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Temperature-dependent NMR chemical shifts and quadrupole coupling constants for the amide hydrogen,
the nitrogen, and the carbonyl oxygen nuclei in neat, liqithethylacetamide are calculated by ab initio
methods and compared with experimental measurements. These calculations are based on ab initio quantum
cluster equilibrium (QCE) theory and standard ab initio self-consistent-field (SCF) methods at the 3-21G and
6-31G* levels for five different molecular clusters. The cluster sizes varied from the monomer up to a five-
membered linear structure Nfmethylacetamide. Strong cooperative effects are found in the molecular clusters
and are reflected in the geometries, chemical shifts, and quadrupole coupling values for each species. The
equilibrium populations of the clusters were calculated between the melting (301 K) and the boiling point
(478 K). At low temperatures the linear pentamer is the dominant species. At higher temperatures these
clusters are replaced by linear dimers and monomers. The calculated chemical shift valuesHor 1be

the N nuclei are in excellent agreement with experimental NMR data. The calculated quadrupole coupling
constants for the amide deuteron and the nitrogen nucleus likewise agree well with the temperature behavior
found in NMR relaxation time experiments.

1. Introduction The present work is focused on rigorous experimental NMR
tests of a new theory for describing the equilibrium liquid
properties ofN-methylacetamide and other strongly H-bonded
liguids: quantum cluster equilibrium (QCE) thedfy.As its

4 hame implies, QCE theory is based on a full quantum treatment
of the H-bonded clusters that are considered to be the funda-
mental constituent units of the neat liquid and gaseous (fluid)
phases. The cluster equilibria that describe phase composition
can be calculated by the rigorous techniques of quantum
statistical thermodynamics in the canonical ensemble, based on
the ab initio partition function for each cluster. For a given
and P solution of the cluster equilibrium conditions (equality
of stoichiometrically weighted chemical potential for each
cluster type) typically leads to several distinct roots (phases),
each corresponding to distinct density and cluster populations.
The QCE root of lowest Gibbs free energy corresponds to the
equilibrium phase. The associated cluster population distribu-
tion then provides the proper weighting factors to compute the

N-Methylacetamide (NMA) is an important model system for
proteins. Although it has been extensively studied both
experimentally~2¢ and theoretically/ 4> uncertainties still exist
concerning the effect of hydrogen bonding on its structure an
conformation. Protein hydrogen bonds involving the peptide
backbone are essential for the existence of the native structure
but the importance of the hydrogen bonding to the protein
stability is still unclear. Many studies have focused on the
ability of water molecules to compete with peptide hydrogen
bonds. Recent ab initio calculaticfig€® have shown that the
solvent for a protein solution has a very significant effect on
the strength of the protein hydrogen bonds. The cooperative
stabilization effects are sufficiently large that they must be
considered in any analysis of either the solvent denaturation or
the enhancement of helix stability in peptides and prot&ires.
Karplus et af® suggested that it may sometimes be necessary

to introduce corrections to the pairwise-additive potentials used S .
in molecular dynamics studies. (T,P)-dependent equilibrium values of any spectroscopic pa-

Sensitive experimental probes of liquid structure are provided rameters ass_omated with t_he various clusters. Comparison of
by NMR chemical shifts, the quadrupole coupling constant these theo_reucal values with expenmentql measurements pro-
(QCC), 1o, and its associated asymmetry parameter (we vides a s'grlngent test of the QCE pop.ulatlon dlstrlbut[qn§ and
denote a general quadrupole coupling constantyyand the gssouatedl’(P)-dependent cluster picture of the equilibrium
nitrogen, oxygen, and deuterium quadrupole coupling constantsIIqUId s.tructure. o
by xn, 70, andyp, respectively; a similar convention is used ~ Previous applications of the QCE method have led to a
for the associated asymmetry parameters, 7o, and #p). remarkable picture of the equilibrium liquid clusters in wéter
These NMR properties have long been recognized as beingand formamidé*®4 In both cases, large cyclic clusters (e.g.,
extremely sensitive to local electron distributions, bond hybrid- cyclic pentamers and hexamers) were found to dominate the
ization states, proximity to polar groups, and local magnetic neat liquid, with each monomer unit participating in exactly

anisotropies; several empirical equations that relate chemicaltwo H-bonds cooperatively arranged around the ring. In
shifts® and quadrupole coupling constafit$® to molecular formamide, the dominant clusters under near-ambient conditions

structure have been established. were found to be cyclic hexamers (95%) and linear tetramers
(4%), leading to predicted QCC and anisotropy values that are
€ Abstract published irAdvance ACS Abstract$yovember 1, 1997. in excellent agreement with those found experimentally. In
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water, in the experimentally accessible temperature region, the
corresponding QCE population distributions were found to P
involve primarily cyclic octamers, leading to the prediction of P ;g””
negligible temperature variations of the oxygen and deuterium

QCC values#{o, andnp), again in agreement with experiment.

