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Hydrogen bonding in urea
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The hydrogen bond consisting of a hydrogen atom positioned asymmetrically between a nitrogen and an
oxygen atom (N-H- - - O) plays a central role in the structure and functionality of proteins and amino acids.
The urea crystal is a simple system in which such a hydrogen bond exists. We have measured Compton profile
anisotropies in crystalline urea which reveal subtle modulations linked to this chemical bond. The data pre-
sented here have sufficient statistical accuracy to isolate features arising from intermolecular interaction which
is weak in urea and consequently difficult to detect experimentally.
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Hydrogen bonds constitute an extremely interesting andbonds found in urea are of paramount interest because of
unigue type of intermolecular interaction. Because they havéheir presence in the proteins and nucleic acids of the living
energies intermediate between strong covalent and vergell and their role in the folding process which transforms a
weak van der Waals bonds and because they are directionf@@lypeptide chain into an active protein. In particular, struc-
they play a central role in determining the behavior of manytures such as the-helix and 8 sheets are stabilized by the
forms of matter. In particular, wet chemistry and biological formation of hydrogen bonds between an amide hydrogen
complexes are built on a foundation of hydrogen bonds. Foand a carbonyl oxygehThese are among the important sec-
example, in water the hydrogen atom is located asymmetriondary strucures in proteins and as such play a role in their
cally between the two oxygen atoms on neighboring mol-specificity, stability, and function.
ecules. In this situation the electron on the hydrogen atom It is important to experimentally establish the properties
forms a strong covalent bond with the closer oxygen, onlyof weak intermolecular interactions, since they often deter-
1 A away, and the charge is effectively transferred to thigmine the assembly and functionality of complexes of mol-
oxygen. The exposed proton is then attracted electrostatical§cules. In particular one would like to study the dependence
to the so-called lone painonbondedielectrons on the oxy- Of these interactions on physically relevant parameters, such
gen of the neighboring molecule, i.e., the hydrogen bond i€s near-neighbor distances, the structure of the stronger co-
primarily electrostatic in nature. This attractive force is valent bond, and finally the role of the surrounding medium.
complemented by quantum-mechanical contributions, inThe charge transfer and exchange terms, for example, are
cluding the exchange interaction which is repulsive and poexpected to vary exponentially with the O-O distance in the
larization and charge-transfer components, which are attragvater dimer. An accurate determination of the charge density
tive. These quantum interactions introduce a coherencyelated to the hydrogen bond could reveal the details of these
related to the intermolecular distances in the electronic wavéhteractions. However, in practice deviations from a strictly
function, especially so for the exchange and charge-transfelectrostatic picture are very small. In addition, such devia-
components. The interplay between electrostatic and quarions are present only for the weakly bound outer electron
tum sharing is played out in water, ice, and in all hydrogen-and x-ray diffraction is much more sensitive to the uninter-
bonded systems to a greater or lesser degree, depending @sfing core electrons. Finally the relatively mobile proton is
parameters such as spacing between the neighboring ma¥ten prone to disorder. Though structural information and
ecules or the electronegativity of the chemical species inbond lengths can nevertheless be obtained quite precisely
volved in the associated stronger boftifferent for O and  using x-ray and neutron diffraction, these constraints make it
N, for example. impossible to get unambiguous information about the inter-

