the low-frequency side of amide | in the isotropic

the 655 cm* Raman line of Cs(for the University of Bremen  gnecira - A rather broad band centered at 1530 ghows up
spectrometer) were identical with their expectation values of ;" 11 anisotropic spectra of liquid NMA and disappears

0.75 and 0.05, respectively. completely at low temperatures in the spectra of crystallized

Results and Discussion NMA.
u IScussi Figure 3 shows the FT-IR spectrum of liquid NMA taken at
A. Raman and FT-IR Spectra of Neat NMA and NMA 30°C. In contrast to the Raman spectra, amide Il is now clearly

in CD3CN. Figure 2 compares the isotropic and anisotropic visible. Its relative intensity is intermediate between that of
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Figure 4. Isotropic and anisotropic Raman spectra of NMA in£D  FEigyre 5. Isotropic and anisotropic UV-Raman spectra of liquid NMA
CN measured with 457 nm excitation at 3D. The solute concentration measyred with 244 nm excitation. The original data were taken from
was 3.0 M. The solid line and the single bands displayed therein result ot 10i. The solid line and the single bands displayed therein result
from the line shape analysis outlined in the text. The dots are fom the line shape analysis outlined in the text. The dots are
experimental points. experimental points.

amide | and amide lll. The methyl bands are clearly discernible T4 fit the Raman data measured at different temperatures,
and the broad band at 1530 chis evident as a shoulder on e assumed that only the spectral parameters of the amide band
amide 1. (In this and other spectra, not all component bands changed with temperature whereas those of the methyl bands
are shown.) and the unknown broad band at 1530 émwere constant. This
Figure 4 displays the isotropic and anisotropic Raman spectrayielded quite successful fits to all spectra. The fits to the
of NMA in 3.0 M CDsCN. Similar to liquid NMA, amide Iis  jsotropic and anisotropic Raman spectra taker &0 and 30
intense while amide Il is barely detectable. Moreover, amide °C, as well as the underlying spectral bands, are displayed in
| appears as a doublet in the isotropic spectrum. Figures 6 and 7. Their spectral parameters are given in Table
All Raman data (i.e., spectra measured at 60, 50, 40, 30, 25,1. Table 2 lists the depolarization ratios of the amide bands
22,15, 8, 0. and-10 °C) and FT-IR data were subjected to a for all temperatures employed.
self-consistent analysis by adopting the following strategy. First,  Finally, we fitted the isotropic and anisotropic spectrum of
we refitted the Raman spectra of liquid NMA reported in our NMA in CD3CN with the same band shape model. The spectral
recent papel? which were measured with different excitation parameters are listed in Table 3.
wavelengths, together with the present spectra measured at 30 B. Spectral Analysis of Amide |. Spectral Decomposition:
°C. Here we used the isotropic rather than the polarized spectraNeat NMA. The shape of the amide | band is clearly asym-
as was done in the above study. As an example, Figure 5 showsmetric. Appropriate fitting requires a number of Gaussian
the isotropic and anisotropic Raman spectra of liqguid NMA subbands, of which we designate three as amide | modes, Sb
measured with 244 nm excitatidfi. Corresponding Raman (1), Shy(l), and Sh(l). At 30 °C the corresponding frequencies
bands in the isotropic and anisotropic spectra observed within the isotropic spectrum are 1634 th(Shy(l)), 1651 cnr?
different excitation wavelengths were fit with identical band (Shy(1)), and 1674 cm(Sks(I)). This is also supported by the
shapes and half-widths. Slight deviations in the band position Fourier self-deconvolution of the amide | band profile (data not
(3 cnt) were allowed in order to account for some uncertain- shown). (The 1610 crit subband may be due to a 992628
ties in the frequency calibration of the spectra that were recorded= 1620 combinatiod® it is expected to increase by 18 cin
with different spectrometers. in the solid stat®¢and is found to increase by 10 cty) While
Next, the resulting spectral parameters (i.e., frequencies, half-we found the same positions for $B and Sh(l) in the
widths, and band shapes) were then used as a starting point iranisotropic spectrum, ) is observed at a higher frequency,
a fit of the FT-IR data shown in Figure 3. It turned out that viz., 1656 cnT!, and exhibits a somewhat larger half-width. The
appropriate fitting required some changes in the spectral three subbands are also found in the IR spectrum. The
parameters of amide | and amide Ill, while the remainder of frequencies of Sf§l) and Sh(l) are identical with the values
the spectrum could be well reproduced without changing obtained in the isotropic and anisotropic Raman spectrg- Sb
parameters. These discrepancies for amide | and amide Il are(l) is at 1659 cm?, which is close to this subband’s position in
physically expected and will be discussed in more detail below. the anisotropic Raman spectrum. (We note that a similar
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— 600 — TABLE 1: Spectral Parameters Obtained from the Fit to

] = the Isotropic and Anisotropic Raman Spectra Taken at—10
, ﬁ and 30°C?

