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Time-of-Flight (TOF) and steady state reactor neutron diffraction measurements have been carried out for aqueous
2.5 mol% DL- and L-alanine solutions in order to investigate the differences in intermolecular hydrogen-bonded structure
between solutions involving amino acid molecules with different optical activities. The observed difference functions,
�iðQÞ and �iinterðQÞ, between observed scattering cross sections for DL- and L-alanine solutions with a D content of
96.1% exhibit the first peak located at Q ¼ 2 �A�1 followed by oscillatory features extending up to the higher-Q region.
The difference distribution function, �gðrÞ, obtained from the Fourier transform of �iðQÞ, clearly indicates negative
peaks at r ¼ 2 and 2.5 �A and a positive one at r ¼ 3:5 �A. Partial structure factors, aHHðQÞ, aXHðQÞ, and aXXðQÞ (X:
O, N, C, HM, and HM

0, where HM and HM
0 denote methyl and methine hydrogen atoms within the alanine molecule,

respectively) for 2.5 mol% DL-alanine solutions are successfully determined from combined analyses of intermolecular
interference terms observed for solutions with 96.1, 66.0, and 35.9% exchangeable deuterium content. The nearest
neighbor O���Hex and Hex���Hex (Hex: exchangeable hydrogen atom) distances are determined from the least squares fit
of the observed partial structure factors, 1.90(1) and 2.48(1) �A, respectively. These values correspond to the positions
of negative peaks observed in the present �gðrÞ function. The least squares fitting analysis of the observed �iðQÞ
revealed that the difference in the coordination number of the nearest neighbor O���Hex and Hex���Hex interactions between
the DL- and L-alanine solutions are �0:031ð5Þ and �0:072ð5Þ, respectively. It is concluded that the intermolecular
hydrogen bonds among solvent water molecules in the DL-alanine solution are ca. 2% weaker than those in the L-alanine
solution.

The optical activity of amino acid molecules plays an im-
portant role in various fields of chemistry and biology. Al-
though the chemical properties of L-amino acids and the DL-
racemic mixture (equimolar mixture of D- and L-amino acid
molecules) are identical, the solubility in water is known to
be slightly different between L- and DL-compounds.1 This sol-
ubility difference is enhanced when the solvent is substituted
by heavy water. In fact, the solubility of L-alanine in D2O is
ca. 17% lower than that for DL-alanine (3 mol% DL-alanine
in the saturated solution).2 This difference in solubility may
be related to the different intermolecular hydrogen-bonded
structure in the crystalline state.3 On the other hand, this solu-
bility difference may cause a difference in the hydrogen-bond-
ed network of the solvent water molecules at higher solute
concentrations. According to an earlier Monte Carlo simula-
tion study on chiral discrimination between D- and L-alanine
molecules, homochirality is slightly favorable at short intermo-
lecular distances.4 However, an experimental study on the ef-
fects of the different optical activity of solute molecules on the
intermolecular hydrogen bonds among solvent molecules has
not yet been reported. In order to deduce information on the
intermolecular hydrogen bonds in solution, neutron diffraction
with H/D isotopic substitution is one of the most suitable
experimental techniques.

In the present paper, we describe the results of neutron dif-
fraction measurements on aqueous 2.5 mol% DL- and L-alanine

solutions with different H/D isotopic compositions in order to
discuss the effects of differences in the optical activity of ami-
no acid molecules on the intermolecular hydrogen-bonded
structure in aqueous solution. The difference interference func-
tion, �iðQÞ, was determined from the difference between the
scattering cross sections observed for DL- and L-alanine solu-
tions in which 96.1% of the exchangeable hydrogen atoms
have been substituted by deuterium atoms. The difference dis-
tribution function, �gðrÞ, was obtained from the Fourier trans-
form of the observed �iðQÞ. Intermolecular partial structure
factors, aHHðQÞ, aXHðQÞ, and aXXðQÞ, for the 2.5 mol% DL-ala-
nine solution, were determined by a combined analysis of the
intermolecular interference terms observed for solutions in
which isotopic compositions of exchangeable hydrogen atoms
were 96.1, 66.0, and 35.9% D.

Experimental

Materials. DL-CH3CH(NH2)COOH and L-CH3CH(NH2)-
COOH (natural abundance, Nacalai Tesque, guaranteed grade)
were dissolved in D2O (99.9% D, Aldrich Chemical Co., Inc.)
and in H2O–D2O mixtures to prepare six aqueous 2.5 mol% ala-
nine solutions with different H/D isotopic ratios of exchangeable
hydrogen atoms,
I: [DL-CH3CH(ND2)COOD]0:025(D2O)0:975,
II: [L-CH3CH(ND2)COOD]0:025(D2O)0:975,
III: [DL-CH3CH(N

0H2)COO
0H]0:025(

0H2O)0:975,
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IV: [L-CH3CH(N
0H2)COO