A striking feature of the dominant QCE clusters for forma- L %
mide is that H-bonding is found to involve only the- bond
which is trans (anti) to the oxygen, with all carbonyt-8 bonds
pointing inward toward the center of cluster. Methyl substitution
is therefore expected to have a dramatic influence on the ringlike NMA MMAZ]
topology, depending on whether N-methyl or C-methyl deriva-
tives are chosen. In the former cads¥-rhethylformamide,
treated in a previous paper), the methyl group replaces the cis
amide proton which lies outside the hexagonal structure and is
not hydrogen bonded. In this case one anticipates that methyl | _g
substitution would involve little or no disruption of ring [-25
topology. However, methyl substitution at the carbonyl proton -
(as in acetamide or NMA, the subject of the present work) o
creates severe steric congestion near the ring center, effectively
preventing ring formation exgept in much larger cluster sizes NMAS! NMAZS|
that are disfavored on entropic grounds.

Since ring topologies are effectively “forbidden” for NMA,
the QCE cluster distributions of liquid NMA are expected to
differ dramatically from those found previously for formamide
or NMF. This, in turn, leads to significantly different NMR
chemical shift and quadrupole coupling parameters. The | 4
purpose of the present work is to calculate the NMR and NQR P . & "y
parameters based on the QCE model in order to test the E ©
predictions with experimental measurements over the entire
liquid range (30+478 K). Available structural data from X-ray
and neutron diffraction studies are also compared with the QCE NMASI
predictions.

The emerging QCE picture of liquid structure complements Figure 1. The five most important linear clusters fblkmethylaceta-
conventional molecular dynamics (MD) simulation models Mide,n=1-5.
based on pairwise-additive potential functions of classical o ]
electrostatic form and strongly suggests that more realistic Although qualitatively reasonable, the mean-field treatment
potential functions are needed. The present work demonstratedS Nnot entirely satisfactory. However, even complete neglect
the important role of supramolecular cooperative effects in Of this correction does not grossly affect equilibrium liquid
stabilizing certain cluster geometries; in some NMA cases the Populations and has practically no effect on gas-phase properties.
average H-bond strength is enhanced by up to 40% relative to The current treatment of molecular volume used in evaluating
that Of the d|mer These Cooperat“/e effects are therefore the tl’anslational partitior‘l funCtion iS aISO aconcern. An OVera”
necessary for even a qualitatively correct picture of cluster Proportionality factor (chosen to fix system density at a single
energetics. In addition, the entropic properties (primarily POINt the standard jstate) can ng altered to ensure that gross
vibrational in origin) of dominant QCE clusters are significantly Populations are relatively insensitive to these volume estimates.
altered by cooperative binding effects. A more detailed The results for the cluster populations clearly depend on whether
discussion of cluster vibrational properties of liquid NMA and @l significant clusters have been included in the mixture.
comparison with spectroscopic IR measurements are presentedilthough we include here only the clusters with significant

‘p-ﬁ',h,

in a forthcoming papei® populations, many more, less significant cluster types were
) screened.
2. Computational Method It may be noted that certain types of expected temperature

Ab initio calculations were carried out at the uncorrelated, dependence are ignored in this simplified treatment. We
restricted Hartree Fock (RHF) level for four stable conformers  previously noteff that the thermodynamic behavior is quite
of the transN-methylacetamide (NMA) monomers that result insensitive to conformational equilibria that do not significantly
from conformational isomerism of the Glgroups and for four alter average H-bond strength and directionality, so it is
larger NMA (CHOCNHCH), clusters,n = 2—5. The five generally necessary to include only “representative” conformers
most important geometries are shown in Figure 1. To calculate of each topology class in the QCE cluster mixture. (Such an
the cluster populations, we used ab initio 3-21G optimized approximation would not be appropriate for properties that
geometries, harmonic frequencies, and binding energies. Thesalepend strongly on the neglected conformational isomerization.)
values were then used to calculate an ab initio partition function One can also anticipate that the apparent cluster “volume” should
for each cluster using standard statistical thermodynamic be somewhat temperature-dependent, due to the (neglected)
methods. In the electronic partition function, ab initio RHF/ anharmonicity of thermally excited vibrational motions, as well
3-21G binding energies are corrected with full counterpoise as the finite “softness” of steric exchange potentials with respect
calculation&® for the effects of basis set superposition errors. to thermal collisions of varying ambient kinetic energy.
Residual clustercluster interactions are taken into account by Furthermore, the residual mean-field clusteluster interactions
a mean-field correction which is proportional to the system may exhibit slight temperature dependence (as, for example, in
density®0 a Keesom potentiél). The latter dependencies might be
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incorporated in the QCE model by allowing volume and mean- TABLE 1: Intramolecular Distances (in A) and Bond
field parameters to become temperature-dependent, but Suc%g%ﬁfat(ilgngeg% (t)rﬁeth; zlihéABgs(,)igoSrg?r\}vict:hog\nﬂ?c?g\?v% \?:;2'(5'0
reflnements_gppear unnecessary in Fhe present treatmen_t. Electron Diffraction Gas-Phase Measurements

The condition of chemical equilibrium is employed to find

the cluster populations for the phase of lowest free energy at a___Parameter theory expt expt
specific temperature and pressure. In the present case, the stable CC 1.517 1.520 1.53
liquid phase at standard-state conditions is calculated to lie 12.6 €O 1.219 1.224 121
kJ/mol below the low-density vapor phase. Macroscopic ﬁ” é'ggg (11'308062) 1.36
properties such as isotropic chemical shittgf, electric field NC 1.461 1.468 1.44
gradients (efg), efg asymmetry parametess)(and molecular (N)CH? 1.078 1.106 1.09
geometries are calculated by weighting the properties of each (N)CHP 1.084 1.106 1.09
cluster by the appropriate cluster population. Bhg efg, and (C)CH 1.074 1.106 1.09
g values for theH, 170, and*N nuclei in all clusters were (Dcc)g'l'\f 11'&??) 11'11261 11'f§
calculated at Fhe 6-31G* basis level, keepmg the geometries of 0OCN 1230 121.8 125
the clusters fixed at the values obtained at the 3-21G Rvel. OCNH 119.6 110.0 107

Chemical shielding calculations were performed using gauge- tCNC 121.8 119.6 117

including atomic orbitals (GIAO) as implemented in Gaussian  ajn_pjane H atom® Out-of-plane H atoms.

