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High-level ab initio calculations yield a linear relationship between the proton chemical &hifand the
deuterium quadrupole coupling consta, for the amide protons in neat, liquid formamide. An experimental
measurement oby in combination with the linear relationships provides an accurate valugsfan the
hydrogen-bonded liquid; subsequent measurements of the deuterium relaxation rate provide a means to obtain
effective rotational correlation times in the neat liquid. Temperature-dependent proton chemical shifts and
relaxation rates for the three nuclei in formamide are presented. The chemical shift data and the ab initio
calculations indicate that both amide protons hydrogen bond, whereas-tHegpeton does not participate

in hydrogen bonding in the neat liquid. The effective correlation times at room temperature were found to be
9.2 ps for the trans ND vector, 6.3 ps for the cis ND vector, and 5.2 ps for the-€D vector. This indicates

that in the neat liquid formamide rotates anisotropically.

Introduction produced varying results. A MC simulation by Jorgensen and
Swensof? and a MD simulation by Sagarik and Ahlricisoth

Hydrogen bonding plays a central role in the structure of ) . . .
many important molecules such as proteins. The peptide groupsconcluded that although a cyclic formamide dimer is more

within a protein form intramolecular NH=--O=C hydrogen gne_rgetically favored, linear chainlike clusters dominate the
bonds which determine the secondary structure of the prbtein. liquid strgcture due to entropy eﬁe_cts. A later MD st_udy l_)y
Formamide is an interesting and important molecule for study PUhovski and Rodé concluded again that the cyclic dimer is
because it is the smallest unit in a peptide chain and is often favored energetically, but “... liquid formamide consists of a
selected to model the bonding in peptides. Although tremendousC€Ontinuous H-bond network with a minor number of small
effort has been made to characterize the hydrogen bondingclusters not included in this qetvyork” and that “... chain-like
present in liquid formamide, a detailed picture of the supramo- associates are also not dominating the H-bond network.” In
lecular structure that agrees with both theory and experiment contrast to both of the previous results, a recent MC study by
remains an elusive goal. Cordeir@® concludes that liquid formamide primarily consists
The structure of formamide in the solid state is known to ©f cyclic dimers.
consist of long zigzag chains cross-linked by hydrogen bonds Other theoretical studies have given varying results as well.
that form a network of moleculésthe gas phase consists of Torii and Tasun#® calculated the vibrational spectra of both
monomers. Experimental liquid-state studies such as ESCA, linear and branched clusters of formamide and compared the
vibrational spectroscopy,*> NMR,13"15 and diffraction experi-  spectra to experimental results. They concluded that the
ment3® 2! have produced inconsistent models of the liquid hydrogen bonding in liquid formamide is two-dimensional. They
structure. The structures suggested include linear cHaih&162° g0 on to say that the spectral features “... cannot be reproduced
cyclic clusters;**®2tand branched clustet3!’ These incon-  py formation of a one-dimensional hydrogen bond chain alone.”
sistencies arise because the experimental results are difficult toA new model for liquids employs quantum statistical mechanics
interpret. Raman and IR data primarily consist of rather broad to calculate populations of clustéfsThis model called quantum
featureless peaks; therefore, specific structural information is cjyster equilibrium (QCE) concluded that the structure of liquid
quite limited. Liquid-state NMR chemical shift data generally  formamide mainly consists of cyclic hexam®raith minimal
consist of sharp lines, but the NMR time scale is slow and one jntercluster interactions; this result does not agree with NMR

obtains infor.mation only about the time-averaged chemical y6t0n chemical shift data reported here. Neither the simulations
environment; information about individual clusters is absent. \,5; the current models for liquids are able to give a complete

X-ray and neutron diffraction experiments provide information
about pair correlation functions which are related to hydrogen
bond lengths but are not sensitive to the supramolecular
structure. The final result is that none of the experimental data
provide a clear, unique picture of the liquid structure.

