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Abstract

A new investigation of the structure of urea—water solutions at a mole ratio of 1 urea to 4 water molecules is
described. Neutron diffraction is used in conjunction with isotope labelling on the water and urea hydrogen atoms
and on the nitrogen atom of urea. The diffraction data are analysed using the empirical potential structure refinement
procedure to yield a set of site—site radial distribution functions and spatial density functions that are consistent with
the diffraction data. The results are discussed in relation to recent and past X-ray and neutron diffraction experiments
and theoretical studies of this system. It is found that urea incorporates readily into water, forming pronounced
hydrogen bonds with water at both the amine and carbonyl headgroups. In addition the urea also hydrogen bonds to
itself, forming chains or clusters consisting of up to approximately 60 urea molecules in a cluster. There, is however,
little or no evidence of urea segregating itself from water, in marked contrast to a recent study of the methanol-water
system. This behaviour is discussed in the context of the great propensity of urea to effect protein denaturation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction—some history of the water—urea water alone, while the evolution of heat on disso-
system lution was reduced. Fully admitting the limitations
of their basic assumptions, Frank and Franks mod-

Frank and Franks gave one of the earliest elled water as a two phase system consisting of a
discussions of the effect of urea on water structure pylky, ice-like or clathrate-like, component and a

in 1968 [1]. The motivation for that study was the  gense, normal liquid component which each dis-
(at the time relatively recent observations that ggve the hydrocarbon gas in different ways. It
many hydrocarbon gases, but not methane, WETe\as supposed that urea entered only the denser

more soluble in urea—water solutions than in pure
phase because urea as a planar molecule would
*Corresponding author. not easily fit into the tetrahedral arrangement of
E-mail address: a.k.soper@rl.ac.ukA.K. Sope). water molecules in the bulky phase. Urea was
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assumed to form an ideal solution in the dense tion shell(of the hydrophobic entity, and therefore
phase, and hence effectively dilute the hydrocarbon of a ‘bulky’ nature and those outside of it. As in
solute in that phase, so altering the equilibrium of Frank and Franks these two populations are in
hydrocarbon between the dense and bulky phasesequilibrium with each other, but the hydrogen
The model gave qualitative agreement with the bonds in the hydration shell have greater enthalpy
observed solubility changes of the different hydro- and greater entropy than in the bulk, implying that
carbon gases in the presence of different ureathe hydration shell bonds are enthalpically strong-
concentrations. er, but also more of them are broken, than in the
The basic tenet of that model, that water can be bulk liquid outside the hydration shell. Unlike
regarded as consisting of two phases in equilibrium Frank and Franks model, however, the urea-like
has always been controversial and has receivedcosolvent can enter the apolar hydration sphere
much attention right up until the present. Indeed and when it does so it simply reduces the number
Kauzmann, to whom this paper is dedicated, and of water—water hydrogen bonds in the solute

Eisenberg [2] already discussed this matter at
length in their book in 1969 and came to the
conclusion that so-called continuum models of
water structure were more likely to give the correct
thermodynamic properties of water. Later Henn

hydration sphere, without modifying the properties
of those bonds. Good quantitative agreement
between measured and calculated thermodynamic
quantities was found for a wide range of solutes
from what is fundamentally a straightforward mod-

and Kauzmann3] derived a plausible equation of
state for water within the continuum framework.
More recent theoried4,5] which have also been
quite successful at predicting water properties, significant support to the Muller concepi0,1]
imply that water, under conditions where it is a the first having been executed wélfore Muller’s
stable liquid, is in a continuum state, and computer work was published, but not referenced by him.
simulations also appear to come to the same Diffraction studies of urea in water have often
conclusion[6,7]. Experimental evidence in favour been justified in relation to its ability to affect the
of the continuum model for ambient water has conformation of biological macromolecules in
come from several small angle X-ray and neutron solution. One X-ray study attempted to determine
scattering experimentsee for example Xie et al.  the extent of urea—urea pairing in the solut{da],

[8] and references therginwhere there is no sign  but was inconclusive on account of the degree of
of the significant density correlatio@bove what  overlap of different interatomic distances in the X-
is known from the compressibili}ythat would be ray diffraction pattern, although there was some
needed if liquid water were a mixture of two evidence for longer range urea—urea correlations
phases. at high concentrations. Later Turner et &13]

A more recent and quantitative theoretical treat- attempted neutron diffraction work, using isotope
ment of saturated hydrocarbons dissolved in the labelling on both the water hydrogen atoms and
water—urea system by Mulld@] takes a different  on the nitrogen atoms of the urea molecule. They
approach compared to the Frank and Franks model.concluded that urea could fit into the water net-
Perhaps the most difficult problem raised by Mul- work without causing significant perturbation of
ler is that if urea is simply a ‘structure breaker’ as the water structure. However, this interpretation
claimed by Frank and Franks, then how does the was made in the days when interpreting diffraction
presence of urea raise the solubility of hydrocar- data was based solely on the extracted radial
bons, whereas increasing the temperature, whichdistribution functions, and for this reason it is
presumably also breaks structure, lowers the solu-likely that much of the detail that might be
bility? Interestingly Muller's model also starts with  occurring in this system was overlooked. They
the hypothesis that there are two populations of did, however, conclude that urea apparently could
water molecules in equilibrium, but this time only fit into the water network quite easily whether it
at the molecular level, namely those in the hydra- is in the bulk or in the hydration sphere of an