94.° The isotropic chemical shielding is obtained by averaging

the three principal tensor components of the chemical shielding TABLE 2: Cooperative Energetics of H-Bonding in
tensor: vy, 0yy, andozz Quadrupolar coupling constants (QCC) N-Methylacetamide Clusters, Showing the Calculated

- RHF/3-21G Ener , au), Counterpoise-Corrected
and asymmetry parameters were calculated using ©CG@y, Total Energy (Ecg,ya(E)FfH;vergge H-Bonlgl Energy AEns,

eQandy = g — 0Oy/0zz WhereeQ is the nuclear electric  kcal/mol), and Percentage Cooperative Enhancement (%
quadrupole moment of the nucleus, apd ayy, andg,;are the coop., Relative to Dimer H-Bond Energy of 5.77 kcal/mol)

tensor components of the electric field gradient (efg) tensor. AE.e,
species  Egue(au) Ecp (au) (kcal/mol) % coop.
3. Experimental Method 1. NMA ~ —245.629 184
2. NMA2l —491.276255 —491.267 566 5.77
. . . . 3. NMA3l —736.927947 —736.910 098 7.08 22.7
All compounds used in this work were obtained from Aldrich 4. NMA4l —982.580484 —982.553 134 7.61 31.9
Chemical Co., Inc., and were used without further purification. 5. NMA5I —1228.233 598 —1228.196 646  7.96 38.0

The samples were degassed by several frepmenp—thaw

cycles. All experiments were performed on naturally abundant pentamer were similarly optimized at the RHF/3-21G level and
isotopic materials. The NMR chemical shift data fét, 17O, tested for stability with harmonic frequency analysis. As shown
and 4N were obtained with a Bruker AM-500 spectrometer in Figure 1 (and used in all the tables), we employ the labels
operating at 500.13, 67.80, and 36.14 MHz, respectively. At NMA, NMA2I, NMA3I, NMA4I, and NMAG5I for linear dimer,

303 K the field homogeneity was optimized using dimethyl trimer, tetramer, and pentamer, respectively.

sulfoxideds (DMSO) and acetonds. No field lock was used Because of computational limitations, clusters larger than
during data acquisition. The chemical shifts (ppm) were pentamers were not possible. However, earlier calculations for
determined relative to internal references such as tetramethyl-formamide indicate that linear clusters larger than pentamers
silane (TMS) for the amide proton and dimethyl sulfoxide are highly unlikely®® The starting points for the ab initio
(DMSO) for the carbonyl oxygen. For nitrogen no internal calculations were linear NMA dimers, trimers, or tetramers. In
reference was used, because available reference compounds sudhe process of the energy minimization calculations, it was found
as ammonium hydroxide solution depend strongly on temper- that these linear oligomers do not form larger cyclic clusters,
ature and on concentration. In this case the measurements weré contrast to the liquid state of formamfié* and N-
performed using an external reference and the temperature-methylformamidé® In NMA the carbonyl proton is replaced
dependent chemical shifts are referred to the values at the lowesby a methyl group, which sterically hinders the formation of
temperature. The estimated errors for the chemical shifts arecyclic clusters.

less thant=0.01 ppm for'H and less thar:0.20 ppm for4N In the five structures considered, each interior monomer unit
andl’0. participates in a matched pair of H-bonds, once as a Lewis base

Chemical shifts were not corrected for bulk magnetic (€lectron pair “donor’) and once as a Lewis acid (electron pair
susceptibility effects. For th&O experiments the following ~ “acceptor”). As described in previous studies of H-bond
data acquisition parameters were used: spectra| width 50 kHZ’COOpeI‘atIVIty, such bicoordinate structures allow intermolecular
90° pulse 18us, quadrature phase detection, acquisition time electron delocalization (“charge transfer”) to occur in a maxi-

~5T,. Typically, 5000 transients were recorded for eath mally concerted manner, leading to strong enhancements of the
spectrum. binding energies. These cooperative effects lead to much

stronger H-bond energies than are possible with only pairwise
electrostatic interactions. For the linear trimer, tetramer, and
4. Results and Discussion pentamer species, where one, two, or three monomers participate
as “donor” and “acceptor”, the cooperative effects lead to
4.1. Cluster Structural, Energetic, and NMR Properties. H-bonding energies that are energetically 23, 32, and 38%