Many molecular dynamics (MD) and Monte Carlo (MC)
simulations have been performed on formamide and have

picture of liquid formamide. At the present time there is no
consensus on the structure of liquid formamide.

The proton isotropic chemical shifiy, contains information
about hydrogen bonding in the gas, liquid, or solid state.
Experimental chemical shift studies of hydrogen-bonded liquids
have shown that as hydrogen bonding increases, the chemical
shift frequencies of the participating protons increase (e.g. see
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chem.wisc.edu. Fax: (608) 262-9918. trans amide proton in gas phase formamide is 4.79 mngd
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H diffusion process and that the molecular reorientation can be

Figure 1. Labeling of the formamide protons. described by a single correlation time. For asymmetric top
molecules, such as formamide, this assumption may not be valid.

the chemical shift for the same proton in the neat liquid is 7.65 |n this case, relaxation data and quadrupole coupling constants

ppm! (see Figure 1 for the labeling of the formamide protons). for three nonequivalent quadrupolar nuclei within the molecule
A number of studies have used quadrupole coupling constantsare necessary to determine the three components of the rotational

to monitor the extent of hydrogen bondifiy> The quadrupole diffusion tensor. The applicability of this equation to liquid

H (trans)

coupling constantyq, is defined in units of Hertz as formamide is discussed further in the Results and Discussion
section.
eZqZZQ Spin—lattice relaxation rates and chemical shifts are directly
Xo = h 1) measurable quantities. Using an ab initio correlation between

xp anddy, indirect experimental values fgp may be readily
found. An effectiver. for the X—D (X = C or N) vectors can
then be calculated using eq 3 and the experimental values for
R;. In this study, we report temperature-dependent proton
chemical shifts and deuterium spifattice relaxation rates for
neat, liquid formamide. We also report a linear relationship
between the ab initiddy and ab initioyp for 15 different
formamide clusters. From these data, experimeptaland
effective t; values may be calculated for all of the deuterium
nuclei.

The question of whether liquid formamide rotates isotropically
or anisotropically has been the focus of many studies. In some
of these studies values for the quadrupole coupling constants
were taken from the solid or gas phase. However, as was
mentioned above for water, the quadrupole coupling constants
in the liquid and solid phase can differ drastically. Therefore,
the conclusion on how formamide rotates in the liquid depends
heavily on the values used for the quadrupole coupling constants
as this term is squared in eq 2. In this study, the quadrupole
ycoupling constants are semiempirical values measured in the
eliquid state and have been found to depend on temperature, as
would be expected from changes in hydrogen bonding. By using
this new method of measuring the quadrupole coupling constant
fh the liquid, the isotropic or anisotropic nature of the rotation
in formamide can be determined.

whereQ is the nuclear quadrupole moment (a quantity known
with reasonable accura®y, g, is the principle component of
the electric field gradient tensag,is the electronic charge, and
his Planck’s constant. Because the electric field gradient at the
nucleus is dependent on hydrogen bonding, the quadrupole
coupling constantyq, is sensitive to hydrogen bonding. The
deuterium quadrupole coupling constanb, is especially
sensitive to hydrogen bonding. The term quadrupole coupling
constant is a misnomer because it is now known ghatalues

can vary significantly with temperature, solvent, concentration,
and physical stat&=3"38For exampleyp in solid DO is 213
kHz 3° whereas in the gas phase it is 308 Kl9Z.he change in
hydrogen bonding is the generally accepted explanation for this
difference in the two coupling constants.