el. So far there has been no experimental confir-
mation of the molecular scale assumptions behind
this work, although two simulation studies give
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apolar species, lending additional support to the neighbour methyl-hydrogen to methyl-hydrogen
Muller model. distance compared to pure methat®]. Because
Apart from these two reports there appear to be the water existed in clusters of up 820 mole-
few if any other recent experimental studies of the cules within the simulated methanol fluid phase,
atomic scale structure of aqueous urea solutions,the water structure itself did not appear greatly
and certainly no attempt to see if the two phase different from that in the bulk phase, there being
ideas of Frank and Franks or the simpler substi- a significant second shell peak at 4. 5 A in the
tution ideas of Muller have any experimental basis water—oxygen to water—oxygen radial distribution
at the molecular level. On the other hand, computer function, go,,0,(r), despite the high concentration
simulation has been applied to this system fairly of methanol. The observation of a bulk-like
extensively and some recent reviews of the earlier go,0,(r) at high solute concentrations is one
theoretical and simulation work include Hérnan- indicator of possible solute-solute clustering: if

dez-Cobos et al[14], Tsai et al.[15], and Sokolic
et al. [16]. Virtually all the recent simulations
[14,15,17-2] highlight the importance of under-

the water molecules were distributed randomly
amongst the solute molecules at high concentration
the solute molecules would prevent the longer

standing the way urea at high concentration, name-range water network implied by the 4. 5A peak
ly at concentrations greater than approximately 3.5 from forming.

M, causes protein denaturation, although the con- Of the urea—water simulations cited here the
clusions obtained thus far are not in overall agree- issue of solute—solute aggregation is not widely
ment. However, the simulation work of Sharp et discussed, but is referred to specifically in the
al. [20], which looks at the distribution of simulations of Hernandez-Cobos et Hl4], where
water—water H-bond angles in the first hydration the claim is that it is limited to dimers only, and
shell of a series of solutes, including urea at a Sokolic et al.[16,24, who say that solute aggre-
concentration of 1.7, seems to lend support to the gation occurs with all their model potential func-

Muller model, without referencing it directly,
namely that urea fits into the water structure
without modifying the local H-bond structure
appreciably. However it also concludes that there
is the additional factor that urea may bond directly
to the peptide groups, so destabilising the protein.
Clearly, therefore, the problem of protein denatur-
ation by aqueous urea is potentially much more
complex than simply a problem of altered hydro-
phobic interactions in the presence of urea. It is
not obvious that any of the quoted studies, includ-
ing the present one, can really tackle the problem
of protein denaturation by urea at the molecular
level directly. Perhaps the direct computer simu-
lation study of Tirado-Rives et al[22] of this
particular problem is the closest we have come so
far to achieving that goal.

One feature to emerge in many recent simula-
tions of various solutes in water is the phenomenon
of solute aggregation in the simulation. Such
molecular segregation was observagerimental-
ly in a recent neutron diffraction investigation of
concentrated methanol in watémolar ratio 7:3,

tions to a greater or lesser extent. Six of the cited
simulations show the estimatgd,, o, (1) explicitly
[14-17,19,24 In all six cases the estimated
gowow(r) look remarkably bulk-like even at high
concentration, implying perhaps that urea cluster-
ing is occurring to some extent in these
simulations.

The above list of references to previous work
on urea in water is certainly not complete and
more studies could have been cited. It does, how-
ever, underline the ongoing considerable uncertain-
ty that still surrounds the question of how urea
incorporates into water structure, and the consid-
erable importance that is attached to understanding
this system at the molecular level.

Since the previous neutron stufty3] much has
changed in the way diffraction experiments are
analysed. Fundamentally it is now possible to
perform a computer simulation of the system being
studied [25] closely analogous to the ones cited
above alongside the diffraction experiment and use
the diffraction data to help refine the configura-
tions of molecules in the simulation. One manifes-

where it was seen as a decrease in the near-tation of this method is called empirical potential
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structure refinementEPSR [26], which is partic- (5) protiated ured® N in P O. Diffraction data for
ularly appropriate for molecular systems. For water each sample were measured on the small angle
[27] and tertiary butanol28] this approach has neutron diffractometer for amorphous and liquid
led to much insight into local correlations, in samples at ISIS, UK, corrected for attenuation and
particular the spatial density functiof29-31, multiple scattering, and normalised to the scatter-
around solute and water molecules, which was not ing from the incoherent scatterer vanadium, using
available by traditional methods of analysing the ATLAS suite of program$32]. The result is a
measured radial distribution functions. Thus, many differential scattering cross-section per atom of
of the measures of structure available to the sim- sample for each sample.
ulator become available to the experimentalist as  The differential cross-sections for samples,
well, albeit with the caveat that the result will still (2) and (3) were analysed using the method of
depend on the extent that the data are sensitive toSoper and Luzai33] to yield three composite
the particular measure of structure chosen. In partial structure factors, HH, XH and XX, where
EPSR, there is a reference potential that is essen-H represents a weighted sum of the water hydrogen
tially the potential that would be used in a con- atoms(H,,) and urea(H,), and X represents a
ventional simulation without diffraction data, so weighted sum of the non-substituted atoms, namely
on that basis the conclusions drawn are no lesswater oxygern(O,,), urea carborfC) urea nitrogen
valid than in any other simulation. The fact that (N) and urea oxygeKO). In addition, a first order
the configurations of molecules are guided by the difference was taken between the data of samples
diffraction dataas well as the reference potential (4) and (5) to yield a weighted sum of the
can in our view only benefit the outcome. nitrogen—other correlations. Thus, there were four
In the rest of this paper we describe a new sets of composite structure factor that could be
neutron diffraction experiment on the urea water applied to the EPSR computer simulation. In terms
system, using deuterium isotope labelling on the of the individual site—site partial structure factors
water and urea hydrogen atoms, &id N labelling these composite structure factors are expressed as
on the urea nitrogens. The system has been studiedveighted averages of the relevant partial structure
at three concentrations and two temperatures, butfactors:
for the present purpose we will concentrate on the
study at 298 K and molar ratio 1 urea molecule:4 ancsbubBSaB(Q)
water molecules. The data are analysed via theS(Q): o (1)
EPSR technique that is used to establish the salient b b
features of the structure of this solution. ;c‘*CB «”p