The preferred conformation of the NMA monor&et*45 is stronger than the dimer hydrogen bond energy. The effective-
shown in Figure 1, with both methyl groups having an in-plane ness of such topologies in increasing average H-bond strength
C—H bond oriented in proximity to the carbony=D. The is indicated in Table 2, where we present the calculated RHF/

optimized RHF/3-21G geometry of this conformer is compared 3-21G Hartree-Fock energy, the CP-corrected total energy
with experimental gas- and crystal-phase geometries in Table(Ecp), the average binding energy per H-bomE(;s), and
1. From this monomeric form, higher NMA clusters up to the percentage cooperative enhancement (%-coop., with respect to
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Figure 2. Ab initio calculated bond lengthscy (circles) andrco Figure 3. Ab initio calculated bond lengthsny (circles) and
(squares) in NMA as a function of cluster size. intermolecular peptide bongo...1—n (squares) of NMA clusters as a

o . . function of cluster size.
TABLE 3: Ab Initio Geometries (in A) Calculated for

Different Molecular Clusters of NMA. Average Values Are TABLE 4: Ab Initio Isotropic Chemical Shieldings (in ppm)
Shown in Parentheses of Oxygen, Nitrogen, and Amide Deuteron in Different
geometry  NMA NMAZI  NMA3l  NMA4l  NMAS5I Clusters of NMA (6-31G*). Average Values Are Shown in
Parentheses
H 0.9949 1%%%‘:38 1%9()%527 1%%1508 1%%%1538 atom  NMA NMA2l  NMA3l  NMA4l  NMAS]
1.0031 1.0062 1.0071 (@] —34.038 —13.059 —5.739 —3.288 —2.254
1.0039 1.0072 —16.562 20.816 28.277 30.760
1.0043 —12.614 25.414 32.977
(0.9949) (0.9979) (1.0007) (1.0027) (1.0037) —11.170 27.073
rco 1.2199 1.2278 1.2271 1.2276 1.2279 —10.546
1.2235  1.2325  1.2345  1.2352 (—34.038) (-14.811)  (2.463)  (9.808) (15.602)
1.2246 1.2342 1.2363 N 184.167 182.898 181.904 181.562 181.414
1.2251 1.2347 180.187 175.285 174.091 173.668
1.2253 179.299 174.089 172.821
(1.2199) (1.2257) (1.2281) (1.2304) (1.2319) 178.959 173.639
ren 1.3542 1.3421 1.3438 1.3332 1.3430 178.818
1.3467 1.3354 1.3333 1.3326 (184.167) (181.543) (178.829) (177.175) (176.072)
1.3456 1.3337 1.3315 H 29.499 29.016 28.915 28.875 28.857
1.3451 1.3332 26.080 25.394 25.200 25.125
1.3448 25.517 24.747 24.527
(1.3542) (1.3444) (1.3416) (1.3388) (1.3370) 25.354 24556
N0 2.9096 2.8753 2.8638 2.8595 25.294
2.8719 2.8254 2.8129 (29.499) (27.548) (26.609) (26.044) (25.672)
2.8608 2.8136 .
2.8570 rnc decreases by about 1.7 pm and increases by about 1.2

(2.9096) (2.8736) (2.8500) (2.8358) pm going from the monomer up to the five-membered linear
cluster values. A similar observation has been made by
H-bond strength in th&l-methylacetamide dimer NMA2I) for ~ Ottersor® comparing G-O and C-N bond lengths in solid and
all clusters. The cooperative energies cited here are “average’gaseous formamide and by Zeidfercomparing gas-phase
energies for complete dissociation to monomers. However, thegeometries with the liquid structure dFmethylformamide.
actual H-bond energy to break a cluster into two subclustersis  The increasing hydrogen bond strength with larger cluster
considerably larger than this “average” value and increases fromsize lengthens the NH bond by about 0.9 pm, as seen in Figure
the extremities toward the interior of the cluster. Forthe NMA 3. ltis also interesting to note the variation of the intermolecular
linear pentamer, for example, the two possible H-bonds for peptide bondy...o shown in the same figure. The dimer value
dissociation to monomer tetramer or dime#- trimer are 8.99 of about 291 pm decreases down to 284 pm in the linear
(55.8% cooperative) and 11.91 kcal/mol (106.4%), respectively. pentamer ofN-methylacetamide. This consequence of coop-
This cooperative enhancement also leads to interestingerativity was recently demonstrated by Saykally efal3who
geometries for the different NMA clusters. The 3-21G basis investigated experimentally the intermolecular distanseo
set at the HartreeFock level (which is readily applicable to in different sized water clusters. As predicted by ab initio
such complex cluster species [danethylacetamide) provides  calculations, theo...o distance decreases with increasing cluster
good geometries. As can be seen from Table 1, our calculatedsizes.
monomer geometries using the 3-21G basis set agree well with  The ab initio calculations of the isotropic chemical shieldings
the experimental geometries of isolated gas-phase moleculessy, oo, and oy of the amide proton, carbonyl oxygen, and
obtained from microwave and electron diffraction studies. nitrogen, respectively, for all nuclei and molecular clusters are
The calculated geometries for all molecules in the clusters given in Table 4. These values are the shifts with respect to
and the average geometries for the clusters are given in Tablethe bare nucleus. Positive values indicate diamagnetic or lower
3. In Figure 2 the variation of theyc and therco bond lengths frequency shifts; more negative values indicate paramagnetic
with cluster size is demonstrated. (Here, again, we are referringor higher frequency shifts. (For an excellent discussion of the
to average bond lengths. The bond lengths for the inner conventions used for chemical shifts and chemical shieldings,
molecules change by a greater amount than those at the endsee ref 67.) The average values of the isotropic chemical
of the cluster.) As a consequence of cooperative enhancementshielding for each cluster are also listed in Table 4. THe
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Figure 4. Ab initio calculated isotropic chemical shift values for the lust
amide hydrogen (circles) and the carbonyl oxygen (squares) in different o clustern _ _
sized clustersn(= 1-5) of NMA. Figure 5. Ab initio calculated quadrupole coupling constants (circles)
and asymmetry parameters (squares) for the nitrogen nuclei in different
TABLE 5: Ab Initio Quadrupole Coupling Constants (in sized clustersn(= 1—6) of NMA.
MHz) of Oxygen, Nitrogen, and Amide Deuterons in NMA N
(6-31G*). Average Values Are Shown in Parentheses TABLE 6: Ab Initio Asymmetry Parameters of Oxygen,
Nitrogen, and Amide Deuterons, in NMA (6-31G*). Average
atom  NMA NMA2I ~ NMA3l  NMA4l  NMASI Values Are Shown in Parentheses
O 9.847 9.535 9.747 9.718 9.706
t NMA NMA2I NMAS3I NMA4I NMAS5I
9.857 9200 9195  9.164 atom
9.805 9.223 9.123 (0] 0.1943 0.3320 0.2971 0.3093 0.3145
9.790 9.200 0.1962 0.4149 0.4583 0.4728
9.783 0.2163 0.4392 0.4843
(9.847) (9.696) (9.614) (9.482) (9.395) 0.2222 0.4477
N 4.030 3.862 3.985 3.972 3.966 0.2250
3.674 3.439 3.385 3.366 (0.1934)  (0.2641) (0.3094) (0.3573)  (0.3889)
3.605 3.352 3.294 N 0.0306 0.0416 0.0501 0.0509 0.0514
3.582 3.325 0.2462 0.2874 0.3026 0.3087
3.573 0.2865 0.3425 0.3611
(4.030) (3.768)  (3.676)  (3.573)  (3.5047) 0.3000  0.3597
D 0.2967 0.2953 0.2935 0.2932 0.2930 0.3055
0.2592 0.2519 0.2489 0.2479 (0.0306)  (0.1439) (0.2080)  (0.2617)  (0.2773)
0.2511 0.2414 0.2386 D 0.1982 0.1997 0.2012 0.2012 0.2012
0.2484 0.2382 0.2283 0.2289 0.2295 0.2299
0.2473 0.2333 0.2360 0.2373
(0.2967) (0.2773) (0.2655)  (0.2580)  (0.2530) 0.2354 0.2386