In 1980, Berglund and Vaugh&ninvestigated hydrogen
bonding in solids and found correlations between proton
chemical shift tensors, deuterium quadrupole coupling constant
values, and hydrogen bond distances. On the basis of this earl
work, theoretical correlations between these parameters hav
been investigated for liquid metharfWith electronic structure
packages such as Gaussian*®8alculations of electric field
gradients and chemical shielding tensors have become accurat
and routine. With the electric field gradients, quadrupole
coupling constants can be calculated using eq 1. Similarly, with
chemical shielding tensors, isotropic chemical shifts can be Experimental Methods
calculated (one-third the trace of the chemical shift tensor). A

theoretical linear relationship betwegp and oy provides an The?H and'H NMR spectra were recorded on a home-built
indirect method to experimentally determing. oy is a  SPectrometer operating at 7.00 T upia 5 mmprobe. The
parameter that can be easily and accurately measured and maf@gnet is an eighth-order corrected solenoid manufactured by
be used as a reliable way to obtain accurate valueggdn Cryomagnet Systems. The magnet and its environment are
the hydrogen-bonded liquid. sufficiently stable that no internal lock is necessary for periods
xp is related to the deuterium relaxation raR, and the up to several hours. The high-temperature data were collected
molecular correlation timer,, by the equatiof? by passing nitrogen gas over a heater and then around the

sample. The lower temperature data were collected by passing

1 32 2 - 47 the nitrogen gas through either an ethardy ice bath or an
R==="2y21+L o+ ) ice water bath and across the heater to the sample. The
T, 10 311+ 0w, T 1+ 4w, T, temperatures were calibrated using Van Géét'slationship
2 for the chemical shift difference in methan@ddy:
wherez is the asymmetry parameter arg is the Larmor T (K) = 402.99— 29.46A0,, — 23.83A6M2 (4)

frequency. The asymmetry parameter for deuterium is usually

quite small £0.2) and the;%/3 term may be dropped from the  This temperature dependence is well characterized for the
calculation. Ifyp is known, a measurement & provides a temperature range of 175 T < 330 K. The temperature
value forz.. Because the quadrupolar relaxation mechanism is measurements are accurateitf.05 K.

more than 2 orders of magnitude larger than other relaxation Formamide (99.5%, Aldrich), formamided; (98%, Cam-
mechanisms (e.g. dipolar or chemical shift anisotropy), these bridge Isotope Laboratories, Inc.), and tetramethylsilane (99.9%,
other relaxation processes may be neglected. In the extremeCambridge Isotope Laboratories, Inc.) were used without further
narrowing region where,r. < 1, eq 2 reduces to purification. All sample tubes were cleansed with nitric acid,
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270 TABLE 1: Proton Chemical Shifts, 4, and Deuterium
trans amide Quadrupole Coupling Constants,yp, as a Function of
250 4 A{ Temperature for Neat, Liquid Formamide
& 2304 3 O (PPm) xo (kH2)
T 10 cis amide T(K) trans cis G-H  trans cis GD
N
Q 262 7.60 7.42 7.98 214 214 175
x= 190 1 266 757 738  7.98 214 215 175
170 - * 269 7.54 7.35 7.97 214 215 175
C--H 273 7.52 7.32 7.97 215 215 175
150 . ' . . T r 277 7.49 7.30 7.96 215 216 175
280 7.47 7.27 7.96 215 216 175
30 40 50 6.0 70 80 9.0 100 286 743 723 795 216 217 175
8y (ppm) 292 7.40 7.19 7.95 216 217 175
299 7.36 7.15 7.95 217 218 175
Figure 2. Theoretical relationship for the dependenceypfon the 305 7.33 7.12 7.95 217 218 175
chemical shift. Ab initio calculations were performed at the B3LYP/ 310 7.30 7.09 7.95 218 219 175
6-31+G* level of theory. The cis proton is represented®ytrans by 316 7.27 7.06 7.95 218 219 175

A, and C-H by <. The dashed line corresponds to the least-squares 323 7.24 7.03 7.96 219 220 175
best fit for the trans amide proton calculations; the solid line corresponds 328 7.22 7.01 7.96 219 220 175
to the best fit for the cis amide proton. 333 7.20 6.99 7.97 219 220 175

followed by EDTA to remove any trace metals. The tubes were Similarly, the trans amide proton displayed the linear relation-
then rinsed with deionized water and dried in vacuo for at least ship (% = 0.98)