2. Method wherec,, b, are the atomic fraction and coherent

neutron scattering length of speciesrespectively,
the partial structure factors,z(Q) are defined in
terms of the corresponding site—site radial distri-
bution function between sitas and B, g.p(r):

Samples of deuteriated and protiated urea were
obtained from Aldrich Chemical Company as well
as protiated urea with® N substitution. The chem-
icals were used as supplied by Aldrich without
further purification. Three concentrations of urea . )
were studied with molar ratios urea:water of 1:4, Sas(Q)=4Trpf rz(gaﬁ(r)_l)wdr (2)

1.8 and 1:16, respectively, but only the 1:4 data, or

corresponding to an atomic number density of

0.103 atomgA® will be discussed further here. At andp is the atomic number density of the sample
each concentration 5 solutions were prepared, (0.103 atomgA2 in the present caseIn Eq. (1)
namely (1) deuteriated urea in heavy water, D O; the sum is done only over those pairs of atom
(2) protiated urea in H Of3) a 50:50 mixture of  types relevant to each specific composite partial
(1) and (2); (4) protiated ured® N in B O; and structure factor.
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The specific weighting factors for each of the Table 1
measured composite structure factors in the present*ssumed geometry of the urea molecule
experiment were:

Atom Average intramolecular
pair distance or angle
SNX=0'07$NC+0'06$NO+0'17$NN c-0O 122:A
+0.143F\y, +0.25% 0, C—N 1.39 A
+0.285 3 N-Hy 101 A
NFw N-O 234A
N-N 231 A
SHH=O.111SHUHU+O.44$HUHW HU_HU 1.74 ZA .
+0.44%8 1 (4 C—Hy(D), C-H,(2) 2.04 A, 211°A
Z/NCN 112.4
ZNCO 127.3
SXH=OO4ECHU+0036‘OHU+O11$NHU /HNH 118.9
+0.143% 6,1, +0.085 cyy,, £CNH(1), ZCNH(2) 1155, 122.3
+0.0715op,, +0.228 Assumed intramolecular distances for the urea molecule
+0 28590WH (5) used in the EPSR simulatiofia) and(c), i.e. planar geometry.
: W

Hu(2) refers the hydrogen atom furthest from the central axis
of the urea molecule, l{2) refers to the hydrogen atom closest

and to the central axis. For simulatidiip) the amine hydrogens are
allowed to rotate about the C—N axis, but the other molecular
Syx =0.01Fcc +0.0265 o+ 0.0845 parameters are unchanged.

+0.105 g, +0.0115 5o+ 0.073 oy
+0.09%8 60, +0.118 yn+0.293 g,
+0.18% (6) neutron crystallography demonstrate unambiguous-
owOw ly that the NH, groups lie planar with the rest of
where C, O, N and H represent the carbon the moleculg35]. Careful examination of the urea

oxygen, nitrogen and hydrogen atoms on the urea crystal structure shows a coordination number of

molecule, respectively, and uH represent the ei_ght H-bonds: one each from _the four protons,
oxygen and hydrogen atoms on the water mole- With the carbonyl oxygen accepting four H-bonds,
cule, respectively. In these equations all the partial instead of the canonical maximum of two H-bonds

structure factors,,, depend implicitly on the wave ~ P€r oxygen atom. .
vector change in the diffraction experime@= Quantum calculations show that in the free
47 sin®/\, where B is the scattering angle in the molecule the hydrogen atoms are out of the plane
diffraction experiment and\ is the neutron ©f the N;—G=0 backbone[34]. In fact, when the
wavelength. electronic structure calculation is done with urea
Assumed molecular structure parameters for the constrained to thé€crystalling planar geometry, a
urea molecule are given in Table 1 where they are Vibrational frequency calculation obtains two
seen to be very close to the values obtained in aimaginary frequency normal modes, showing that
combined microwave spectroscopy and electronic the isolated planar urea geometry is a saddle point,
structure study of uref34]. The tabulated values not a stable ground state minimum.
were obtained by comparing the computed radial ~ Another interesting feature of the electronic
distribution for each composite structure factor structure of urea is the electrostatic potential
with the direct Fourier transform of the diffraction (ESP), which is correlated with the probability for
data and then comparing peak positions in the 1-3 H-bonding. The ESP for urea is shown in Fig. 1.
A region. Unlike most other organic molecules containing
One aspect of the urea molecular structure that oxygen atoms, the urea oxygen atom is surrounded
does not seem to be well established is the orien- by a hemispherically symmetric ESP. This indi-
tation of the-NH groups in solution. X-ray and cates that H-bonding can occur for all angles
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Fig. 1. Estimated ESPs for thgas-phaskeurea molecule}36]
using MP26-311+ +G(d,p) optimization, no symmetry con-
straints. The envelope shows the contour at the 0.04Aé
density level.

surrounding the urea O, and also is consistent with
the H-bonding observed in the crystal structure.

Ishida et al. have investigated aqueous urea at

low concentrationd36] using an extended refer-
ence interaction site self-consistent fi¢dRISM-
SCP model [37]. This model solves the quantum
electronic structure of the urea in a classical
electric field provided by a model water potential.
Their results showed aqueous urea at infinite dilu-
tion to have nonplanar NH groups, and substantial
H-bonding with water. Integration of the relevant
radial distribution functions indicates that there is
an average of 5.6 water molecules hydrogen-
bonded to urea.