Recent experiments on crystalline ideave shown that actions which are responsible for the formation of hydrogen
Compton scattering can be exquisitely sensitive in revealingponds(see Refs. 3 and 4 for recent work on charge densities
the detailed quantum interactions involved in the hydrogenn ured. Compton scatteririgs an inelastic x-ray techniqe,
bond in this material. The phase relation between the eledgvhich unambiguously measures properties of the ground-
tronic wave functions on different molecules in the crystalstate electronic wave function. More precisely, the Doppler-
leads to characteristic oscillations in the Compton profileshifted spectrum of large momentum transféq) scattered
which are unambiguous and qualitative indicators of quanhard x rays is very accurately proportional to a projection on
tum coherency of the electronic wave-function betweerd of the ground-state momentum probability,
neighboring sites in a crystal. Urea is an interesting, easily
grown single crystal suitable for examining hydrogen- do )
bonding effects very different from those in ice. The hydro- m”J npd(w—0*/2m—q-p/m). @
gen bond in urea CO(N§),, connecting neighboring urea
molecules, are of the form-N-H- - - O, in contrast to water Heren, is the probability that an electron has momentom
which consists of ©-H---O bonds. The N-H---O=C  n, can be described in a fully quantum-mechanical density-
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FIG. 1. The structure of crystalline urea. All intermolecular
bonds are N-H- - - O hydrogen bonds. The planar molecules are
arranged head to tail in “tapes” running in the verti¢g001]) di-
rection. The hydrogen bondslashed lines either connect mol-
ecules in the same tapénear, markedl) or to the neighboring
tapes(transverse, markeg.

2
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FIG. 2. Compton profile anisotropies. Experimédbts, com-
pared to the calculation for the cryst@olid line) and the isolated
molecule (dashed ling Top panel: dig—Ji0q. Middle panel:
Joo11~ J100; - Bottom panel: goi;— J1105; inset: measured Comp-
ton profile and elastic line for thED01] direction. The theoretical
anisotropies are scaled to the variation in the experirfsze text
2 The calculation for the crystal clearly matches the data better, re-

, ) producing several subtle features.

functional description using the generalized gradient ap
proximation(GGA) as

n,.=
j=occupied

f e'P " g;(r)d%
to the plane of the molecules and so does not represent any

which is the Fourier transform of the one-electron occupiedayored direction in the crystal. In fact, it was found that the
orbitals. Since the outer electrons are the most delocalized igrofile measured in this direction is close to the one resulting
real space they contribute most Significantly to the low MO-rom the Spherica| average of the momentum density’ mea-
mentum part ofn,. In addition,n, for the outer electrons syred from a pressed disk of polycrystalline urea.
depends on the direction pfrelative toq, in contrast to the Compton profiles were measured using the high-
core electrons. resolution scanning spectrometer at ID18Bef. 7) at the

