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Vibrational motions of solid N-methylformamidéNMF) and its N-deuterated analogue are
investigated using the inelastic neutron scatteritdS) technique at 15 K. The force field for
obtaining the normal vibrational modes of the crystal is based on a quantum chemical calculation
and a subsequent transfer of a harmonic force field of a smaller pentameric segment to a fragment
of 11 NMF molecules. Two types of hydrogen bonds present in crystalline NMF are also modeled
with dimers. The distinct bonding leads to a splitting of the N-hydrogen wagging mode in the
spectrum. Although the hydrogen bonding has a profound effect on vibrational frequencies, the
results indicate that an occurrence of a double-well potential for bonded hydrogen proposed
previously is unlikely. Instead, a limited electronic conjugation along the hydrogen bonds in
crystalline NMF is observed. Unlike in previous models, we simulate the relative INS intensity of
each vibrational transition separately, which leads to a substantial improvement of the overall profile
of the intensity pattern. The modeling allows one to assign most of observed INS bands to
vibrational modes and the overall spectral profile that reproduced by the simulation compares well
with the experiment. ©1998 American Institute of Physids$50021-960608)01101-3

I. INTRODUCTION Thus due to the high inelastic neutron scattering cross sec-
) ) tion for hydrogen, INS offers an attractive alternative to the
~ N-methylformamid&(NMF, HCONHCHy) is one of the .,y entional optical spectroscopy for the studies of hydro-
S|mple§t amides that.areIW|der used to mvesngatg ba&aen bonding. In addition, with the lack of symmetry selec-
properties of the peptide linkage~C(R)-NH(R'). Asin 4, les; all the vibrational modes involving hydrogen can
formamide or N-methylacetamidMA), strong intermo- be observed. INS intensities for each vibrational mode are

lcicnlarlzhy_?rrggizgngonnd'Phge'Sbgrﬁsr?ntv\'/gsthfofnon;igsteod p::‘%?rectly proportional to the mean square displacements of the
. ' Y, g was. P W20ui X hydrogen atoms and thus can be modeled using standard
teins and other molecules present in living matteQuite methods of normal mode analysis. INS studies on the deu-

recently, for example, NMF was identified as an anticance[[ ted d b ticularly aimed at the hvd
agent™ and phase Il clinical trials have even been erated compounas can be particuiarly almed at the hydrogen

conducted. Also, other basic biochemical processebarge b(r)]nding_, s(ijnce tt)he l?cidichhydrogen rrr:aé/ be easily e>.<ch§mged.
transfer, neuron signalingan be conveniently modeled with The main drawbacks of the INS method are expensive instru-

simple amides. mentation, lower resolution, and a relatively large amount of

The presence of intermolecular hydrogen bonding carfample needed. o .
also be investigated by conventional ir and Raman spectra, NMF in the gas, liquid, and solution phases has been
especially in the near ir region (3000—3500¢nwhere €Xtensively studied by means of vibrational spec}rosc?oﬁy,
stretching motions of the hydrogen atoms dominate. HowMicrowave spectroscopy,and electron diffraction- These
ever, in the lower energy region, either the signal is obscuredtudies cgnflrm the planar structure of an isolated NMF
by vibrational motions of heavier atoms, or it cannot be meamolecule;” stabilized due to the partial double-bond charac-
sured due to the limited spectral window of the spectrometerter of the C—N bond. Surprisingly, x-ray crystal structure of
NMF was not determined until recentlywhile the intermo-

aAuthor to whom correspondence should be addressed. lecular structure of NMF in the liquid phase has been studied

; (1416
PPresent address: Bruker Optics, 19 Fortune Drive, Billerica, Massachusetgy X'ra¥ and ne'UtrQn diffractiott. . The NMF molecules
01821. form helical chains in the crystal, with equal numbers of left-
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352 Bour et al.: Modeling of solid N-methylformamide