_é‘ 400 - _ Viso Tise® Vaniso Taniss’

2 p mode cm?d)  (emd) (emh)  (cm™ 0

9 : (A) Solid Phase<{10°C)

£ amide | (Sh) 1656 27.3 1656 27.2 0.17
© 200 amide | (Sh) 1633 13.4 1633 134  0.15

o amide Il 1589 51.0 1589 51.0 0.23
8 NCH; ab 1475 26.9 1475 269 075

@) NCH;s oab 1447 211 1447 211 0.66
2 oA | : , I . CCH; 0ab 1430 25.6 1430 25.6 0.60

NCH;s sb 1419 11.9 1419 11.9 0.16
—_ CCH; sb 1377 14.2 1377 14.2 0.56
3 amide IlI 1310 12.6 1311 12.5 0.38
S (B) Liquid Phase (30C)
oy amide | (Sh) 1674 26.9 1674 26.9 0.25
n amide | (Sh) 1651 215 1656 25.0 0.18
qc) amide | (Sh) 1634 23.5 1634 235 0.12
‘ amide Il 1578 50.1 1578 50.0 0.10
<_.> NCH; ab 1466 31.0 1466 31.0 0.51
3. NCH; oab 1447 21.1 1447 21.1 0.47
o CCH; oab 1430 25.6 1430 25.6 0.48
st NCH;s sb 1414 10.5 1414 14.4 0.50
K] CCHssb 1374 145 1374 17.0 0.31
g: amide IlI 1307 25.1 1305 27.0 0.27
12|00 13|00 14’00 15100 16]00 17|00 1800 aFrom Figures 5 and @.sh, symmetric bending; ab, in-plane
. antisymmetric bending, oab: out-of-plane antisymmetric bending.
Raman Shift [cm'1] ¢ Bandwidth at half-maximuni = ((T'.or)? + (Ceay)?*? (Lor, Lorent-

] ) ) ) ] ] zian; Gau, Gaussian), for the isotropic and anisotropic components,
Figure 6. Spectral analysis of the isotropic and anisotropic Raman respectively.

spectra of crystallized NMA measured with 383 nm excitatior 20
°C. The single bands and the solid lines result from the fitting procedure TABLE 2: Depolarization Ratios of Amide | and Amide I

described in the text. The dots are experimental points. Bands Observed at Different Temperatures between-10
and 60°C
— 6000 -
= - T(°C) Sh (1) Shy (1) Shs (1) amide Ill
S, < -10 0.15 0.17 0.38
= 0 0.14 0.16 0.28
-"% 4000 ~ 8 0.12 0.16 0.24 0.25
c 15 0.12 0.16 0.22 0.28
L 22 0.12 0.21 0.29 0.36
£ 25 0.10 0.16 0.16 0.26
O 2000 ~ 30 0.10 0.18 0.25 0.27
Q 40 0.13 0.25 0.36 0.31
_g 50 0.12 0.21 0.26 0.31
[} 60 0.12 0.16 0.31 0.31
2 o
' ' ' ' ' TABLE 3: Spectral Parameters Derived from the Fit to the
Isotropic and Anisotropic Spectra of 3.0 M NMA in CD3CN#?
35 2000 Viso Tiso® Vaniso Tanise’
2'. mode cm?d)  (emd)  (embH  (cm™Y )
£ 1500 amide | (Sk) 1675 12.2 1676 16.4  0.22
‘» amide | (Sh) 1660 20.0 1665 18.5 0.16
S NCHs ab 1474 26.8 1474 26.8 0.66
£ 1000 - NCH; oab 1453 25.5 1453 25.5 0.59
- CCH; 0ab 1436 30.0 1436 30.0 0.61
L NCHs sb 1412 15.0 1415 15.9 0.53
8 500 CCHs sb 1371 15.7 1371 157  0.36
= amide 114 1291 23.6 1291 25.0 0.33
8 amide 1}, 1282 234 1282 23.4 0.37
<‘,:: 0 T T T T T a2 The amide |l parameters are not tabulated because they cannot be
1200 1300 1400 1500 1600 1700 1800 determined with suffcient accuracysb, symmetric bending; ab, in-
plane asymmetric bending; oab, out-of-plane antisymmetric bending.
Raman Shift [cm'1] ¢ Bandwidth at half-maximunt’ = ((T'Lor)2 + (Tcay?2 (Lor, Lorent-

zian; Gau, Gaussian), for the isotropic and anisotropic component,
respectivelyd Amide Il also exhibits two subbands due the existence
of two different species.

Figure 7. Spectral analysis of the isotropic and anisotropic Raman
spectra of liquid NMA measured with 457 nm excitation at ‘€0

The single bands and the solid lines result from the fitting procedure )
described in the text. The dots are experimental points. These results are somewhat different from those reported

earlier by Chen et d0 In that study the spectral analyses were
subband structure, though not with the same frequencies, hasapplied to polarized and depolarized spectra taken at ambient
been detected by two-dimensional correlation spectrog8dpy temperature. This yielded two main subbands, a polarized one
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at 1646 cm! and a depolarized one at 1658 ¢ Apparently
these subbands correspond to,(§bin the isotropic and
anisotropic Raman spectra. Chen etahlso found a subband
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are different: SKI) is the most polarized one with an average

p value of 0.12, of Shy(l) varies between 0.16 and 0.25 with
maxima at 20 and 40C, andp of Shs(l) ranges between 0.16
and 0.36, showing a slight increase with temperature in the liquid
phase (Table 2). The bandwidths of the subbands are nearly
independent of temperature in the liquid phase, but crystalliza-
tion causes a significant narrowing of @b (Table 1).