Therefore we ran two simulations, one with all
of the atoms confined to the plane of the molecule,

and another where the hydrogen atoms could rotateOw
about each of the respective C-N axes, to see if ¥

there was any sensitivity in the neutron data to
this rotation. In addition, a further simulation was
run using identical conditions as the first two, but
using the reference potential on its own without
empirical potential refinement to establish the

A.K. Soper et al. / Biophysical Chemistry 105 (2003) 649-666

influence of the diffraction data on the calculated
distribution functions.

The simulations were performed in a cubic box
of dimension 28.9539 A, containing 125 urea
molecules and 500 water molecules, giving an
atomic number density of 0.103 atoyws’. This 1
urea:4 water ratio corresponds to an8.55 M
solution, which is frequently used for denaturation
of proteins. Table 2 lists the Lennard—Jones para-
meters and assumed effective charge for each atom
type [38]. Lorentz—Berthelot mixing rules were
used for dissimilar atom paif89]. Note, however,
that whilst these values are the same as used in
the previous simulation studj22], the assumed
molecular geometries for urea and water are guided
by the data. Thus, for example, the assymed
average @ K, bond distance in water is 0.976 A
and the assumed averagg,HyH distance is 1.55
A, in accordance with their experimental values,
rather than the values used in the original SEC
potential[40]. In addition, a Gaussian distribution
is used to distribute the actual bond distances for
any given molecule about their average values, to
simulate the observed zero-point disorder in the
molecules. For these reasons a simulation of the
system using these potential values on their own
would give somewhat different results compared
to those where the original molecular geometries
are used. In EPSR the standard minimum image
convention is applied, but no correction is made
for long-range forces because the diffraction data

Table 2

Reference potential parameters for the urea—water system

Atom & o Charge
(kJ/mol) (A) (e

C 0.439 3.750 +0.1420

¢} 0.878 2.960 —0.3900

N 0.711 3.250 —0.5420

Hy 0.000 0.000 +0.3330
0.650 3.166 —0.8476
0.000 0.000 +0.4238

Lennard—-Jones parameters and effective charges used to
generate the reference potential in the EPSR simulation. The
parameters for urea are taken from the OPLS mda8|. The
parameters for water are those of the $E@nodel [40]. For
atoms of different type the standard Lorentz—Berthelot mixing
rules were applied.
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Fig. 2. Diffraction data(circles for each of the functions listed it3)—(6) for a 1:4 molar ratio urea—water solution. The EPSR
simulations of these dat&olid line9 are shown in(a) for the case where the NH groups are held close to the plane of the urea
molecule,(b) where these groups are allowed to rotate out of this plane(@nthe same a$a) but with the reference potential

on its own and no refinement of the empirical potential.

do not provide useful information beyond approx-
imately 10-15 A. Instead all potentials are trun-
cated smoothly at half the box dimension.

Once the EPSR simulation is equilibrated, a
number of other structural quantities can be cal-
culated from the simulated molecular ensembles
including the site—site radial distribution functions,
the solvent-solvent, solute—solute and sol-
ute—solvent spatial density functions, and other
correlation functions as described below.

3. Results
3.1. Fits to the diffraction data

Fig. 2 shows the comparison of calculated struc-
ture factors with the diffraction datéa) using

hydrogen atoms to rotat€éabout each of their
respective C—N ax@wut of the plane of the urea
molecule; and(c) the same as simulatiofa) but
using the reference potential on its own with no
empirical potential refinement. Fig. 3 shows the
, Same comparisons in space. As can clearly be
seen from the figures, the empirical potential gives
a marked improvement in fit compared to running
the simulation with the reference potential on its
own. The average RMS deviation between diffrac-
tion data and fit for(a) was 0.029 compared to
(b) where it was 0.026 antt) where it was 0.037.
This indicates that allowing the urea hydrogens to
rotate out of the plane makes only a slight
improvement in the quality of fit. The present data
for the XX, XH and HH structure factors is much
improved over the previous neutron ddfis8] due

structure refinement, but keeping the urea hydro- to the more advanced instrumentation and analysis
gen atoms close to the plane of the urea molecule; techniques now available. Note that the XX func-
(b) using structure refinement, allowing the urea tion was not available in the previous neutron
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gxx(r) gxx(r) gxx(r)

o L 0 L
0O 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
r [&] r [&] r [&]

Fig. 3. EPSR simulations the same as in Fig. 2, but this time showing the resulpace.

experiment. The radial distribution function from was almost random, indicating there was nothing
the XH structure factor of the present data shows in the diffraction data nor in the assumed inter-
a much more pronounced peak atl.85 A com- molecular potentials that restricts the urea hydro-
pared to previously13], which is almost certainly gen atoms to lie near the plane of the urea
a consequence of the much better counting statis-molecular backbone. Given that the fit for this
tics and instrument resolution that are now avail- case is only marginally better thdm) there is no
able. On the other hand, the nitrogen first order clear verdict from these data on the degree to
difference data, although showing good overall which the hydrogen atoms lie out of the molecular
agreement with the previous result, do not appear plane, except to say that equally there is no strong
quite as reliable as before—some tiny Bragg oscil- evidence that theseust be confined to that plane.
lations are discernible in th@ range 2—4A, and (Bear in mind that due to the Gaussian distribution
these have subsequently been traced to the neutrorof atom positions that has been used to simulated
beam not being sufficiently well collimated near zero-point disorder, even for simulatiof@ the
the edges of the sample containment. It is not NH, groups did not lie precisely in the plane of
believed these small peaks have an undue effectthe urea molecule. Rotation angles of upt&0°
on the final outcome of the structure refinement. were found in that casg.
In any case they only affect one out of the four
sets of data. 3.2. Water radial distribution functions