24 h before use. The formamidl-sample was thoroughly

degassed using several freepaimp-thaw cycles on a high xp (kHz) = 322— 14.2), (ppm) (6)
vacuum line. The formamide sample used for the chemical shift ) ) )

measurements included a capillary of tetramethylsilane as an The chemical shift calculations performed to generate egs 5
external reference. The spifattice relaxation rates for forma- ~ and 6 were calculated using the GIAO mettbdo check their
mide were measured using an inversion recovery pulse sequencé{a"d"_fy' the values for the gas-phase proton chemical shift values
experiment using an average 18gulse width of 55us. The  (OH(Cis) = du(trans) = 4.79 ppni) were compared to the

spin—lattice relaxation rates were reproducible-8%. calculated values for the monome(cis) = 4.04 ppm and
on(trans)= 3.88 ppm. The experimental gas phase measure-
Results and Discussion ments were taken at high temperature, and so only one chemical

shift is observed due to rapid rotation about theNC bond.

Theoretical Results.Ab initio calculations were performed jtortunately, solid-phase proton chemical shifts for formamide
on 15 different clusters of formamide using the Gaussian 98 oo not been measured: however. a comparison of the

and Gaussian 94 electronic structure progrétisThe clusters 5 cylated chemical shifts for a hydrogen-bonded cluster and

vary in size from monomer to hexamer with a wide range of |\ temperature experimental proton chemical shifts may be
geometries including linear, cyclic, and formations based on a4e | this case, the proton chemical shifts at 260 K (Table
amide crystal structures. The hydrogen bonds in the formamidel) are 7.42 ppm for the cis amide proton and 7.60 ppm for the
clusters were of the type\H:--O. No hydrogen bonds to the 515 amide proton. The average calculated chemical shift for a
C—H or to the nitrogen were cgn&dered. All calculations were  ¢,mamide cyclic cluster with cis amide proton hydrogen bonds
performed at the B3LYP/6-33G* level of theory. Electric field 54 for a cyclic cluster with trans amide proton hydrogen bonds

gradients and isotropic chgmical shie_ldi_ng values for these i about 85 ppm. These comparisons between the calculated
clusters were calculated using the optimized geometry at the 3y experimental chemical shifts show that the calculations

same level of theory. To convert these results to quadrupole g, init the correct trend, if not the absolute value, of shift to
coupling constants and chemical shift values, a value of 2.860 higher frequency for stronger hydrogen bonding.

mb was used for the deuterium nuclear quadrupple mo_?‘ﬁe_nt The averagep for the amide deuterons of solid formamide
and a value of 31.8 ppm was used for the chemical shielding 55 peen measured to be 195-®.1 kHz45 however, the gas

of TMS. The value for the chemical shielding of TMS was a6, value is not reported in the literature. By substitution

calculated at the B3LYP/6-31G* level of theory. of the available experimental data into eqs 5 and 6, specific
The linear relationship between calculated quadrupole cou-yanqgs can be identified. The gas-phase chemical shift listed

pling constants and calculated chemical shifts is shown in Figure 4, /e generateg, values of 250 and 254 kHz for the cis and
2. The individual points on this graph correspond to individual 21s amide deuterons, respectively. Similarly, using the low-

calculations for each of the protons within a monomer unit of o herature chemical shift values listed above and eqs 5 and 6,
a cluster. For a hexamer of formamide molecules each MONOMET, \alue of 214 kHz was calculated for both the cis and trans

within the cluster contributes 1 point for cis amide, trans amide, ,iqe deuterons, close to the solid-state value. This trend of

and C-H nuclides for a total of 18 points in Figure 2. The  yereasing, with decreasing temperature has been found for

C—H_chemical Shiﬁ a_nd e_D quadrupolt_a coupling constant many systems of small molecules that hydrogen bond such as
remained essentially invariant for the different clusters. This Jnethandg and watep9.40

result is not surprising because none of the clusters considere Experimental Results. The chemical shifts of the three

hydrogen bonding to the €. The calculations for the cis  fomamide protons were measured at various temperatures in
amide proton revealed a linear relationship betwgeandoy the range 266330 K and are shown in Figure 3; the formamide
and least-squares analysi® &= 0.99) of the data produced the  1o10ns™ are labeled as shown in Figure 1. The spectral
following relation: assignment of the amide proton peaks was based®tn
formamide NMR measurements by Sunners et8alhis
xp (kHz) = 315— 13.6),, (ppm) ) assignment places the trans amide proton peak at a higher
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Figure 3. Temperature dependence of the experimental proton
chemical shifts for the cis proto®, trans protona, and C-H < in
neat, liquid formamide.