The temperature dependence of the intensity g86,(1)]/
I[Shy(1)] clearly reflects the solid= liquid phase transition. As
shown in Figure 8 (lower panel), it is quite constant below 15
°C, drops off between 15 and 2€, and shows a slight decrease
with rising temperature. The melting occurs at somewhat lower
temperatures than the expected®28 The ratiol [Shy(1)]/ 1[Shs-

(N1 is constant in the liquid phase. Crystallization causes it to
increase significantly. In the solid state,s8pdisappears at
—10°C. These observations indicate that the subbands result
from different NMA species, which we designate@gj = 1,

2, 3).

Spectral Decomposition: NMA in AcetonitrileThe asym-
metric band shape of amide | can be accounted for by two
Voigtian subbands (Figure 4). The subband at lower energies
appears at 1660 cm in the isotropic and 1665 cm in the
anisotropic spectrum, thus showing an NCE-& cm 1. The
second subband, at 1675 tinshows a very small NCE. Both
subbands have somewhat smaller half-widths than their coun-
terparts in liquid and aqueous NMA. The DR values for these
bands are 0.16 and 0.22, respectively (cf. Table 3).

Intermolecular Coupling in the Crystalline Phase of NMA
To develop an understanding of the above findings, we start
with a spectral analysis of crystalline NMA based on the
structure reported by Katz and PB&(Figure 1). They found
that below 10°C crystalline NMA shows a regular chain
structure incorporating COHN hydrogen bonds between NMA

at 1630 cm?, which they described as weak in the Raman and molecules. Two of these hydrogen-bonded chains are in pairs
strong in the IR spectrum. The present data allow a more antiparallel to each other, separateddf + b/2. With four
appropriate determination of the spectral parameters of this bandnolecules per unit cell and an inversion center, the normal
due to its strong appearance in the Raman spectrum of solidmodes can be classified in terms of irreducible representations
NMA. From this we obtained its frequency as 1634 ¢épand of the D2y point group, viz., A, Big, Bag, Bag, Au, B1u, B2y, and

its contribution to the overall band shape of amide | turns out Bau?® Since the unit cell has a center of inversion, the mutual
to be much more significant than that anticipated by Chen et exclusion rule applies. Of the in-plane modes, two are IR

al. The subband SH) was not recognized in the earlier study,
but despite its relatively low intensity its existence is now

active: By, in which the phase relationships between all four
amide groupsA, B, C, andD in Figure 1) result in transition

apparent, in particular in the Raman spectra taken at higherdipole moments that are additive along texis (designated

temperatures.

Chen et al% interpreted their two major amide | subbands
of liquid NMA as resulting from an NCE, i.e., isotropic and
anisotropic scattering appearing at different frequen'§ieghis
interpretation must still be considered correct, but it applies only
to Shy(l), which indeed shows a clear difference between its
isotropic and anisotropic frequencies. In full accordance with
what one expects theoreticali§2-cthe IR Sh(l) band is close

M), and By, in which the phases ait and the transition
moments are additive along theaxis. Since the amide |
transition moment makes an angle eR20° with the G=0
bond1% it is clear that the intensity of the ;8 mode will be
close to zero. The in-plane Raman-active modes arg, )
and By (W) symmetry, with the former generally expected to
be the stronger.

The nature of the intermolecular coupling provides insights

to (perhaps slightly higher than) the corresponding band positioninto the assignments of these modes. The most important

in the anisotropic Raman spectrum. ;@pand Shk(l), however,
show no detectable NCE.
The temperature dependence of the NCE splitting ofIgb
denoted as
Avyee(l) = VisdD) — Vanisd!) 3)
is shown in Figure 8 (upper panel). Within the limit of accuracy,
Avnce(l) exhibits a temperature independent value-& cn?!

interaction is transition dipole coupling (TD&which has been
shown to dominate amide | splittings in polypeptidésiow-
ever, in distinction to previous analys€&the original polypep-
tide interaction formalism is not applicable here because of the
different geometrical arrangements of the peptide groups. If
we consider the closest TDC interactions (the result is not
qualitatively different if farther interactions are included), these
are between molecules such @sand D (with each NMA
experiencing two interactions at a separation of 4.805 A) and

in the liquid phase, but it is reduced in the solid phase becausemolecules such & andA (with four interactions at a separation

Shy(1) shifts from 1651 to 1656 crt in the isotropic and hardly

of ~5.0 A). Taking into account the geometric factor in the

shifts in the anisotropic spectrum. The DRs of the subbands TDC interaction®the potential energy of the—D interaction
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is always negative for & and A; modes while theC—A
interaction is positive for B and negative for 4 Thus, we
expect the B, mode to have a higher frequency than thg A
mode. Polarized IR studies on single cryst#slearly place
the Bsy mode at 16451650 cnt?! (at —100 °C), with the By,
mode (barely visible) at 1632 ci and it is therefore
compelling to assign the strong 1633 thiRaman band to the
Ay mode. We note that this is the reverse of the polypeptide
casel? in which the “in-phase” amide | mode gf-sheet
polypeptides has the lowest frequency.