0 (Typell smaller than 2000 cit. N-methylformamide was purchased
W XX,/ rbond) from Aldrich and used without further purification. The N-
H H Zl’?:—\/ - deuteration was carried out by successive exchange with
H e D,O. The degree of deuteration was determined by NMR
NMF D1 D2 measurement to be greater than 95%. An “organ pipe”-like
sample cell was made from a row of vertical thin aluminum
*\: tubes so that the whole cross section of the incident neutron
ﬁ beam (about 10<10 cm was covered. The whole sample
)ké‘ﬁ assembly was cooled to 15 K for the INS measurements.
Kﬁ &-{“Y Ill. THEORY OF INS
B ~C General theory of INS has already been elaborated in
% ﬁ numerous studies:?® For computer simulations, however,
~ -~ we used a more convenient treatment based on intensities of
hains shaint individual quantum transitions than working with a general

formula for an ensemble of harmonic oscillators. Especially,
FIG. 1. The models of the NMF crystal: single moleciMF), H-bonded  the former approach leads to mathematically simpler expres-
dimers D1 and D2, and the polymers chainS and chainl1. sions which can be directly implemented with a limited num-

ber of empirical parameters. In principle, anharmonic vibra-

and right-handed helices. In fact, the helical and Sheete%zrr;a(ljggnsitions(which are not considered he¢rean also be

structures of proteins are stabilized by similar hydrogen-

mediated interactions. q ibed Using basi hanical rul : h
Previously, we studied the INS spectrum of solid forma-d€Scribed using basic quantum mechanical rules. Since the
neutron-sample interaction is weak, the initial wave function

mide (FA).1” The results confirmed that the strong intermo-
lecular hydrogen bonds have a major effect on the vibra®f the sample and neutron beam can be expressed as a prod-

tional motions of FA molecules in the lattice. The FA study uct (omitting a normalization constant
also showed that the crude ionic modéf for the hydrogen i=exp(—ik-1Qi= ¢ Q;, (1)
bonds in amides and peptides was incorrect. In a crystal of
the FA, hydrogen atoms participate in two hydrogen bondsv.vhere i _and Q; are the neutron a_nd _sample parts, respec-
unlike the most usual interactions between peptide groups iﬂvgly, Il(‘ |_s”:he wave vector_ of trlle n;mder;]t neutron beam,
a living matter. In this study, we focused on NMF which we ; “(_.,{ )I be wave vector is refated to the neutron current
consider a more realistic model for the biomolecular interac“€"=":!i+ 0¥
tions. In the case of FA, a model has also been developed, |;=i(¢ V@ — ¢ Vo)=2k;. 2
based orab initio quantum chemical calculations, which al-
lows one to assign the peaks observed in the INS spectrum
the vibrational modes of the crystl.

The harmonic force field for molecular and crystalline V(r) =3, _q1..na8(r=rhy, 3)

NMF was modeled in numerous studies based on isolated N o .
: . : wherer" is the position vector of a nucleusandN is the
molecules or dimers using a relatively lower level of

L . number of atoms. The constamf is proportional to the
approximatiorf’~22 In this study, we take advantage of the 4, IS prop

. ound scattering length and (@,)? is proportional to the
current computer power and the discovery of modern DF‘Ib 9 ot @) prop

: . : .~ _INS scattering cross sectiom;, . Due to the interaction,
functionals. The functionals usually provide accurate vibra- 9 A

tional fre . ) o é}uantum statél) becomes

guencies for molecules in the gaseous and liqui
state!”?324A series of model NMF crystal fragments is pro- Yr=exp(—iker)Qys, (4
posed as plotted in Figure 1: a single molec(NéMF), two
types of dimers derived from the x-ray structure of NI
and D2 and helical chains of 5 and 11 NMF molecules

The process of the inelastic neutron scattering can be

eglecting the spin, the sample-beam potential can be ap-
proximated by a sufi

with a neutron currenit;=2k;. The differential cross section
o for the process §

(referred to as chain 5 and chain 11, respectively or=keki wyl? ()
with
Il. EXPERIMENT |5( )\)| >
Wi=2,-1.n@ r—r i
The INS spectra of NMF and N-deuterated NMF were = In-ad{dr _ i
measured using the CHEX inelastic neutron spectrometer at ==, —1_na\(Qs|exp(i(k¢—k;)-r)|Q;)

the Intense Pulsed Neutron Sourd®NS located at Ar- _ . i . N
gonne National Laboratory, lllinois. The details of the instru- =Zh-1n@, XA To(QrlexpiA-RYIQ). (6
mental design have been described elsewheféie energy The differenceA=k;—k; is commonly known as the mo-
resolution Av/v) is less than 2% for an energy transfer mentum transfer since the wave vector is equal to the mo-

J. Chem. Phys., Vol. 108, No. 1, 1 January 1998

Downloaded 31 Jan 2012 to 128.248.155.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Downloaded 31 Jan 2012 to 128.248.155.225. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



354 Bour et al.: Modeling of solid N-methylformamide

TABLE |. Geometrical parameters of N-methylformamide.