0.2361

and 1’0 chemical shieldings are shown in Figure 4. The (0.1982)  (0.2140)  (0.2211)  (0.2255) ~ (0.2286)

chemical shielding moves to higher frequency by about 4 ppm 100 ~———————————————— T
whereas the!’O chemical shielding shows a dramatic low-
frequency shift of about 60 ppm going from the monomer to
the linear pentamer. 80 7
The calculated QCC values and asymmetry parameters of the 70 N
oxygen, nitrogen, and amide deuteron for all nuclei and clusters 60 |
are given in Tables 5 and 6. The QCC values are determined
by multiplying the main componenty; of the calculated efg
tensor by the quadrupole moments of the oxygen (25.78fn 40 1
nitrogen (17.2 frA),”8 and deuteron (0.286 77 and a constant 30 4
factor 2.3496, which takes care of the units. The average values
of yq and#nq for each cluster are also listed in Tables 5 and 6.

! %

. 50

Pop

The values foryy and#y for nitrogen are shown in Figure 5. 101

Theyy value decreases from 4.030 MHz for the monomer down 0

to 3.505 MHz in the linear pentamer. The corresponding 280 300 320 340 360 380 400 420 440 460 480 500
asymmetry parameters show the opposite behavior and increase TIK

from 0.0306 to 0.2773 in the same clusters. To thg best of our Figure 6. Cluster population for QCE(5)/3-21G model of NMA Rt
knowledge, there are no experimental values availablgmfor =7 atm, showing the liquidgas transition at 478.15 K.

or ny for any of the nitrogen nuclei in NMA in either the gas

phase or the solid state. With increasing cluster size the QCC 4.2. QCE Population Distributions and Temperature-
values decrease and the asymmetry parameters increase relativ@ependent NMR Properties. The liquid-phase cluster popula-