Figure 4. Temperature dependence of the experimental relaxation rates
for the cis deuterom, trans deuterom, C—D <, and amide deuterons
X,

frequency than the cis amide proton for the neat liquid. This TagLE 2: Temperature Dependence of the Formamide

result is based on the well-known assumption that spin- Deuterium Relaxation Rates,R;, for Neat, Liquid
coupling constants from protons at a 28flhedral angle are ~ Formamide
larger than couplings from°0dihedral angle4?5° R (s R (sY)

Table 1 summarizes the temperature-dependigntlues as
well as the semiempiricglp values using egs 5 and 6. The
averageyp value from the ab initio calculations for the-® %gg g?; g?; g-g 213 ‘31'2;52; g-gg 1;2
deuteron is 175 kHz- 4% (Table 1), which agrees well with 263 235 179 105 392 319 288 132
the experimental value of 180 kHz for a deuteron bondedtoan 263 194 138 822 327 292 256 1.20
sp>-hybridized carbo! As can be seen from Figure 3, as 273 158 108 641 332 259 246 1.10
temperature increases the amide proton frequencies shift to lower 278  12.8 872 513 336 232 226 0998
values whereas the-€H proton frequency remains unchanged. 283  10.6 729 452 342 211 211 0932
As discussed above, the shift to lower frequency at higher gg; g'gg gég g'gg gg; i'gg 1'23 8'?‘7‘?
temperature for the amide protons indicates weaker hydrogen 597 647 460 254 357 162 162 0.694
bonding. As temperature increases, both the trans amide proton 299 6.39 442 234 362 150 150 0.629
and the cis amide proton shift to lower frequency at the same 302 553 409 210 366 142 142 0.602
rate. Therefore, the shift to lower frequency going from the cold, 307 490 374 190 371 130 130 0.561
liquid phase to the gas phase is about equal for both the cis . ) )
(2.4 ppm) and trans (2.6 ppm) amide protons. The ab initio a_mlde deyterons become quite Ia_rge due to scalar rela>_<at|on
calculations also indicate that the cis and trans amide protonsVia the spin-coupled®N nucleus. This leads to very broad line
experience nearly equal changes in chemical shift in going from Wldths_and loss of spectral resplutlon. Data fqr the Qeuterlum
the monomer, gas-phase environment to the hydrogen-bondede|axat'°_n rates have been previously reported in the liter&ture.
liquid phase. Thus both theory and experiment indicate sub- Calculations performed on the relaxation data from ref 13
stantial hydrogen bonding to both amide protons in the liquid. indicate that the peak assignment placed the cis deuteron at
In contrast to the amide protons, thg value for the G-H higher frequency than the trans deuteron, opposite from the

proton does not change significantly with temperature, indicating SPectral assignment used in this work. The discrepancy in the
that the G-H proton does not participate in the hydrogen relaxation data presented here and that of ref 13 is rooted only

bonding in liquid formamide. in the amide peak assignment. The O relaxation rates from

The observation that both amide protons are equally involved "€f 13 are in excellent agreement with the data presented here.
in the hydrogen bonding in liquid formamide brings up From the measured proton chemical shifts and eqs 5 and 6,

interesting questions concering some cluster models presenip can be obtained for all of the formamide deuterons. With

in the literature. One cluster model proposes that at room the measured relaxation rates and the semiempjyicablues,

temperature 95% of liquid formamide is present as a cyclic €d 3 can be.used to calculate tgmperature-dependent effective

hexamer with trans amide hydrogen bonds and the other 59correlation times (summarized in Table 3). The temperature

consists of linear tetramers also with trans hydrogen béhds. dependence of the correlation times is shown in Figure 5. The