0H]0:025(
0H2O)0:975,

V: [DL-CH3CH(N
0{2H2)COO

0{2H]0:025(
0{2H2O)0:975, and

VI: [L-CH3CH(N
0{2H2)COO

0{2H]0:025(
0{2H2O)0:975,

respectively.
The superscript ‘‘0’’ in sample solutions III and IV denotes the
null mixture, in which the average coherent scattering length of
the exchangeable hydrogen atoms is set to zero. In sample solu-
tions V and VI, the isotopic composition of the exchangeable hy-
drogen atoms has been chosen to be the mean value of D and 0H,
i.e., b0{2H ¼ ðbD þ b0HÞ=2. The sample parameters used in the
present study are listed in Table 1. The coherent scattering
lengths, scattering and absorption cross sections for O, N, and C
nuclei were those tabulated by Sears.5 The wavelength depend-
ence of the total cross sections for H and D nuclei was estimated
from the observed total cross sections for liquid H2O and D2O,
respectively.6

Reactor Based Neutron Diffraction Measurements. Sample
solutions I to VI were sealed into cylindrical fused quartz cells
(11.4 mm in inner diameter and 1.2 mm in thickness). Neutron dif-
fraction measurements were carried out at 25 �C using the ISSP
4G (GPTAS) diffractometer installed at the JRR-3M research re-
actor operated at 20 MW in the Japan Atomic Energy Research
Institute in Tokai, Japan. The incident neutron wavelength, � ¼
1:096� 0:003 �A, was determined from Bragg reflections from
the KCl powder. Beam collimations used were 400–800–800 in go-
ing from the reactor to the detector. The aperture of the collimated
beam was 20 mm in width and 40 mm in height. Scattered neu-
trons were collected over the angular range of 3 � 2� � 115�,
corresponding to the scattering vector magnitude range of 0:30 �
Q � 9:67 �A�1 (Q ¼ 4p sin �=�). The step interval was chosen to
be �ð2�Þ ¼ 0:5� in the range of 3 � 2� � 40�, and �ð2�Þ ¼ 1� in
the range of 41 � 2� � 115�, respectively. The preset neutron
monitor count was 1160� 106. Measurements of the scattering in-
tensities from the vanadium rod (8 mm in diameter), empty cell,
and background were made in advance. The total number of scat-
tering neutrons accumulated for each data point of a sample solu-
tions was at least 4:0� 105, which corresponds to a statistical un-
certainty of 0.16%.

TOF Neutron Diffraction Measurements. Sample solutions
I and II were sealed into cylindrical Ti–Zr null alloy cells (8.0 mm
in inner diameter and 0.3 mm in thickness). TOF neutron diffrac-
tion measurements were carried out at 25 �C using the HIT-II
spectrometer7 installed at the High Energy Accelerator Organiza-
tion (KEK), Tsukuba, Japan. Scattered neutrons were detected by
104 3He counters covering a scattering angle of 10 � 2� � 157�.

The data accumulation time was ca. 8 h for each sample solution.
Measurements were made in advance for an empty cell, instru-
mental background, and a vanadium rod of 8 mm in diameter.

Data Reduction. Reactor Data: The observed scattering in-
tensities were corrected for background scattering and absorption
by both the sample and cell.8 The corrected count rate of the sam-
ple solution was converted to the absolute scale by the use of scat-
tering intensities from the vanadium rod corrected for the absorp-
tion and the multiple scattering9 contributions. The self scattering
intensities for the sample solutions, which involve contributions
from the coherent, incoherent, multiple, and inelasticity scattering,
were estimated by the polynomial expansion method proposed by
Bellissent-Funel et al.10 The observed total scattering intensities,
ðd�=d�Þobs, involving coherent, incoherent, and multiple scatter-
ing contributions can be approximated by the following equation:

ðd�=d�Þobs ¼ �½ðd�=d�Þintintra

þ ðd�=d�Þintinter þ ðd�=d�Þself�; ð1Þ

where � denotes the normalization factor, in which the uncertainty
in the absorption correction is included. ðd�=d�Þintintra and
ðd�=d�Þintinter stand for the intra- and intermolecular interference
terms. ðd�=d�Þintintra scaled in the stoichiometric units, [CH3CH-
(N�H2)COO

�H]x(�H2O)1�x, is represented by the sum of contri-
butions from alanine and water molecules, i.e.,

ðd�=d�Þintintra ¼ xðd�=d�Þintintraðfor alanineÞ

þ ð1� xÞðd�=d�Þintintraðfor �H2OÞ; ð2Þ

where

ðd�=d�Þintintraðfor alanineÞ

¼
XX

i6¼j

bibj expð�lij
2Q2=2Þ sinðQrijÞ=ðQrijÞ; ð3Þ

and

ðd�=d�Þintintraðfor �H2OÞ

¼ 4bObH expð�lOH
2Q2=2Þ sinðQrOHÞ=ðQrOHÞ

þ 2bH
2 expð�lHH

2Q2=2Þ sinðQrHHÞ=ðQrHHÞ; ð4Þ

Parameters, lij and rij, denote the root mean square displacement
and internuclear distance for the i–j pair. Values of rij and lij for
the alanine molecule used for Eq. 3 were taken from the literature,
which were determined from single crystal X-ray diffraction3,11,12

and from gas phase electron diffraction13 studies, respectively. In-

Table 1. Isotopic Composition and Average Scattering Length, bHex
, of Exchangeable Hydrogen Atom, Total