to the gas-phase values. In previous studies of the quadrupoletions obtained from thermodynamic calculations for tempera-
parameters of neat liquid watét,formamide$364 and N- tures in the range of 303 (melting point) to 478 K (boiling point)
methylformamidé? we have shown theoretically that only large are listed in Table 7 and shown in Figure 6. Over the
clusters showing strong cooperativity are in good agreementtemperature range studied here the cluster populations change
with the experimental values found in the liquid phase. significantly. At low temperatures the linear pentamer is the
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TABLE 7: Temperature-Dependent Percentage Population L o e e B A B s B B s R
of NMA Clusters from Thermodynamic QCE/3-21G 9.0 ]
Calculations ]
TK  NMA  NMA2l  NMA3l  NMA4l  NMASI g MR '
£ 704 NH exp.. _
303 16.5 20.3 10.2 12.7 40.4 g 1 1
313 182 235 11.1 12.3 34.9 = %07 M ]
323 19.9 26.7 11.7 11.7 29.9 £ 50 NH cale. -
333 223 29.7 11.8 10.9 25.4 2 o] ]
343 22.9 32.6 12.6 10.3 21.6 % o 1
353 243 35.3 12.8 9.6 18.1 B 307 s saasssssssmansssnns (NCH
363 25.6 37.8 12.8 8.8 15.1 I 204 o
373 26.8 40.1 12.7 8.0 12.4 { eeeeeesese (©)-CH,
383 28.0 42.2 12.5 7.2 10.1 0] ]
393 29.1 44.2 12.2 6.4 8.2 0.0 -mmmmmmmmm e oTremmosssesssssssossooooooooooes -
0 l1owe me g ol e
423 321 487 108 23 a1 280 300 320 340 360 380 400 420 440 460 480 500 520 540
433 331 49.8 10.2 3.7 3.2 TK
443 34.0 50.6 9.6 3.2 2.5 Figure 7. Calculated (open diamonds) and experimental (filled
453 34.9 51.4 9.1 2.8 1.9 diamonds) isotropic chemical shift values for the amide proton in liquid
463 35.7 51.9 8.5 2.4 15 N-methylacetamide as a function of temperature. For comparison the
473 36.5 52.3 8.0 21 1.2 chemical shifts for both methyl groups are shown. All experimental
478 36.9 52.5 7.7 1.9 1.0 (filled symbols) and theoretical data (open symbols) are plotted versus
TMS.
dominant species. At higher temperatures the dominant species
are monomer and dimer. NMA over the whole temperature range, we determined the

The calculated QCE values for the chemical shieldings and differences only for the reference value at its lowest temperature,
the QCC and asymmetry parameters for the amide proton/303 K. Thus for all higher temperatures we performed the
deuteron, carbonyl oxygen, and nitrogen in the liquid phase for experiment at constant magnetic field (without an internal lock)
NMA are obtained by weighting the macroscopic properties with measuring thé’O and'H chemical shift values relative to the
the appropriate cluster populations. The values for the tem- reference value at 303 K. The theoretical chemical shifts were
perature range 363478 K are given in Table 8. Since the obtained by subtracting the population weighted average chemi-
temperature-dependent changes in the calculated populations areal shieldings values for NMA from the calculated chemical
significant and the macroscopic properties for the oxygen, shielding values for the references. The chemical shielding
nitrogen, and trans deuteron are different for the different cluster values for the references were 32.86 ppm*drin TMS and
species, the calculated chemical shielding, quadrupole coupling356 ppm for’O in DMSO/4 For nitrogen no internal reference
constants, and asymmetry parameters are expected to vary witlwas used because the chemical shifts for all available reference
temperature. This is, in fact, observed. compounds depend strongly on temperature and solvent. Here

4.2.1. Comparison with Experimental NMR Shift3.o the nitrogen experimental chemical shift and the theoretical
compare the theoretical shielding differences with experimental chemical shielding value were set to zero at 313 K, and the
NMR shifts, we have chosen tetramethylsilane (TMS) and relative shifts were determined as a function of temperature.
dimethyl sulfoxide (DMSO) as references féid and 170, In Figures 7, 8, and 9 we show a comparison of the
respectively. Unfortunately, the isotropic shieldings for both temperature dependence of the calculated proton, oxygen, and
references change slightly with temperature. Their temperaturenitrogen chemical shift values with the observed values. The
dependence is about 10% of thd and'’O shifts for NMA. theoretical and experimental temperature dependencies are in
Instead of using the relative shifts between the reference andalmost quantitative agreement. For the temperature range 303

TABLE 8: Calculated Chemical Shieldings (in ppm), Quadrupole Coupling Constants (in MHz), and Asymmetry Parameters
for the Amide Deuteron, the Nitrogen, and Oxygen in Liquid NMA

(@] N D

T(K) o (ppm) %o (MHz) L) o (ppm) %o (MHz) 7 o (ppm) %o (MHz) L)
303 26.823 0.2670 0.2194 178.93 3.670 0.2007 -—0.7787 9.563 0.3194
313 26.956 0.2686 0.2184 179.27 3.689 0.1948 —2.7406 9.583 0.3113
323 27.087 0.2702 0.2174 179.59 3.707 0.1827 —4.593 9.601 0.3037
333 27.206 0.2716 0.2164 179.89 3.724 0.1746 —6.322 9.617 0.2967
343 27.317 0.2730 0.2156 180.17 3.739 0.1670 —7.931 9.633 0.2902
353 27.417 0.2742 0.2148 180.42 3.753 0.1600 —9.399 9.647 0.2843
363 27.511 0.2754 0.2141 180.66 3.766 0.1536 —10.761 9.660 0.2788
373 27.598 0.2764 0.2134 180.87 3.778 0.1477 —12.015 9.671 0.2739
383 27.677 0.2775 0.2128 181.07 3.789 0.1423 —-13.166 9.682 0.2694
393 27.750 0.2782 0.2122 181.25 3.799 0.1373 —14.221 9.691 0.2653
403 27.817 0.2790 0.2117 181.41 3.807 0.1327 —15.177 9.700 0.2616
413 27.877 0.2797 0.2112 181.55 3.815 0.1287 —16.034 9.707 0.2583
423 27.931 0.2804 0.2108 181.68 3.823 0.1250 —16.812 9.714 0.2554
433 27.980 0.2810 0.2104 181.79 3.829 0.1217 —-17.503 9.720 0.2528
443 28.024 0.2815 0.2101 181.89 3.845 0.1187 —18.117 9.715 0.2506
453 28.064 0.2819 0.2097 181.98 3.840 0.1161 —18.661 9.729 0.2486
463 28.099 0.2823 0.2095 182.06 3.845 0.1137 —19.147 9.733 0.2469
473 28.131 0.2827 0.2092 182.13 3.849 0.1117 —-19.579 9.736 0.2453