The assignment of $f) (1633 cn1! at —10 °C) to the Ay
mode is supported by its DR for the following reason. The
Raman tensor of an fmode inDz, symmetry i°

ax 00
a=[0 00 4)
0 O oy

where we assume that, since amide | modes are confined to the

xzplane,oyy = 0. If oxx@anda;;have the same sign, one expects
p = 0.125 forax = ozzandp = 0.33 foroy or ;= 0. Hence
the experimental DR values of 0.20.13 suggest thady ~
a3t

The situation is less clear for 5. With our choice of the
coordinate system the Raman tensor of thgrBode would be

0 0 oy
a=[(0 00 (5)
o 00

Thus its DR has to be 0.75. This is apparently not the case.
This could result if the symmetry of the unit cell is somewhat
relaxed from strictD,,. Two lines of evidence support this
possibility. First, a recent stu#yf has shown that static disorder
is present in the crystal, with &10% occupancy of the
alternative orientation at both63 and—163°C. Second, and
perhaps more important, it was noted in the original structure
determinatiok'that a short methytmethyl contact implied an
“interleaving of hydrogen atoms of the two methyl groups, such
as would result from a 60rotation of one group relative to the
other”. Since normal mode calculatidfig2show that the amide

Schweitzer-Stenner et al.

40000

30000 —

20000

Relative Intensity

10000

T T T T T
1620 1650 1680 1710 1740

Raman Shift [cm™]

Figure 9. Amide | band profile of NMA in CHCN measured at the
indicated concentrations with 488 nm CW excitation at room temper-
ature.

with a slightly longer hydrogen bond (by0.05 A)1awe see
no change in the Raman spectrum at this point, the major change
occurring at the transition to the liquid.

Intermolecular Coupling in Acetonitrile SolutionBefore
discussing the situation in neat NMA, it is useful to consider
the spectrum of NMA in CBCN. As noted above, there
are two subbands in the observed amide | band of a 3.0 M
solution.

Two arguments support the assignment of the higher fre-
guency component at 1675 cfto a monomeric NMA species.
First, UV-resonance Raman spectra measured in very dilute
solution (10 mM), which makes oligomerization unlikely to
occur, indicate only a single band at 1672¢tH¢ This is in
agreement with our dilution experiments shown in Figure 9,
which overlays the amide | band profiles of NMA in GEN
measured at 0.25, 0.50, and 1.0 M concentrations (deuteration

| eigenvector contains contributions from CCH b and NCH b of the methyl group is not necessary for this experiment). This
coordinates that are of the same magnitude as those from COglearly shows that the relative intensity ofs8pincreases with

stretch (s) and CN s, it is not surprising that the amide | modes
would reflect a lower symmetry thad,, due to the rotations
of the methyl groups. As we will show below, our Raman data
provide evidence that such torsional distortions of the methyl
groups indeed occur.

The above symmetry lowering would cause all amide |
species (i.e., § Bag Biu Bay to mix into one common

lower concentrations, indicating that it results from the species
predominant in dilute solution. Second, the frequency of this
band is just what is expected for a solvent-induced shift from
the gas-phase frequency of 1722 ¢ We have performed
HF/6-31+G* reaction field calculations on NMA in spherical
cavities of different radiido) in solvent environments of varying
dielectric constante). Fore = 36 (that of CHCN), the ratio

representation. The corresponding Raman tensor would then,,(free)p/(solvent) is 1.0340 fora, = 3.12 A (based on the

be

Wk 0 o
oa=|0 00
Oz 0 0
The low DR value of Sil) now suggests that contributions
from off-diagonal elements in eq 6 are negligible so that the
intensity of this subband stems predominately from the diagonal
elements. Thus, the presence of,(@breflects the lower

(6)

dimensions of the NMA molecule) and 1.0185 fpr= 3.62 A
(based on the molar density and mass, which probably over-
estimate the cavity size for a relatively freely rotating NMA
molecule). The observed ratio of 1722/16% 1.0299 is
compelling evidence for assigning the 1675 énband to
monomeric NMA.

The lower frequency component, which shows an NCE of
—5 e, surely arises from a hydrogen-bonded species, at least
a dimer. Comparison of the frequency shift on hydrogen

symmetry since this mode would not be detectable in the casebonding fore = 11°f with that in a medium of higke32 shows

of a pureD,, symmetry (becausexy and a,; would be zero,
anday; and azx would be negligible or else we would have to
observe a DR of 0.75).

that in the latter it is smaller than in the former and well within
the range observed, viz., 1675/16625.0075. The question
is what gives rise to the NCE.

Finally, we note that the crystal undergoes a phase transition As shown by McHalé® the influence of intermolecular

at ~10 °C .12 Although this results in a less ordered structure,

vibrational coupling on the frequencies of isotropic and aniso-
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tropic scattering as well as on IR absorption can be described The G species, represented by the 1651/1656csubband,

by

Viso= Vo T 2, AP
_ N
Vaniso— Vo + ZmVO WIZPZ(COSQH)D
VR ="t 2mv, [V;,P,(cos®, )0 O

wherev, is the frequency of the unperturbed isolated vibration,
N is the number of molecules is the effective mass for the
mode, andP,(cos ®12) (n = 1, 2) are Legendre polynomials

is clearly associated with a hydrogen-bonded structure. Its lower
frequency than the 1660/1665 ciband of the CBCN solution
could be due to a difference in dimer structure (for example,
the perpendicular orientation of peptide planes in the isolated
dimer® vs a parallel orientation as in the crystdl or to the
preponderance of higher oligomers. Or, it could be associated
with the likely lateral antiparallel arrangement of oligomers,
which will also contribute to a negativé/;,[] Logar® has
shown that in this situation the IR band appears at a slightly
higher frequency than the anisotropic band, which is what we
observe experimentally.