The distribution of rotation angles for the NH
headgroups about the C—N axis was calculated for Fig. 4 shows the water—water site—site radial
simulations (@) and (b). It was found that for  distribution functions derived from the EPSR sim-
simulations(b) the distribution of rotation angles ulation for the 1:4 urea:water solution and com-
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3.3. Urea—urea, urea—water and water—water
hydrogen bonding

The radial distribution functions associated with
urea—urea and urea—water hydrogen bonding are
shown in Fig. 5. The N@ and N radial
distribution functions are also shown for compari-
son. A pronounced first peak is evident for all the
oxygen—hydrogen radial distribution functions,
indicating clear hydrogen bonding between solute

8 T T T T T T T T | T

gOHU<r)

9o, h,("

gOHw(r)

ngHu(r)

y/\

- [&] o, (")

Fig. 4. Water—water site—site radial distribution functions 2

(OwOw, OvHy, and K, K, ; lines for 1:4 urea—water solu-
tions, compared to the same functions in pure wétrshed

r
lines). Significant differences are observed particular in the gNHw( )
second peak in the @ @ function. I
L f L L | ! L f L | L
5

pares them to the equivalent functions for pure O

water. It is noted that all three functions are 10
markedly affected by the presence of urea at this
concentration, particularly the @ @ function,

since the 4.5 A peak in this function for pure _ L . .

. . . Fig. 5. Some of the site—site radial distribution functions asso-
water has _'arge'Y disappeared _m urea water at this ciated with hydrogen bonding between urea molecules and
concentration. It is therefore evident that urkas between water and urea at a 1:4 urea—water ratio. Also shown
have a marked affect on local water structure in are the relevant nitrogen—water radial distribution functions. In
solution, and, in the light of the discussion in the contrast to the oxygen hydrogen functions, the nitrogen—water
introduction, the severely depleted 4?5 A peak at functions show no sign of direct water—nitrogen bonding,

h high ncentration probablv means th tdespite the negative charge on the nitrogen in the reference
such a high concentration probably means ha potential. This can be seen by the lack of a characteristic nitro-

urea does not Qggregate appreciably, even at thisgen to hydrogen peak at a distance shorter than the correspond-
high concentration. ing nitrogen oxygen peak.

r [A]
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Table 3 larger than the stoichiometric ratio of urea oxygen
Coordination numbers associated with hydrogen bonding atoms to water oxygen aton(d.:4) in this case
This may not be significant given the likely uncer-

Atom Relevant  ryin Coordination number, o o .
pair rdf (A) C., (atom9 tainties on these numbers, but if it were true it
would indi light tendency for water hydro-
Ho 2bout Qv OwHo, 235 137 ould indicate a slight te ple cy for water hydro
H, about Q,  OwHy 245 059 gen atoms to prefer bonding to urea, rather than
Oy about Hy  OwHy 235  0.69 to other water molecules. From the urea point of
O about Hy OHy 250 0.21 view, the number of water hydrogen atoms about
Hy about O OHy 250 1.70 the urea oxygen atom is 1.70, while the number
Hy about O - OH, 262 0.79 of urea hydrogen atoms about the urea oxygen
Ow about H, OwHy 2.45 0.59 . L.
O about H, OH,, 262 020 atom is 0.79, giving a total urea oxygen H-bond

number of 2.49. This is well in excess of the 2 or
: : : less that might be expected on the basis of the
of oxygen and hydrogen atoms for 1:4 urea:water solutions. - . .
These are estmated from the formulaC,,= charge on this atom in the reference pote_ntlal, but
A7 pafirmr2g. o (r)dr, where G is the coordination number of ~ NOte again that the ratio of these numbers is closely
B atoms aboutx and ry,;, is the radius of the first minimum  in proportion to the stoichiometric numbers. For
of the relevant radial distribution functiofrdf). urea hydrogen atoms the total oxygen number is
0.79 atoms per hydrogen atom, so the total urea
molecules, between solvent molecules, and hydrogen to other oxygen atom H-bond number is
between solvent and solute. In contrast to this approximately 3.16. Overall therefore the urea
there is no evidence for hydrogen bonding to the molecule has a high degree of hydrogen-bonding,
(negatively chargedurea nitrogen, even though it approximately 5.7 bonds per urea molecule at the
has a more negative charge than the urea oxygenpresent molar ratio of 1:4, compared to the crys-
in the simulation. talline number of 8 H-bonds(As proven by the
Table 3 lists the relevant coordination numbers crystal structure, the urea oxygen atom can accept
of both urea and water hydrogen atoms about both as many as four H-bonds, so one might expect the
urea and water oxygen atoms, likewise for oxygen urea hydrogen bond number to change with
about hydrogen, and the limits of integration as decreasing concentration as more water becomes
derived from the radial distribution functions of available to form bonds. We will discuss the effect
Figs. 4 and 5. We will associate these coordination of concentration on this number in a separate
numbers as being representative of the number of paper) Thus, both urea and water have substantial
hydrogen bonds between each respective atom pairH-bonding in the solution and the fact that the
This is obviously an oversimplified definition, but hydrogen bond numbers at each site are on average
since the precise definition of the hydrogen bond close to stoichiometry at the concentration of the
is unknown in a simulation of this nature the experiment suggests that there is no marked pref-
coordination numbers should at least p@por- erence for water or urea to bond either to them-
tional to the degree of hydrogen bonding in each selves or to each other. In other words urea and
case. From the table we see that around the waterwater appear to readily substitute for each other in
oxygen, there are 0.59 bonds to urea hydrogen solution, while maintaining a high degree of H-
atoms and 1.37 H-bonds to other water hydrogen bonding in each case. However, this is achieved
atoms. The ratio of these two numbers is close to only by substantial disruption to the water network,
the stoichiometric ratio of urea and water hydrogen as shown by the substantial decrease in the 2nd
atoms in the mixturé4:8), indicating that there is  coordination peak at 4.5 A in gowodl(r) (Fig. 4).
no preference for water or urea to hydrogen-bond
to a water oxygen. On the other hand, around the
water hydrogen atom there are on average 0.22
bonds to urea oxygen atoms and 0.69 bonds to Fig. 6 shows the spatial density functions(ej
other water oxygen atoms. This ratio is slightly water around water antb) urea around water for