478 28.146 0.2829 0.2090 182.16 3.851 0.1107 —19.779 9.738 0.2446
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393 K, the calculatedH chemical shift of the amide proton The general expression for the longitudinal relaxation rate
moves to higher frequency by 0.93 ppm, compared to 0.71 ppmarising from the quadrupole interactioRy(Q), is given byP°

in the NMR experiment. With increasing temperature, hydrogen

bonds are broken, the amide proton becomes more shielded, (1) _ 3 ,21+3 WQZ)(eQ eq) 2
and the resonance moves toward the TMS signal. For com- |7,/ = Ri(Q) = 757 2@ — 1) Y A

h Cc
parison, the proton chemical shifts for both methyl groups of

NMA are also shown in Figure 7. Both theory and experiment 3 o 43 " 2
show that the methyl chemical shifts are essentially temperature- = _”22—' 14+ -2 XQZTC
independent. This is expected because, in contrast to the amide 10 2 —1) 3

proton, the methyl protons are not involved in hydrogen
bonding. Consequently, no temperature dependence is observed.

== T

The calculated’O chemical shift values change by about 10 |2(2| —1)
12.4 ppm to lower frequency compared with the experimental
change of 11.1 ppm. The calculated absolute valu&’@sshift
at a given temperature differs from the experimental value by
about 69 ppm. This poor agregment i§ dge to thg Qifficulty N the nuclear spin quantum numbeér=¢ 1 for 2H and24N), h is
calculating the oxygen c.hem|cal shielding. Similarly, the pjanck’s constant, and
calculated’O chemical shift values for the DMSO reference
and the experimental values differ by about 30 ppm. Here again, Xo = €Q edh
however, the temperature-dependent behavior is reproduced
nearly gquantitatively. The observed nitrogen chemical shift is the quadrupole coupling constant in units of;ghe above
changes by 2.32 ppm over the temperature range, in excellentexpression holds only in the extreme narrowing region (where
agreement with the theoretically predicted change of 2.26 ppm. worc < 1). If the correlation timer. is known, then a
As with the temperature dependence of the proton chemical shift, neasurement of the relaxation rai, provides a valugq-
this change is primarily due to the fact that with increasing (eff). In the NMR experiment a separate determination of the
temperature the NH bond distance increases and the \C QCP value and the asymmetry parameter is not possible for
bond distance decreases. Although some of the temperaturethe liquid phase. o _
dependent changes are very small (1 ppm) and others are quite The molecular correlation timer., can be obtained from
large (up to 12 ppm), all of the changes were accurately dipolar relaxation time experiments if the coupling parameter,

predicted by using the population weighted properties resulting the bond distance for the two dipolar nuclei, is known from
from the QCE model and ab initio calculations. diffraction experiments in the liquid phagk.Seipelt® deter-

. . . mined the amide deuteron and the nitrogen-14 QCC values for

4.2.2. Comparison with Experimental QCC and Asymmetry f
Parameters.For the nitrogen, oxygen, and the amide deuteron, &i?té;g]:rli?ngrll\ﬂ;\ ;g{atggp:ggwmﬁ lgiztl\j\;:se q(? ?8) Zﬁg%? K.
theory predicts temperature-dependent changes for the QCCyjong with the calculated QCC values from Table 6. Both the
values of up to 5% with temperature. The calculated 0xygen gynerimental and the theoretical QCC values show the same
QCC value increased from 9.56 MHz at 303 K10 9.74 MHz at rend with temperature, but with appreciable quantitative dif-
378 K, the boiling point of\-methylacetamide. This temper-  ferences. Over the entire temperature range, the amide deuteron
ature behavior is expected since the oxygen nuclei are involvedQCC value increases by about 3 kHz experimentally; the
in hydrogen bonding with the amide deuteron. Increasing calculations predict an increase of 10 kHz. Similarly, the
temperature leads to hydrogen bond breaking and a consequengxperimental nitrogen-14 QCC value increases by about 0.35
rise in the value of the QCC toward the gas-phase value. MHz and the theoretical value increases by 0.12 MHz.

It is interesting to note that the oxygen asymmetry parameter ~ Although the experimentally observed temperature behavior
for NMA decreases with increasing temperature. Although no for both nitrogen and deuterium is in tolerable agreement with
experimental data are available for NMA asymmetry parameters, the theoretical predictions, there are large differences in the
the values and the trends in the values should be similar to thoseabsolute values (up to 40% for the nitrogen). The discrepancies
for NMF. The liquidN-methylformamide asymmetry parameter in the absolute values most probably arise from systematic
value of 0.319 fomo at 303 K is below the solid-phase value experimental errors. leferen_t techmqueg and evaluat_lon pro-
of 0.4578 This liquid-state value decreases with increasing cedures were used to determine the rotational correlatlon.tlmes
temperature to a value of 0.245 at the boiling point. In a similar that were used to calculate the QCC values. For liquid
fashion, theory predicts that as the temperature of neat, liquid formamide the molecular motions are isotropic. In this case
NMF increases from 303 to 478 K, the nitrogen and the amide knowledge of the eH bond d'Staf_‘CG and a measurement of
deuteron QCC values will increase from 3.67 to 3.85 MHz and the carbon-13 rela>.<at|or.1 rate provide an accu_rate yalue for the
from 267.0 to 282.9 kHz, respectively. The corresponding molecular correlation time and the correlation time of the