The G species, represented by the 1634-éraubband, is
most likely associated with long oligomeric hydrogen-bonded
chains. lIts lack of an NCE may be due to a tendency for such
longer chains to have parallel as well as antiparallel neighbors,

with respect to the angle between the respective transition dipolethus giving rise to positive as well as negatiVg ]

moments. The interaction potentidl;, is determined by
transition dipole couplint

_ yz éléa - 3(é1'ﬁ12)(éz'ﬁ12)

V12 R3
12

8

wherey denotes the transition dipole moment/6Q (Q is the
vibrational coordinate) of the two vibrational oscillatogsand
& are the corresponding unit vectons; is the unit vector along
the line connecting the two oscillators, aRg is the distance
between them.

The interaction potentiaMi, may be either negative or

positive depending on the arrangement of the transition moments

determined by the local order in the liquid. Model calculations
by Torii and Tasundt* indicated that for the carbonyl vibration
of liquid acetone negative intermolecular coupling (and thus
negativeAvyce) results from local molecular order imposed by

energetically favorable interactions between permanent dipoles.
In contrast, the CO s Raman band of liquid methanol exhibits

a positive NCE Avnce > 0) because hydrogen bonding in this
system imposes a dominating positive contributioWg,[]

Depolarization Ratios All amide | bands appear polarized,
but the DR values of the subbands increase with increasing
frequency (cf. Table 1). At 30C we foundp(Sh)) = 0.12,
p(Shy) = 0.18. andp(Shs) = 0.25. As outlined by Chen et
al. 1031 DR measurements far from resonance may aid in
identifying contributions from electronic transitions at much
higher energies. DR values between 0.125 and 0.33 indicate
that at least two electronic transitions are involved (we neglect
the possibility of degenerate transitions in this context). Possible
candidates for amide | are the— s* transition (190 nm) and
a more localized transition at even higher energies which mainly
involves the CO bond® In this case one expects the DRs to
approach 0.33 upon excitation in the UV region. Indeed the
corresponding DRs of the liquid NMA spectra taken with 244
nm excitation (Figure 4) were found to be 0.25{5b.30 (Sh),
and 0.35 (S§), thus reflecting the now predominant contribution
of the x — z* transition 10

It is noteworthy that the above DR values are not much
different from corresponding values obtained for NMA in
aqueous solutio# This is surprising because amide | of neat
NMA appears much more intense. This enhancement therefore

We assume, therefore, that the negative NCE of the 1660/C0MeS in approximately equal parts from both electronic

1665 cm! band arises from a favorable arrangement of
neighboring NMA molecules. The most likely structure to
produce this is a hydrogen-bonded dimer, since such an
arrangement, whether with peptide groups coplanar as in the
crystal or perpendicular to one another as proposed for an
isolated dimeg? is also a favorable dipolar structure and will

transitions to which the amide | mode is vibronically coupled.
This notion is consistent with the Raman data on NMA inz€D
CN. The relative intensity of amide | in these spectra is even
larger than observed for liquid NMA, whereas corresponding
DR values are similar.

C. Analysis of Amide Il and Ill.  Although it appears only

lead to a negativéV/1,[] Of course, if such dimers (or possible ~ weakly in the Raman spectrum of the crystal, the amide Il mode

short oligomers) interact laterally, they will undoubtedly do so
in an average antiparallel arrangement, which will also con-
tribute to a negativéV;,[1 Since the non-hydrogen-bonded CO

can be well characterized from the polarized IR spectiim.
The By, mode is found at 1584 cm (at —100 °C) and, as
expected from the TDC interactions for this mode, is at a higher

of the dimer has a frequency essentially the same as that of thefrequency than the £ mode at 1573 cm!. The exact value

monomer® overlap with the monomer band may account for
its small NCE.

Intermolecular Coupling in Liquid NMA The above analyses
of the spectra of crystalline NMA and of its acetonitrile solutions
provide a basis for identifying the molecular species, G,

of the latter frequency is complicated by the presence of,a B
band at 1521 cmt, which probably arises from a Fermi
resonance of the combination of the strong 787 £z, IR

and the Bg Raman amide V fundamentals with thg,Bimide

Il fundamental, thus displacing the latter to a higher (i.e., 1573

and G, associated with the three amide | band components in €M) frequency. The 1589 cm band in the Raman spectrum

liquid NMA.
The G species, represented by the 1674 éisubband, is to

be associated with the presence of monomers. This follows

from our discussion of the same band in £LIN solutions of

is undoubtedly the Amode, and its similar frequency to that
of the By, mode mirrors the situation with the amide | mode.

Amide |l also appears only weakly in the visible Raman

spectrum of neat NMA. The spectral parameters were obtained

NMA. lts intensity is due to the monomer content plus the from the fit to the isotropic and anisotropic spectra taken with

non-hydrogen-bonded CO end groups of oligomers.

The 244 nm excitation (Figure 5) and used in the fit to the visible

absence of an NCE indicates that the monomers are not orderedgpectra of liquid NMA. The fit comprises a single broad

with respect to each other.