This table lists the coordination numbers of different pairs

3.4. Spatial density functions and the degree of
chain formation
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Fig. 6. Spatial density function of water about watey, and
urea about watefb). The contour level for this isosurface plot

the 1:4 urea:water solution. Apart from the change
in centre to centre distance between the two
graphs, one is immediately struck by the great
similarity between these functions. Given the much
larger size and different geometry of the urea
molecule it is remarkable these two functions
should look so similar. These plots therefore also
suggest that urea molecules and water molecules
readily substitute for each other in the solution.
Fig. 7 shows the spatial density functions obtained
from EPSR for(a) urea about urea ant) water
about urea. Here again there are many similarities,
for example the broad band over the top of the
central molecule and the two lobes along the
positive and negative-axis.

The ‘head to tail' configuration of the urea
molecules seen Fig. 7 is reminiscent of the stacked
linear ordering along the crystallineaxis. This
suggests that it might be worth checking the degree
to which urea molecules are clustered or have
formed chains in the liquid. To this end an analysis
of the simulated molecular configurations was
performed in which urea molecules hydrogen
bonded to another urea molecukccording to the
specification given in Table 3, namely the hydro-
gen atom on one molecule is no more than 2.62
A from the oxygen atom of another urea molegule
were classified as belonging to the same cluster.
The distribution of cluster sizes was averaged over
approximately 2400 molecular configurations, with
the result shown in Fig. 8. No analysis has been
done to ascertain the degree of branching in these
clusters, but it is clear from this figure that a high
degree of linking between urea molecules can
occur at this concentration. The variance on these
numbers is as large as the numbers themselves,
indicating that the clustering is not static, but
fluctuates rapidly as the simulation proceeds, as
was seen in the simulation of SoKolic et &L6].

We note that approximately 11% of the urea
molecules occur singly, but the remainder are in
clusters or chains of size ranging from 2 up to
~60 urea molecules in the cluster. This clustering

has been set to include 15% of the molecules in the distance js achieved without the urea segregating from the

range 0-5 A for both water and urea. Distances are measured
from the oxygen atom on the water molecule and from the
carbon atom on the urea molecule. We note the great similarity

water—if the latter happened we would not have
seen the near-stoichiometric ratios in the hydrogen

between water about water spatial distribution function, and BONd numbers for water vs. urea hydrogen bond-

water about urea spatial distribution function.

ing. Presumably therefore the 4 amine hydrogen
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Fig. 7. Same as Fig. 6, but now for urea about uf@aand
water about ure&b).

lower contour level that contains 40% of the
molecules within the 0-5 A distance range. Fig. 9
clearly shows that the local water structure in
concentrated aqueous urea solutions is substantial-
ly disrupted compared to pure water.

4, Discussion

The results described in the previous section
appear to give a consistent view of the way urea
enters aqueous solution, although they do not
appear particularly consistent with many of the
previous simulations of this system. Overall, we
see a situation where urea substitutes for water in
the water hydrogen bond network. The molecular
volume of urea is nearly three times that of water.
However, water at ambient conditions is far from
close-packed, so that the molecular volume of urea
actually displaces approximately two water mole-
cules, not three. Consider water dimers and trimers
that have an ice-like configuration. The two water
molecules of such a dimer will have a combined
total of eight possible H-bonds, with six of the H-
bonds extending to waters outside the dimer. Sim-
ilarly, there would be a possible 12 H-bonds for
an ice-like trimer, with 8 of them to molecules
outside the trimer. In contrast, a crystalline urea
molecule can make 8 H-bonds, occupying a vol-
ume between 2 and 3 water molecules. Quite
simply, urea can dissolve in water for a broad
range of concentrations, keeping a similar number
of H-bonds(relative to wate), while providing a
similar range of geometries for the collection of
H-bonds.

Studying the water—water radial distribution
functions in some of the previous simulations of
urea in waterf14-17,19,28t one gets the impres-
sion in these simulations that water structure is
not much affected by urea even at high concentra-
tions. In the sense that the present results indicate
that urea can readily replace water as a hydrogen-
bonding neighbour, then they agree with those

atoms leave plenty of scope for water—urea hydro- conclusions. On the other hand, in terms of the 3-
gen bonding, even in the presence of a significant dimensional network of water molecules all the

chains or clusters of urea molecules.

present evidence points to a substantial disruption

Finally, in Fig. 9 we compare the second neigh- induced by the presence of urea. Probably it is too
bour shell of water about water in 1:4 urea solu- simplistic to think of this as a simple compression
tions with the same function in pure water, at a of the water structure because the topology of the
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From EPSR simulation

Random cluster model with PU = 0.8

% urea molecules in each cluster

Cluster size [urea molecules]

Fig. 8. Distribution of urea molecules amongst hydrogen-bonded urea clusters. Two urea molecules are considered to belong to the
same cluster when a hydrogen atom on one urea molecule is within 2.6 A of the oxygen atom of another urea molecule.