Single molecule Crystal
Bond length(A) Calc. Expt!! D1/D2 Chain5(1/11)2 Expt. (I/11)*2
Cc=0 1.220 1.2165) 1.229/1.228 1.236/1.237 1.231/1.219
N-H 1.009 1.02®) 1.018/1.018 1.025/1.026 0.750/0.847
C(0)-N 1.359 1.3668) 1.346-53/1.349-51 1.339/1.333 1.319/1.319
H---O - - 1.971/1.970 1.879/1.855 2.166/2.032

8For the center molecule in chain5, Roman numerals denote the two types of the H bonding.

the N-hydrogens. In order to match the observed spectra paB. INS Spectra
terns, simulated bandwidths were taken as directly propor-
tional to the transitional frequenci€¢é=0.0154»+5.86 for
dandw in cm™1), except for Figure 4 where a uniform width
of 5 cmi! was used.

The INS spectra provide a more detailed view into the
structure and forces in crystalline NMF than sole geometry
parameters. The experimental and simulated spectra of NMF
are shown in Figure 3. The vibrational frequencies and as-
signments based on the normal modes of the chain5 model
IV. RESULTS AND DISCUSSION are listed in Table Il. The spectrum of chain11 differs from
A. Geometries chain5 mainly due to the signal of the terminal N—H groups.
] ) ] Most of the spectral bands for the single molec(NMF)

Selectgd geometrical parameters. are listed in Table l.zn pe assigned to observed peaks with approximately cor-
The experimental N—H bond length in the crystal appeargect rejative intensities. Calculations for single NMF cannot
unreasonably short which can be attributed to an inaccuraigy,ioysly reproduce the lowest frequency region dominated
determination of the hydrogen positions by the x-ray dlffrac-by signal stemming from the H bonding, which can be im-
tion. In fact, an increase of the N—H bond length is expecte%roved, however, for the dimers D1 and D2. The spectra of

in solid NMF when compared to the gas phase, as given byy) 4 D2 appear similar, although minor differences in the
the calculations. Similarly, the experimental length of the., qe ordering can be seen in Table II. Those differences

hydrogen bond (H-O) appears affected by the inaccurate 5. primarily in the C—H stretching (2863—2952¢h
determination of the hydrogen position. On the other handgq bending (1386-1488 cif) regions. A far more dra-

the experimentally dlerived N—H bond length for a single natic effect on the INS intensities has been observed on the
molecule of 1.027 A' compares well with the theoretical

value of 1.009 A. The N-H bond becomes longer in the
clusters as part of its electron cloud participates in the hy-
drogen bonding. Moreover, we can observe the effect of the NMF

long range electron conjugation in the chain of NMF mol-
ecules, since the change of the N—H distance is doubled in
chain5 if compared to the dimers. This is in agreement with W
a generally accepted model of the hydrogen bonding as a
cooperative process. On the other hand, the N-H bond
length (and thus the hydrogen bond strengttepends little W
bond length difference of 0.016 #or chainj is greater than
the experimental valué.000-0.012 Meanwhile, the N—C w
bond becomes shorter in the crystal, by 0.04fAperimen-
tally determinedl or by 0.020-0.026 A(theoretically pre- WMM
dicted. Since these calculated differences are comparable
with the experimental ones within the error, we feel that our
model reasonably well describes the hydrogen bonding in W
solid NMF. Although the N—H bond is substantially weak-
our calculations. Surprisingly, the two different orientationsFIG. 3. Simulated and experimental INS spectra of NMF. Top: calculated
of NMF molecules in D1 and D2 do not have any Signiﬁcant?ntensities for the five_mod_el sys_ter(s?ee Figur.e 1, the fre_e acidic hydrogen
. . ; is replaced by deuterium in chain11:ottom: the experimental spectrum
effect on the geometry parameters, unlike the vibrational frest soliq NMF, measured at 15 K. Spectra simulated with a variable band-

on molecular orientation, as apparent from a comparison of
ened due to the H bonding, the covalent character of the 500 1000 1500
guencies given below. width (see the tejt

Relative INS intensity

D1 and D2. The €0 bond becomes longer in the crystal if
compared to an isolated molecule, and the calculatedOC

N—H bond is conserved. Therefore, the double-well theory Neutron energy loss (cm™1)
of the hydrogen bonding in amidé€d®is not consistent with

J. Chem. Phys., Vol. 108, No. 1, 1 January 1998
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Bour et al.: Modeling of solid N-methylformamide 355

TABLE Il. Calculated and experimental vibrational_freauencies of N-methvlformamide.