Gaussian band at 1578 cfnof 50 cnt?! half-width, which
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shows no detectable NCE. A similar result is obtained from on the Raman and IR intensities of the methyl symmetric
the fit to the IR spectrum (Figure 3), although its different bending modes, we carried out HF/643G* ab initio calcula-
frequency (1566 crt) may be indicative of the oligomeric  tions of an NMA(HO), system in which the methyl groups
heterogeneity in the sample. The data do not allow decomposi-were rotated from equilibrium as follows: (i) 30otation of
tion into subbands even though the large half-widths may also the CCH group, (ii) 3C rotation of the NCH group, (iii) 3C°
indicate such conformational heterogeneity. The spectra of rotation of both methyl groups such that there is°adation
NMA in CD3CN do not allow an unambiguous identification with respect to each other, and (iv) °30pposite rotations of
of amide II. each methyl group such that there is & ftation with respect

The amide Il mode leads to an intense band at 1307'cm to each other.
in the Raman spectrum of neat NMA but a weak one in the IR The ab initio Raman intensities show that the relative intensity
spectrum. The band can be nicely fitted by a single componentof the two bands corresponding to the methyl symmetric bends,
showing that it is less sensitive to oligomeric composition than |r = I(NCHz sb)/(CCHs sb), is equal to 1 for the equilibrium
amide 1. In the liquid phase it shows a small but clearly geometry and changes e when the methyl groups are rotated
discernible positive NCE af\vnce = 2—3 e L. Its isotropic away from the equilibrium position. Calculations of resonance
and anisotropic frequencies decrease from 1307 and 1305 cm Raman intensities also show a change in the same direction bul
at 30°C to 1302 and 1300 crd at 60°C. Crystallization causes  of different magnitude. These results would indeed support the

a frequency upshift to 1310 crh with a small splitting of~1 idea that the changes in relative intensities of these bands are ¢
cm1. This may reflect the existence of two subbands associatedresult of rotations of the methyl groups in the crystal structure,
with different symmetry species. which would agree with the conclusion of Katz and Post.

Amide Il is polarized with DR values between 0.28 and 0.35 The calculated IR intensities, based on the ab initio dipole
in the liquid and solid states. This parallels observations for derivatives and the eigenvectors obtained using a scaled force

aqueous NMA? and indicates that its intensity is nearly entirely ~ field, show that when the methyl groups are rotated away from
provided by ther — * transition in the far-UV. the equilibrium position, the intensity of the band corresponding

It is somewhat difficult to classify the NCE effect of amide to NCH; sb increases with respect to that of the GGH, but

Il for the liquid phase because all the species obtained from never to the point wherg is >1 (I, = 0'2.4 for the equilibrium

the decomposition of amide | contribute to the overall band geometry, 0.41 for the C-methyl rotation, 0.30 for N-methyl
shape. By comparison with the amide | observation, the overall rotation, and 0.46 for a rotation Of.bOth methyl groups). B.Oth
positive NCE of the liquid phase is most likely to result from bands haye nearly equal |nten§|'gy in the IR spectrg of the I|qU|q
some intermolecular coupling associated with The NMA phase (Figure 3) and alsp exhlbgtatpe same intensity reversal in
dimer calculated by Dixon et &.cannot explain our data since the IR speqtra of the solid NMA', ' L .

it would have its amide Ill transition dipoles in perpendicular 1 hus, while methyl group rotations give rise to changes in
orientation with respect to each other, so that their coupling N the right direction, the present calculations do not account

would be negligible. Thus, we again invoke the model already duantitatively for the changes observed. However, we must
utilized to explain the NCE of amide I, namely, a local order keep in mind that these calculations were done on an effectively

of dimers or oligomers that is determined by dipetdpole isolated molecule. In the crystal two other important additional
interactions. If this mimics the lateral arrangement in the crystal, €f€CtS may be present: the contact between methyl groups may
then the amide | permanent dipoles of adjacent (ceaxis- distort their geometry, anq the nonbonded interactions may
related) NMA molecules will be in an energetically favorable Change the force field experienced by these groups (and therefore
orientation. This will result in a TDC interaction for amide | (€ €igenvectors). Atthis stage it seems reasonable to conclude
that gives a negative NC®,as observed. However, the amide that we have a qualitative understanding of the underlying origin
Ill transition moment is roughly perpendicular to that of amide ©f the observed intensity changes. Moreover, we note that these
I, and we can therefore expect its TDC interaction to yield a Methyl group rotations in effect lower tfix, symmetry of the

positive NCE, as observed. Since the magnitude of its transition Unit Cell, thus supporting our conclusions with respect to the
moment is much smaller than that of amide I, it is not surprising Présence and depolarization ratio of thebcomponent of

that | Avce(Il) | < |Avnce(l)]. e i band inihe R a of neat NMA comor
. : e broad band in the Raman spectra of nea comprises
D. Analysis of the Methyl Bands. The bands in the 1350 2 :
1500 cn1? spectral region are assigned to the bending modes three bands at 1430, 14.47’ and 1.466 They are assigned
of the methyl groups (CCkland NCH)32 In the Raman to CCI—I[; out-of-plane antisymmetric bend (oab), Ngbhb, and
spectra, we found that crystallization reverses the intensity of NCH; in-plane symmetric bend, respectivéfy. They appear