second shell changes to some extent, but certainlyfact Fig. 8 shows that only approximately 2% of
the spatial density functions of Fig. 9 show signif- the urea molecules are involved in isolated dimers,
icant reduction in the second shell distances com- while the percentage of molecules in trimers and
pared to pure water, just as happens when waterlarger clusters is much higher. It is possible that
is pressurised27]. stoichiometry, combined with optimum occupancy
The finding that the high probability of of H-bond sites, may be the principal explanation
urea—urea hydrogen bonding leads to significant for urea oligomers observed here at high concen-
chains or clusters of urea molecules forming in tration. The discussion about H-bond numbers
solution also seems to be in accord, at least presented in the previous section indicates that one
qualitatively, with the simulation results of Her- expects a urea molecule at the 1.4 urea:water
nandez-Cobos et dl14]. Although the authors did  concentration to have-5.7 H-bonds,~ 3.2 from
not perform a formal cluster analysis as here, they N-H donors, and the carbonyl oxygen accepting
reported that ‘no other polymerisation than dimers ~2.5 H-bonds. It is highly unlikely that the
can be observed’, with the dimers being both stoichiometry of four water molecules per urea can
‘cyclic’, (i.e. 1 hydrogen atom on each urea permit so many H-bonds to urea without urea
molecule bonding to the oxygen of the otheor clustering.
‘head to tail’ dimers, with 1 or 2 hydrogen atoms It is interesting to speculate whether these clus-
on one molecule bonding to the oxygen on the ters are larger or smaller than what might be
other. The network they refer to is then formed expected on a purely random basis. To illustrate
from these urea dimers. Clearly in the present the meaning of this statement Table 3 shows that
EPSR simulation there is a preference for small on average the probability of a single urea hydro-
H-bonded clusters or chains to form, but in addi- gen atom being bonded to a urea oxygen atom is
tion a significant fraction of the urea molecules 0.2 on average. Since there are 4 such hydrogen
are involved in much longer chains or clusters. In atoms on each urea molecule, the probability of
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chain containingV urea molecules ig’ ~b. Thus
the number of urea molecules involved in the
cluster of sizeN is Np¢)~V. Expressing this as a
fraction, F,(N), of the total number of urea mol-
ecules in the solution we obtain

Np{'—»
Y. Np{'—®

N=1

Fy(N)= (7

This function is shown fop,=0.8 alongside
the data of Fig. 8, as well as fgr;,=0.9. The
obvious lack of agreement between HF) and
the simulation signals immediately that such a
simple model is not appropriate in this case. The
difference however indicates that once a chain or
cluster has started to form in the simulation, it is
self-propagating, i.e. once more than approximate-
ly 4 urea molecules have formed into a cluster or
chain, this combined entity somehow raises signif-
icantly the probability of further molecules being
added to the chain or cluster. This emphasis on
the formation of longer chains then automatically
depletes the population of smaller clusters relative
to the random bonding model. Visual inspection
of the present simulation box, Fig. 10, certainly
reveals both ‘ring’ and ‘head to tail’ conformations
but these are usually incorporated into longer
chains, which then may bond back onto the same
chain after several bonds involving additional
intervening molecules. Hence the propensity for
clusters to form from more than 2 urea molecules.
Further inspection of Fig. 10 reveals what appear
to be some cavities in the urea network that would
be filled with water (not shown herg It is not
clear whether this was a feature of this particular
Fig. 9. Comparison of the spatial density function of water c.onflgu_ratl_on- or occurred throughout the _s'mUIa'
about water in urea—water 1(4), with water about water in  tion. It is distinct from the type of segregation that
pure water(b). The contour level has been set so that the was observed in methanol-water solutiol®s],
isodensity surface encloses 40% of th(_e mqlecu_les in the dis- since in urea—water the water is incorporated by
e i o o ferion 11 ¢ hyrogen bonding directly ino the clusters and
chains, as well as into the region between them.

To investigate further the degree to which water

any urea molecule being H-bonded to another is and urea segregate in this system a triplet angle
pu=4%x0.2=0.8. If we assume this value is inde- distribution function was calculated for all the

pendent of how many other urea molecules are water molecules in 1:4 urea—water, and compared
bonded to the first urea molecule, etiere they with the same function for pure water. Triplets of
are bonded, then the likelihood of a cluster or water molecules in the simulation box are identi-
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Fig. 10. Stereo plot of one EPSR simulation box of urea—water 1:4 showing only the urea molecules. Carbon atoms are shaded
black, urea oxygen atoms are white and urea nitrogen atoms are grey. Black lines show the CN and CO intramolecular bonds, while
the white bonds represent nitrogen—oxygen distances less than 3.6 A between different molecules. These coincide closely with the
hydrogen bonds between urea molecules. For clarity the urea hydrogen atoms and water molecules are not shown.

fied when at least two pairs of molecules within

the triplet are nearest neighbours,ci.e. the separation | ——m——————F—————F————

of their oxygen atoms is<3.3 A. The angle

between the two pairs of neighbours is used to

generate a histogram of such angles. Fig. 11 shows0.8

the result of this calculation and compares it to

the result of the same calculation for pure water.