This model indicates that a negligible amount of the cis amide €MPperature dependence is given approximately by the Arrhenius

protons are hydrogen bonded. The experimental temperature€lation,

dependent data presented here indicate that this model is not EJRT

correct. Similarly, a cluster model of mainly cyclic dimers has T = T€ (7)

been proposed and suggests mainly cis hydrogen bonds and

minimal trans hydrogen bond&;this type of model does not  The expected trend of decreasing correlation time with increas-

agree with the chemical shift data. ing temperature is observed. The activation energies for mo-
The deuterium relaxation rates were measured in the tem-lecular reorientation,, were found to be 23.7, 21.0, and 23.5

perature range 256870 K. The data are presented in Figure 4 kJ/mol for the trans ND, cis N-D, and C-D vectors,

and also in Table 2. At most temperatures two distinct signals respectively. The preexponential factors, were found to be

are seen for the amide deuterons due to hindered rotation abou0.64, 1.5, and 0.43 fs for the transi0, cis N-D, and C-D

the C-N axis. At high temperatures the deuterium chemical vectors, respectively. At room temperature, the effective cor-

shifts coalesce due to the rapid rotation about theNbond. relation time for the trans ND vector is 9.2 ps. This value is

At low temperatures the spirspin relaxation rate$3,, for the almost a factor of 2 longer than the effective correlation times

T(K) trans cis CD T(K) trans <cs CD
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4.0 cluster volumes for neat formamide and compare the results
3.5 - N with available experimental data. The SED model relates the
3.0 - atg 8 correlation time to the volume of the solute providing insight
25 4 ab : 9 8 into the size of the clusters. However, the SED relation gives
¢ 20 NS g 3 correlation times that are 5 or 6 times longer than expected
£ 15440 6§ S 3$ because SED models the solute as a sphere rotating in a solvent
10 Lo0° of infinitely small spheres. Gierer and WitAGW) developed
0.5 4 a microviscosity factorf, which is a function of the size and
0.0 . . . . shape of the solute molecule relative to the solvent (O< 1)
30 32 34 36 38 to correct this oversimplification. The SED relation using the
GW microviscosity factor is
1000/T (K™
Figure 5. Arrhenius plot of the effective correlation times for the cis T, = fﬂ (8)
N—D vectorO, trans N-D vectora, and C-D vector< in neat, liquid KT

formamide. ) ] o . .
whereV is the volume of the rotating speciesgis the viscosity

TABLE 3: Effective Correlation Times, 7., and Viscosities, of the solution, k is Boltzmann's constant, and is the

1, as a Function of Temperature for Neat, Liquid temperature. A detailed description of how to calculate the

Formamide volumes using the SED equation is given in refs 38, 57, and

7(ps) 58. Using the SED equation, volumes for differently shaped
T (K) trans N-D cis N—D C-D 7 (cP) clusters were calculated using trans amide effective correlation
263 34.8 26.4 231 10.42 times and experimental viscosity d&faThe trans amide
268 28.5 20.2 18.1 8.61 correlation times are the longest and, therefore, most likely to
273 23.1 15.8 14.1 7.24 represent the overall motions of any clusters present. The room-
278 18.6 12.6 11.3 6.14 temperature SED volumes from eq 8 were then compared to
ggg 1‘2:; 13:;’ 19..((3) i’gg volumes calcylated using the ESURF algoritffithe ESURF
292 108 77 6.4 3.92 algorithm estimates the volume of a cluster by enclosing each
297 9.3 6.6 5.6 3.42 atom of the optimized structure in a sphere of empirical van
299 9.2 6.3 5.2 3.26 der Waals radid to form a space-filling model. The only
302 7.9 5.8 4.6 3.00 cluster that shows good agreement between the ESURF volume
gg; ; g i; g é g gg and the SED volume is the cyclic dimer (all cis hydrogen bonds).
317 5.2 43 3.4 210 Therefore, the SED relation predicts that neat formamide
322 45 4.0 2.9 1.88 primarily consists of cyclic dimers.
327 4.1 3.6 2.6 1.69 As mentioned above, a simple model of cyclic dimers does
332 3.6 3.4 24 1.53 not agree with other literature data. Given the chemical shift