the two bands that arise from the methyl symmetric bending Eearlz depolanz(_ad in the spectra of _thehso:!d 92@8: 0.75)
modes (Figures 6 and 7). In the liquid phase, the G&biat ut show some isotropic scattering in the liquid phase.
1374 cnrt is more intense and is known to become resonance
enhanced when approaching the UV redi$ii. This is reflected
by its DR value, which does not deviate much from 0.33. The  The nature of liquid-state structure continues to be a
weaker NCH sb band at 1414 cm is significantly more significant and challenging problem, especially in hydrogen-
depolarized. Crystallization significantly reduces the intensity bonded systems. While diffraction techniques can provide
of CCHs sb and reverses the depolarization ratios of these bandsimportant information based on pair distribution functihs,
(Table 1). vibrational spectroscopy permits a detailed study of molecular
These changes in relative intensities may be related to theorganization in both neat and solution states through analysis
arrangement of the molecules in the crystal structure. As we of the effects of intermolecular interactions on intramolecular
noted earlier, Katz and Pd&tsuggested that in the crystal some vibrational modes.
methyl rotation is expected due to the short contact between We have used IR and Raman spectroscopies to study
C- and N-methyl groups of corresponding chains in adjacent molecular organization in neat NMA, basing our analysis on
unit cells. To investigate the effect of a rotated methyl group an understanding of intermolecular coupling in the crystalline

Conclusions
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. .. . . . . (6) Triggs, N. E.; Bonn, N. E.; Valentini, J. J. Phys. Chem1993
consistent decomposition of bands in the IR and in the isotropic g7 5535
and anisotropic Raman spectra into their underlying components,  (7) wang, Y.; Purrello, R.; Geogius, S.; Spiro, T. &.Am. Chem.
with determination of their depolarization ratios, and by analysis Soc.1991 113 6368. _
of noncoincidence effects\¢nce) for some of these bands. S (Ei) Molrg%’f%”éé-? Faurskov Nielsen, O.; Yarwood, J.; Shelley/.

. . pectrosc y .
The analy§|§ of the spectra of crystalline NMA shows that (9) Ladell, J.; Post, BActa Crystallogr.1954 7, 5509.

observed splittings in amide | modes can be understood on the  (10) (a) Miyazawa, T.; Shimanouchi, T.; Mizushima, S):IChem. Phys.
basis of transition dipole coupling between molecules, an 185;3924,( A;OSfi-h(b)_dBradé)urg, E. _MA: EPII_Iott, ASEec':ronckr}gn.”Acttacl:963h
H : H H H A . (C) Schnelaer, b.; Horeni, A.; Pivcova, H.; HQ ollect. Czecn.
interaction mechanism already shown to be important in o ™ o Ho6e 5072196, (d) Dudik, J. M.. Johnson, C. R.. Asher,
polypeptides. We assign the strong 1633 cinRaman band S. A.J. Phys. Chem1985 89, 3805. (e) Mayne, L. C.; Ziegler, L. D.;
to the Ay mode and the weak 1656 cfhband to the By mode; Hudson, B.J. Phys. Chenl985 89, 3395. (f) Mirkin, N. G; Krimm, S.J.

i H b 1 i Am. Chem. Socl991 113 9742. (g) Song, S; Asher, S. A.; Krimm, S;
the Bsy mode is found in the IRPat 1645-1650 cmi™. This g M SO0, S0 o0 113 1155, (h) Chen, X. G- Asher
analysis provides the basis for treating intermolecular interac- g A.: Schweitzer-Stenner, R.: Mirkin. N. G.: Krimm, &.Am. Chem. Soc.

tions in the liquid phase. The results of depolarization ratio 1995 117, 2884. (i) Chen, X. G.; Schweitzer-Stenner, R.; Asher, S. A.;
measurements also support a proposed departure from the stricdirkin, N. G.; Krimm, S. J. Phys. Chem1995 99, 3074. (j) Jordan, T.;
D, symmetry of the heavy atom structdf@which is confirmed aﬂ'ég'og ' BG'SJ 3 %i?:ncﬁgﬁﬁggzal%%s 227%18% ',\A(iky)ay'a"i‘,\r,gh?rry’ C"He'\g;;
by our ab initio calculations on an NMA molecule with phys 196q 32, 1647. ' T '
torsionally distorted methyl groups. (11) (a) Katz, J. L.; Post, BActa Crystallogr.196Q 13, 624. (b)
The analysis of the spectra of NMA in solution in acetronitrile Hamzaoui, F.; Baert, Fcta Crystallogr.1994 C50, 757.
leads to a clear assignment of the monomer band at 1675 cm Str(ulczt?lgglirzﬁozv £\I7|§I.sen, O; Christensen, D. H.; Rasmussen, @ Mol.
both on the basis of dilution experiments as well as on the basis  (13) Ataka, S.; Takeuchi, H.; Tasumi, M. Mol. Struct.1984 113
of a comparison of reaction field calculations with the gas-phase 147. ) ) )
frequency. The lower frequency band at 1660 (isotropic), 1665 Phgl?igggsgljI’,ngGPOQMSCh, A.; Bechtold, G.; Peticolas, WJLChem.
(anisotropic) cm*, which increases in intensity with decreasing "~ (15) Harada, I.: Sugawara, Y.: Matsuura, H.: Shimanouchd, Raman
concentration, is clearly due to a hydrogen-bonded species, mostpectrosc1975 4, 91.

probably a dimer. It&\vnce = —5 cnT!is consistent with the (16) (a) Wang, C. H.; McHale, J. 1. Chem. Physl98Q 72, 4039. (b)
head-to-tail arrangement of molecules in the hydrogen-bonded 1M;8|_éa|1e§ f-ng-g- Chem. Phys1981, 75, 30. (c) Logan, D. CChem. Phys.
crystal. o ) (17) (a) Sokolowska, A.; Kecki, ZI. Raman Spectrost993 24, 331.