The urea molecule is planar and strongly anisotropic withEuropean Synchrotron Radiation FacilifgSRP. The inci-
a characteristic “umbrella” shapéFig. 1). The crystal is dent energy was 29.26 keV and the scattering angle was
composed of “tapes” of molecules aligned head to tail. Ad-173.5° resulting in a Compton profile centered at an energy
jacent tapes are orthogonal to each other, with the moleculggss of 3 keV. Compton profiles were measured for[tha0),
pointing in opposite directions. In the urea crystal every oxy{110], and[001] directions, in symmetric reflection geometry
gen atom participates in four hydrogen bonds. The fact thagt room temperature with high statisticsx 10° counts in a
the lone-pair electrons of the oxygen are shared among foy§ .02 a.u. bin at p=0; 1 atomic unit(a.u) of momentum
hydrogen bonds is primarily responsible for these urea bonds.1 gg A~1]. The effective resolution was 0.1 a.(full
being longer and presumably weaker than in water or icewidth at half maximun The profiles were corrected for ab-
where each oxygen only participates in two hydrogen bondssorption, analyzer reflectivity, geometric effects, and a linear
Two of the four bonds are formed within the tape, with thebackground and were normalized and symmetrize@he
tail of the adjacent molecgle, and we shall call them lineatnset in the lower panel of Fig. 2 shows the Compton profile
bonds. The other two, which we shall call transverse bondsg;, the[001] direction(noted ¢yoy)), as well as the elastic line
are formed with a molecule in the orthogonal tape on eaC'?esuIting from thermally diffused photons.
side of the parent tape. The tagf@mnd hence the molecules | order to eliminate contributions of the core electrons to
are contained in the plane defined by [881] and the[110]  the Compton profiles, we consider differences in the Comp-
or [110] axes. The linear bonds are inclined at 31.7° withton profiles measured in three crystallographic directions
respect to th¢001] direction and the projected H-bond dis- (3116~ J100} » Joo1;~ J100) - 1100~ Joo1y)- These so-called
tance on this direction is 1.77 A. The transverse bonds ar€ompton profile anisotropies also eliminate multiple-
inclined at an angle of 15.8° with respect to f140] direc-  scattering effects, as well as residual background. The mea-
tion and the projected H-bond distance on [th&0] direction  sured anisotropy is compared to the calculated one for urea,
is 1.98 A. Thg100] direction is inclined at 45° with respect according to two different schemes. The first explicit quan-
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tum calculation is a GGA-based determination of the elec-
tronic wave function for the urea crystal. It includes ex-
change and correlation among the electrons in an
approximate mean-field fashion. However, it gives very good
values for the bulk crystalline properties as was the case for
ice® In the second calculation Compton profiles are com-
puted from the electronic wave function of the isolated urea
molecule using precisely the same computational methods as
for the solid. In this picture any anisotropy in momentum
space is due only to the wave function of the isolated mol-
ecule and bonds contained within the molecule because of
their alignment in the crystal. If the hydrogen bonds in the
urea crystal were due only to electrostatic attraction, the an-
isotropy thus induced would be well described by this pic-
ture. Our strategy is to compare data with both calculations
and make inferences about the intermolecular hydrogen
bonds based on the similarity of the data with one or the
other calculation. The amplitude of the anisotropy is larger in
the calculation than in experiment by as much as a factor of
two. This trend has been observed before in other matéFials
and is only partially understood. In particular, we know that
the influence of short-range correlation effects on the elec-
tron momentum distribution are not well represented by FIG. 3. Power spectral densities of anisotropies. Experiment
GGA wave functions and tend to reduce the anisotropy by arsolid line with dot$, compared to the calculation for the crystal
overall scale factol® as do thermal vibrations not included (solid line) and the isolated moleculglashed ling The insets are
in the theory. For easier comparison between experimentahnlargements of regions of interest. Top pangkio} Jioq-
and theoretical anisotropies we have scaled the amplitude dfiddle panel: o~ J100 - The strong peak at 0.7 A is due to the
the anisotropy calculated for the crystal to the amplitude ofstructural anisotropy of the molecule. The peak at 1.9 A in the
the experimental anisotropy. The anisotropy for the molecuenlargement can be seen in the experiment and the crystal calcula-
lar model has then been reduced by the same factor. The§en but not in the calculation for the molecule, and is interpreted as
factors are 2 for doy;— J100; and Jooa;— J110, and 1.5 for QUe _to hydrogen bonds whose projected length or{ @0d] direc-
J110— J100)- Figure 2 shows the resulting comparison. Thetion is 1.8 A. Bottom panel: gy~ J110) -
simple scaling of the amplitude of the theoretical anisotropy
brings the theory and the data to a good match, especially $b€ J110)— J100; @nisotropy is correspondingly smallgr.5%
in the case for the crystal calculation. Small features in thedf the peak of the profile This variation between different
anisotropy, visible due to the high experimental resolutioncrystalline directions can also be gauged by noting that while
and statistical quality of the data, are very closely reproducethe[001] direction is contained in the plane for all molecules
by the calculated anisotropy for the crystal. These small feain the crystal, th¢110] direction is in-plane for only half the
tures are less well reproduced or entirely absent in the armolecules and perpendicular for the other half and[1t@9]
isotropy calculated for the molecule. This clearly shows thedirection is always inclined at 45° to the molecular planes.
sensitivity of Compton profile anisotropies to the subtle ef- The effects discussed above are due to the strong struc-
fects of intermolecular interactions, as we shall see below. Itural anisotropy of the molecule and intramolecular bonding
contrast an earlier measurement at lower experimentand are the strongest effects observed. However, more subtle
resolutiort! concluded that experimental Compton profiles effects can be observed as the comparison with theory in Fig.
agreed with calculations for an isolated urea molecule an@ has shown and to investigate these further we have com-
that features due to bulk crystalline structyapproximated puted the power spectral density of the anisotropy defined as
from calculations for dimejswere too small to be observed. |[*_[J.(p)—Ju(p)lexp{—ipridpf. As argued in Refs. 12—
The [001]-[110] and [001]-[100] anisotropies are large 14, a coherent electronic interaction over a certain distance
(4% to 5% of the peak of the profjlend are dominated by scale in real-space modulates the Compton profile in mo-
a modulation with a large period in momentum space. Sincenentum space. The anisotropy carries these modulations,
all the C=0 bonds in the urea molecule are oriented exactlytoo, and peaks in the power spectrum indicate the real-space
parallel to the/001] direction and perpendicular to th&00]  distances involved?® Only the positions and relative intensi-
and[110] directions and half the N-H bonds very nearly so, ties of the peaks in the spectra are significant since the the-
a large anisotropy is in fact expected. This corresponds toretical anisotropies have been scaled. It must be remem-
electrons being more delocalized along the bonds in reabered, however, that the differences between Compton
space and thus more localized in momentum space, resultirqofiles also contain structure due to anisotropy of the atomic
in a Compton profile which is more “peaked” alori§01]  wave functions themselves as well as the localization and/or
than in the directions perpendicular to it. No bonds are di-delocalization effects mentioned above. Figure 3 shows the
rectly parallel to either thg110] or the[100] directions, and power spectra. The middle and bottom panelgyf)
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— 1007 Joo1;~ 110,  respectively are dominated by a difficult to isolate effects due to the transverse hydrogen
strong peak which is a manifestation of the localization inbonds. We remark also that the intensities for this spectrum
momentum space parallel to tf#01] axis, already discussed are comparable to those of the small structure in the other
above. Due to the |arge period in momentum space, the cofwo spectra. The level of statistical noise in the data is almost
responding distancéabout 0.7 A is small. The insets in two orders of magnitude below the level of this smaller