principal axes of the oxygen, nitrogen, and deuterium efg
?Os;émzrgstry parameters drop from 0.201 to 0.112 and from 0'219tensors. The molecular motions in NMA are not isotropic. To

i _obtain values for the correlation time of the-Nl internuclear
Values for quadrupole coupling constants for molecules in yector and the principal axis of the deuterium efg tensor, the

the gas phase are available from microwave spectroscopy, anthmide proton relaxation time was measured for a sample of

those for the solid phase can be measured by nuclear quadrupol@ormal ¢4N) NMA and for nitrogen-15-labeled NMA. The

or magnetic resonance. For nitrogen and the amide deuterondifference between the rates in the normal and labeled samples

in the liquid state, experimental QCC data are available provides information about the intramolecular proton relaxation

indirectly from NMR relaxation time experiment%. A com- arising from the nitrogen to which it is bonded.

parison of theoretical and experimental liquid values requires  Since the magnetic moments of nitrogen-14 and nitrogen-15

an understanding of how such NMR measurements are madeare of comparable magnitude, the difference in these two rates

3 ,2+3
= o (eff)z )

whereeQis the nuclear quadrupole momeaegis the principal
axis component of the electric field gradient tensgs,is the
asymmetry parameter for the electric field gradient tenisisr,
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Figure 9. Calculated (open circles) and experimental (filled circles)
isotropic chemical shift values for the nitrogen in liqh\dmethylac-

etamide as a function of temperature. intra- and intermolecular geometries obtained from the QCE

model and Gaussian-94 calculations at 303 K and compare them
TABLE 9: Comparison of the Population-Weighted with available structure data from X-ray measurements in solid
Geometries Obtained from the QCE/3-21G Model for Liquid NMA.34 The results are shown in Table 9. The geometries in

NMA at 303 K and from X-ray Diffraction Data in the Solid - :
both phases show the typical behavior of hydrogen-bonded

theory Xoray Xeray' systems. The €0 bond becomes shorter and the i bond
gg ig%g iggg igig becomes longer in the transition from the solid phase to the
CN 1.342 1.290 1.325 liquid phase. Since the methyl groups are not involved in
NH 1.001 hydrogen bonding, ho geometrical changes are expected with
NC 1.460 1.465 1.454 the phase transition. This expectation is confirmed by both the
NH---O 2.863 2825 experimental data and the ab initio calculations.

is relatively small. In addition, the other contributions to the We are especially interested in the temperature dependence
amide proton relaxation are comparable to the contribution from of the intermolecularo...i—n peptide bond. Our calculated
the intramolecular N-H dipolar contribution. The result is that temperature-dependent values of this bond length are shown in
the uncertainties in the measurement of the correlation time for Figure 12. All data show a longeg...4n bond length than the
the N-H internuclear vector (or the deuterium efg tensor experimental X-ray value of 282.5 pm for solid NMA. The
component) are rather large. For this reason it is not surprising c5|cylations predict that the peptide bond increases from 286
that the agreement between the experimental and theoretlcabm at 303 K to 290 pm at 378 K. This temperature-dependent
results |s_sulbstant|ally. poorer.th.an was the case for our SIUdyChange of about 4 pm is within the range of current experimental
of neat, liquid formamide. Within the limits of experimental . L

uncertainty. For the similar molecule NMF one observes an

error, the experimental QCC values and the theoretically .
calculated ones show the same trend with temperature; increas!oN-H H-bond distance of 273 pm (172 pm ..y and 100.7

ing temperature leads to hydrogen bond breaking and to a riseP™ for 'nw) from neutron diffractiof and about 298 pm from
in the QCC values. X-ray diffraction studie$! An accurate temperature-dependent

4.3. Comparison with Experimental Geometry Measures. ~ nheutron diffraction measurement of the peptide hydrogen bond
Equilibrium molecular geometries can be calculated for liquid in NMA is clearly needed to make a careful test of the QCE
NMA. Unfortunately, there are no geometries available from model and its ability to predict accurately the temperature-
diffraction experiments for the liquid phase. Therefore, we use dependent behavior of the cluster.
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We have pointed out where further measurements could bellggzl,a]gw H. A Karplus, M.; Petitt, B. MJ. Am. Chem. Sod991,
extremely useful in testing the QCE model of the liquid ™"(35) Williams, R. W.Biopolymers1992 32, 829.
structure. These include temperature-dependent neutron dif- (37) Cheam, T. CJ. Mol. Struct.1992 257, 57.
fraction or X-ray studies to check the predicted geometry  (38) Guo, H.; Karplus, MJ. Phys. Cheml992 96, 7273.

; _ ; (39) Guo, H.; Karplus, MJ. Phys. Chem1994 98, 7104.
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check whether the QCE model is able to reproduce pressure (42) Radom, L.; Riggs, N. VAust. J. Chem1982 35, 1071.
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