In a further investigation, a constraint was placed 0.6

on the water molecules that they musts lie

within the first coordination shell of any urea

carbon (r>5.1 A), urea oxygen(r>3.6 A) or 0.4

urea nitroger(r> 4 A). This however yielded only

a handful of water molecules available out of 500

in the box, and none of them satisfied the condition 0.2

to calculate the triplet distribution, indicating that

virtually all the water in this system is in the first

shell of one or more of the urea atoms. We O

therefore conclude from this and from Fig. 11 that B

water and urea do not segregate appreciably in this cos 6

sys.tem, and -t-hat the water structure is indeed Fig. 11. Triplet angle distribution functioR(cos6) for water

radically modified compared to bUIk_ water. molecules in 1:4 molar ratio urea—waféine) compared to the
The present results may also give us at least same function for pure wate(ircles. Note the sharp dimi-

some speculative insight into the solubility of nution of the broad feature near dbs- —0.2, which in pure

alkanes in urea water, and into the denaturing water is indicative of the tetrahedral H-bond network being

abilities of urea, closely analogous to what previ- present at short distances. Note also a slight shift to larger

o angles. At the same time there is marked growth in this func-
ous work has |nd|cateﬁ15,21,41. We have seen tion around co$ =0.5, corresponding to near neighbour inter-

that urea r_eadily intercepts the Water—Wate'f hydro- stitial molecules, and indicating a highly distorted local water
gen bond in solution and appears to substitute for structure in the 1:4 molar ratio urea solution.
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it easily. When a small alkane molecule like reduced, whereas if the solvation shell can accom-
methane dissolves in water, the water needs to modate urea as well, then the solubility is
form a shell around it consisting of 16-20 mole- enhanced. On the other hand, the observations
cules, which it can do fairly easily with only derived from Figs. 10 and 11 that there is little
slightly distorted hydrogen bonds and little change segregation taking place in this system, is in
in the overall number of H-bonds per water mol- agreement with the analysis of Tsai etfdl5], and
ecule. On the other hand, with urea present, the argues against the Frank and Franks hypothesis
relatively large size of the urea molecule would [1] that water somehow segregates into two forms,
make it awkward to fit around the small methane with urea going only into the denser form. Inter-
molecule. Thus, to get methane into aqueous ureaestingly, however, we do see a break up of the
at high concentrations of urea requires significant tetrahedral network of pure water as a result of the
breaking of the water—urea bonds so that a shell addition of urea.

consisting purely of water molecules can be cre-

ated for the methane. This is likely to be energet- 5. Conclusion

ically unfavourable, leading to lower methane
solubility compared to pure water. On the other

hand, for larger alkanes the shell becomes elon-

A new neutron diffraction experiment looking
at the urea—water system at a 1:4 molar ratio has

gated along the alkane chain, and so in that casebeen described here. Using EPSR a molecular

the larger urea moleculean cooperate with the
water to form a shell without breaking the

model of the system was set up to give structure
factors closely similar to the diffraction measure-

water—urea hydrogen bonding, and so increase thements. Overall the agreement is good, with some

solubility of the alkane.
A similar kind of argument could be used to

fairly minor discrepancies that are interpreted as
arising from unknown errors in the corrections that

explain the protein denaturing that takes place in have to be made for attenuation, multiple scatter-

urea solutions. Being a larger molecule which

ing, and inelastic recoil of the atomic nuclei. The

nonetheless readily hydrogen bonds to water, ureamodel derived from this process has been used to

is able to assist hydration of the hydrophobic
residues of the protein molecule around which
water on its own would have greater difficulty
forming a solvation shell. The increase in the
solubility of the residue, together with any direct
interaction the urea molecule might have with
hydrophilic residues, would lower the threshold
for protein denaturation. This would only work at

investigate a number of structural quantities of the
solution, in particular the change in water structure
induced by the urea compared to pure water, the
degree of possible hydrogen bonding in the solu-
tion, and the extent to which transient chains and
clusters of urea molecules occur in the solution.
Compared to previous simulations of this sys-

tem, and in contrast to recent data on the methanol-

high urea concentrations since the mechanism water system at an even higher concentraf2sj,

requires the urea to be readily available for hydro-

phobic hydration.

Obviously these qualitative ideas need to be
explored more quantitatively, but they do seem to

support the earlier simulation results of Kuharski
and Rossky[10] and the basic assumptions of

Muller [9] that in concentrated urea water systems,
both the urea and the water will be incorporated

into the solvation shell of hydrophobic entities,

due to the strong propensity for urea and water to

form hydrogen bonds with each other. If the

urea mixes in well with the water molecules, but
in doing so has a drastic effect on the water—water
second neighbour shell. On average the degree of
possible hydrogen bonding between urea and water
compared to that between urea and urea is in close
proportion to the relative numbers of each mole-
cule in solution, suggesting that urea simply replac-
es water on a more-or-less random basis as a
hydrogen bonding neighbour. This, however, does
not stop the formation of transient hydrogen-
bonded urea chains and clusters within the solu-

geometry of that shell prefers only water hydrogen tion, due to the large number of sites available on

bonding then the solubility of that entity will be

the urea molecule for hydrogen bonding. In con-
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trast to some recent simulations of urea in water
[24] there is little evidence for urea molecules
segregating themselves from the water in this
system.

The same experiment produced data on urea in
water at different concentrations and at different
temperatures, and it is hoped to describe these
data, and explore further some of the issues raised
in this paper, in a later publication. It is clear that
mixtures of urea and water provide a most fasci-
nating and important system to study, and with the
application of modern diffraction methods, com-
bined with computer simulation and other
approaches, some of the uncertainties surrounding
these solutions will start to disappeatr.

Since this article was typeset it came to our
notice that the correct theoretical description for
the cluster size distribution in this case might be
a power law rather than the exponential distribu-
tion show in Fig. 8 and Eq(7). See for example
A. Oleinikova, I. Brovchenko, A. Geiger and B.
Guillot, J. Chem. Phys., vol. 117, p. 3298002.

We will review this power law dependence when
we make the comparison of the present urea water
data with those at two lower urea: water concen-
trations, 1:8 and 1:16 in a future publication.
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