these panels show an enlargement of the small structure gtucture. o

higher distances. In theody— J100) SPECtrum, interestingly In conclusion, we have shown in this work that a state of

enough, a peak at 1.9 A is seen both in the experiment anttﬁ]e art synchrotron-based Compton spectrometer can be used

- . - : : to study chemical bonding in relatively complex molecular
in the crystal calculation but is absent in the calculation for o O
y crystals. This will allow the study of hydrogen bonds in dif-

the isolated molecule. This peak is clearly due to the inter . . ;
ferent chemical environments and eventually in samples of

. 2 Diological relevance. Measurements of Compton profiles and
that have a projected Ieng'th .Of 1'8. A on {fg91] direction orregsponding momentum density calculatioﬂs ha?/e led us to
and connect molecules within a given tape. The amount ofjeay observe the effects of intermolecular hydrogen bonds
charge involved in this bond is estimated to be srtﬂiﬂoyt of urea. Further work will focus on other hydrogen-bonded
0.0% as estimated for the bond population by Doweisal”)  gypstances as well as the dependence of this interaction on
a.nd |t iS I‘emal’kable that an interaCtiOI’l Of th|S k|nd in aexterna| parameters like temperature and pressure_ Since hy_
molecular crystal with a nontrivial structure is visible in drogen bonding between molecules is a local effect, we be-
Compton profile anisotropies. The other peaks-& A in  Jieve that such studies will ultimately enable us to “param-
these two spectra are visible in the experiment as well astrize” the quantum character of the hydrogen bond by such
both calculations, and could be due to the projected transhings as bond lengths and average properties of the chemi-
verse dimension of the molecule alofid.0]. In the top panel cal environments of a dimer.

(J120~ J100))» the strong peak at 0.7 A has all but disap-

peared, for reasons given above. The remaining features are We acknowledge Harald Mueller and Don Murphy for
seen in the data as well as the two calculations, making ibelp in growing samples.
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