These results lead to convincing assignments of the three(b) Kecki, Z.; Sokolowska, AJ. Raman Spectros¢994 25, 723.
amide | subbands of neat NMA. The weak 1674 érand is (18) Mirone, P.; Fini, GJ. Chem. Physl979 71, 2441.

] ; ; : (19) Fini, G.; Mirone, P SpectrochimActa A1976 32, 625.
easily associated with the monomer. The 1651/1656'qair (20) Jones, D. R., Wang, C. H.: Christensen, D. H.: Nielsen, Q. F.

(Avnce = —4 cnmt) can be assigned to short oligomeric species, chem. Phys1976 64, 4475.
the negative noncoincidence effect indicating well-defined  (21) Perchard, C; Perchard, J. 2>.Raman Spectrost975 6, 74.
orientational arrangements between neighboring molecules. The (22) Jentzen, W.; Unger, E.; Karvounis, G.; Dreybrodt, W.; Shelnutt, J.

third subband, at 1634 crhwith Avyce = 0, is most likely A SEverzer3ienen B Fhvs. Cemioss 100 14164
associated with long oligomeric species having parallel as well  (54) kauppinen, J. K.; Moffat, D. J.; Mantsch, H. H.; Cameron, D. G.

as antiparallel neighboring hydrogen-bonded chains. Appl. Spectrosc1981, 35, 271.
These studies thus provide an independent route for helping (25) Jentzen, W. Doctoral Thesis, Bremen, 1994.

; At TS 26) Dreybrodt, W.; Stichternath, ARroceedings of the XIV Interna-
to elucidate the local molecular organization in liquid NMA. tior(1al )00nfeyrence on Raman Spectroscanng Kgng YO LT L X
. Y., Eds.; Wiley & Sons; New York, 1994; p 1066.
Acknowledgment. This research was supported by NSF (27 (a) Fukushi, K.; Kimura, M. JJ. Raman Spectrost979 8, 125.
Grants MCB 9601006 and DMR 967786. Part of this work was (b) Skinner, J. G.; Nilson, W. Gl. Opt. Soc. Am1968 58, 113.

i (28) (a) Noda, I.; Liu, Y.; Ozaki, YJ. Phys. Chem1996 100, 8665.
Ejarrled .OUt pr/le.:nh.R.S.S.Thwas a MahX Ka?]e IEJeI!OW f”‘t thfe b) Noda, I.; Liu, Y.; Ozaki, Y.J. Phys. Chem1996 100, 8674.
niversity o iIchigan. e research at the University o (29) Wilson, E. B.; Decius, J. C.; Cross, P. Kolecular Vibrations

Bremen was supported by a grant from the Deutsche Fors-Dover Publication: New York, 1980.
chungsgemeinschaft (Schw 398/15-1). (30) McClain, W. M.J. Chem. Phys1971, 55, 2789.

(31) Chen, X. G.; Li, P.; Holtz, J. S. W.; Chi, Z.; Pajcini, V; Asher, S.
A. J. Am. Chem. Sod.996 118 9716.

References and Notes (32) Mirkin, N. G.; Krimm, S.J. Mol. Struct.1996 377, 219.

(1) (a) Cheam, T. C.; Krimm, SI. Chem. Phys1985 82, 1631. (b) (33) Jones, R. LJ. Mol. Spectrosc1963 11, 411. .
Krimm, S.; Bandekar, JAdv. Protein Chem1986 38, 181. (34) (a) Torii, H.; Tasumi, MJ. Chem Phys1993 99, 8459. (b) Torii,

(2) Song, S.; Asher, S. Al. Am. Chem. Sod.989 111, 4295. H. J. Mol. Struct: THEOCHEM1994 311, 199.

(3) (a) Hildebrandt, P.; Tsuboi, M.; Spiro, T. G. Phys. Cheni99Q (35) Dixon, D. A.; Dobbs, K. D.; Valentini, J. J. Phys. Cheml994

94, 2274. (b) Mortensen, A.; Faurskov Nielsen, O.; Yarwood, J; Shelley, 98, 13435.
V. J. Phys. Chem1994 98, 5221. (c) Mortensen, A., Faurskov Nielsen, (36) Cheam, T. C.; Krimm, S. Mol. Struct: THEOCHEM1989 188
O, Yarwood, J; Shelley, J. Raman Spectros&995 26, 669. 15.

(4) Wallen, S. L.; Nikiel, L; Lee, Y.-T.; Jonas, J. Raman Spectrosc. (37) Bellisent-Funel, M.-C.; Nasr, S.; Bosio, 1. Chem. Phys1997,
1995 26, 1019. 106, 7913.