Single molecule Condensed phase
NMF vapor/matrix* D1/D2  chain5 solution/liquid® INS Assignment
3650  3480/3490  3661/3650 3654 N-H stretch, free
3498/3501 3443 ~33507 N-H stretch, H-bonded
3441
3382
3357
3150  2934/2960  3278/3262 3284 ~3120Y C-H stretch in CH,,
3146/3162 3280 asymmetric
3175
3166 \
3153
3116 /2944 3097/3119 3133
3120
3107 J
3055  2849/2854  3044/3060 3063 ) C-H stretch in CHj,
3051 symmetric
3043/3031 3041 4
3041
3037 J
2954 2732/ 2983/2991 2983 2920 ) formyl C-H stretch
2977
/2952 2964 f
2962
2919/ 2920 J
2882/ 2878 }C-H stretch in CH,,
12863 2867 asymmetric
1812 1724/1721  1809/1789 1809 C=0 stretch, free
1784/1777 1792 1687/1675 1778 } C=O0 stretch, H-bonded
1780 (amide I)
1769
1758
1593/1549 1623 1580 Y amide II, H-bonded
1608
1590/ 1601
1600
1547  1498/1528  1537/1556 1550 amide II, free H
1490 /1467 1527/1590 1582 1525/1546 1515 ) C-H bend in CHs,,
1580 asymm.
1521
1520 \
1489/1521 1518
/1458 /1488 1489 1484
/1386 1489
1489 J
1515 1411/1410  1478/1462 1459 1450/1455 1440 ) C-H bend in CH,,
1464 1463/1462 1454 symm.
1451 4
1451
1447 J
1429 -/1392 1444/1423 1439 1416/1414 1415  formyl C-H bend,
1428/1421 1428 in plane
1427
1425
1423
1375 1387/1384 1354 }CH:‘,, umbrella bend
1372
1273/1252 1310 1281 Y amide III, H-bonded
1298
1295
1280
1237  1201/1207  1382/1244 1248 1229/1248 amide 111, free

J. Chem. Phys., Vol. 108, No. 1, 1 January 1998
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356 Bour et al.: Modeling of solid N-methylformamide

TABLE Il. (Continued.)

Single molecule Condensed phase

NMF vapor/matrix? D1/D2 chain5 solution/liquid® INS Assignment

1171 1242/1176 1194 1159 ) CH; rocking, in
1194 and out of plane
1184
1184
1184
1179/1171 1180 (
1159 /1148 1170/1155 1170 1149/1150 1154
1167
1156/1050 1164
1048 1062
1054/ 1045 /
1026 785/880 1027/1029 1031/1011 1030 ) formyl C-H bend,
1030 out of plane
1023/1017 1026
1025
1023 ]
971 946/951 981/979 974 956/960 975 ) C(H,)-N stretch,
973
970/974 971
971
961 J
/761 /690 829 750/771 824
802
791
773 785/788 790 802
784
776/779 777
775
770
671/ 722 676/720 774 N-H wag, H-bonded
471 ~500/570 493/505 512 N-H wag, free

—/368 337/337 375 356/353 400 ] N-C(O) torsion

355 381
348 374
345
299/312 311 326

299

265 265/288 286 302
283

221 248/282 278
261 268 N-C(O) torsion
200 164
141
138 lattice mode
131 124 N-C(O) torsion

0 <108/<112 <130 lattice modes

CH,-bend

®References 8 and 9.
PReference 7. Frequencies in cm™'. Assignments are based on a dynamic displacement of vibrational modes
as calculated for chain5.

shift of the N—H out of plane wagging mode caused by thefor chain11 at 724 and 830 cr. The relatively large fre-
hydrogen bonding. This is also observed for the,Nidt of  quency separation can be accounted for by a larger electron
plane wagging in solid formamidé. This mode, calculated conjugation in the second type of the hydrogen bondasy

for single NMF molecule at 471 cnt is shifted to 671 and D2) assisted by the nearly planar structure of the

_1 . .
229 o calciated for s mode in chaind cerrosponds=": O=C SYSIem. AS apparent flom Table Il the mode
P was found at 771 cm' in liquid NMF, which indicates a

well to the experimental peak observed at 824 &nMore- h ive hvd bonding in th |
over, the two types of hydrogen bonds present in crystallindntCh stronger, cooperative hydrogen bonding in the crystal.

NMF are reflected in the distinct signals of the hydrogen oufCalculated inteqsity of.the Waggigg mode of the free tgrmi-
of plane wagging modes, at 774 and 824 ¢nfcalculated hal hydrogen in chain5 (512 crf) becomes lower in
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