data reported here along with the other experimental data cited

for the cis N-D vector at 6.3 ps and the<D vector at 5.2 ps.  above, it is clear that both amide protons in formamide
The value of 5.2 ps for the €D vector is in good agreement  experience significant hydrogen bonding and not just the cis
with other reported values of 5.0 ps for the-D vectof? and amide protons. The discrepancy between the chemical shift data
5.0 ps for the!3C—H vector? and the SED predicted cluster volumes may arise in several

The longer effective correlation time for the trans N vector ways. The high-frequency chemical shift of the trans amide
at temperatures below 300 K (for which there is no appreciable proton can be attributed to the formation of chains of cyclic
internal motion) may be attributed to a large amplitude, dimers similar to what is found in the crystal structure of
librational motion about the trans amide+4l—C=0 axis, formamide. The SED volume size of dimers may then be
assigned in the low-frequency Raman spectrum at 195 émn attributed to dimer lifetimes that are long compared to the NMR
The motion about this axis would not affect the correlation time correlation time with chain segment lifetimes shorter than the
for the trans N-D vector, which is on-axis, but would shorten NMR correlation time. Another explanation may be that the
the correlation times for the cis-\D and C-D vectors, which effective correlation time for the trans amide vector used to
are off-axis. If this was the only intramolecular motion present, calculate the SED volumes is not representative of the overall
the correlation times for both the cisND and C-D vectors cluster motion in the liquid. If local motions are present, such
would be the same; however they differ by 20%. Hence, there as the large-amplitude librational motion mentioned above, then
must be an additional motion affecting the—D vector the trans N-D correlation time may be more representative of
correlation time but not the cis N\D vector correlation time. these motions than the cluster motion.
Hydrogen bonding to the cis amide proton would hinder the  Still a further explanation may be that the SED model is not
range of motions possible. Because thekCis not hydrogen valid for neat formamide. The SED model works well for
bonded, as indicated by the chemical shift data, its motion is aliphatic alcohol® that have small, well-defined structures and
not hindered and leads to a shorter correlation time. cluster lifetimes that are long compared t@ In contrast,

The effective correlation times of all the>D (X = C or N) formamide has multiple hydrogen bond donors and multiple
vectors and the temperature-dependent viscosity data arehydrogen bond acceptors. This may give rise to a continuous
presented in Table 3. These effective correlation times may alsonetwork of hydrogen bonds instead of discrete clusters, which
provide information about cluster size and shape. The Stokes would not allow for clear definitions of species that are
Einstein-Debye (SED) modé#>°> has been shown to give considered in the SED model. Since the microviscosity factor
reasonable cluster volumes for hydrogen-bonded systems sucldepends on the size and shape of the solute and solvent
as neat methanol and methanol in carbon tetrachl&fidan molecules, it becomes difficult if not impossible to find a
the basis of these previous studies, it was tempting to calculatemeaningful value for this parameter. For these reasons we think
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that the SED relation is not appropriate for formamide and 6.3 ps for the cis N-D vector, and 5.2 ps for the-€D vector
possibly for other molecules with multiple hydrogen bond clearly indicating that the motion in neat, liquid formamide is
donors and acceptors. anisotropic.

A word or two should be said about the applicability of eq 2
to neat formamide. Equation 2 is derived by assuming that the
rotations obey a Brownian diffusion process and that the
molecular reorientation can be described by a single correlation
time. The validity of using the diffusion model for formamide
can be tested by comparing the correlation time with the free References and Notes
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