Cross Sections and Number Density Scaled in the Stoichiometric Unit, [CH3CH(N
�H2)COO

�H]x(�H2O)1�x,
�t and �, Respectively

Sample
Hex Dex bHex

�t �
/% /% /10�12 cm /barnsaÞ / �A�3

I [DL-CH3CH(ND2)COOD]0:025(D2O)0:975 3.9 96.1 0.626 19.700
II [L-CH3CH(ND2)COOD]0:025(D2O)0:975

III [DL-CH3CH(N
0H2)COO

0H]0:025(
0H2O)0:975

bÞ
64.1 35.9 0 57.074 0.03145

IV [L-CH3CH(N
0H2)COO

0H]0:025(
0H2O)0:975

bÞ

V [DL-CH3CH(N
0{2H2)COO

0{2H]0:025(
0{2H2O)0:975

cÞ
34.0 66.0 0.313 37.131

VI [L-CH3CH(N
0{2H2)COO

0{2H]0:025(
0{2H2O)0:975

cÞ

a) For incident neutron wavelength of 1.096 �A. b) The superscript ‘‘0’’ denotes the isotopic mixture in which
the average coherent scattering length of exchangeable hydrogen atom is zero. c) The isotopic mixture with
b0{2H ¼ ðbD þ b0HÞ=2.
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tramolecular parameters for the water molecule, rOH, rHH, lOH, and
lHH, were those determined from neutron diffraction studies for
liquid pure water.14,15 The self term in Eq. 1 can be expanded in
the following polynomial function of Q:

ðd�=d�Þself ¼ ðd�=d�Þcoh þ ðd�=d�Þinc þ ðd�=d�Þmulti

¼ Aþ BQ2 þ CQ4 þ DQ6 þ EQ8: ð5Þ

Coefficients A–E in Eq. 5 and the normalization factor � in Eq. 1
were determined by a least squares fit to the observed total scatter-
ing cross section in the range of 3:00 � Q � 9:67 �A�1. The fitting
procedure was performed by the SALS program.16

The intermolecular interference term, ðd�=d�Þintinter, was eval-
uated by the following equation:

ðd�=d�Þintinter ¼ ðd�=d�Þobs=�

� ðd�=d�Þintintra � ðd�=d�Þself : ð6Þ

The intermolecular difference function, �iinterðQÞ, between the
DL- and L-alanine solutions was obtained from the following equa-
tion:

�iinterðQÞ ¼ ðd�=d�Þintinterðfor DL-alanine solutionÞ

� ðd�=d�Þintinterðfor L-alanine solutionÞ: ð7Þ

The intermolecular difference distribution function,�ginterðrÞ, was
determined by the Fourier transform of the �iinterðQÞ:

�ginterðrÞ ¼ ð2p�r2Þ�1

Z Qmax

0

Q�iinterðQÞ sinðQrÞdQ: ð8Þ

The upper limit of the integral, Qmax, was chosen to be 9.6 �A�1.
Intermolecular partial structure factors for the DL-alanine solu-

tion, aHHðQÞ, aXHðQÞ, and aXXðQÞ (X; O, N, C, HM, and HM
0),

were deduced from the combination of observed ðd�=d�Þintinter
terms for three sample solutions, I, III, and V, which are all iden-
tical except for the H/D isotopic ratio of the exchangeable hydro-
gen atom:

ðd�=d�Þintinterðfor IÞ þ ðd�=d�Þintinterðfor IIIÞ

� 2ðd�=d�Þintinterðfor VÞ

¼ ð2þ xÞ2=2bD2½aHHðQÞ � 1�

¼ 0:8035½aHHðQÞ � 1�; ð9Þ

4ðd�=d�Þintinterðfor VÞ � ðd�=d�Þintinterðfor IÞ

� 3ðd�=d�Þintinterðfor IIIÞ

¼ 2½ð1þ xÞbO þ xbN þ 3xbC þ 3xbHM

þ xbHM
0 �ð2þ xÞbD½aXHðQÞ � 1�

¼ 1:5991½aXHðQÞ � 1�; ð10Þ

and

ðd�=d�Þintinterðfor IIIÞ

¼ ½xðbN þ 3bC þ 3bHM
þ bHM

0 Þ þ ð1þ xÞbO�2½aXXðQÞ � 1�

¼ 0:3977½aXXðQÞ � 1�; ð11Þ

where x denotes the mole fraction of the alanine molecule. The
present aXHðQÞ is represented as a linear combination of partial
structure factors concerning O–Hex, N–Hex, C–Hex, HM–Hex,
and HM

0–Hex pairs. Since the contribution from the O–Hex partial
structure factor occupies 94% of the total in the present experi-

ment, the observed aXHðQÞ is considered to represent intermolec-
ular hydrogen-bonded structure among solvent water molecules.
The contribution of the O–O partial structure factor amounts to
89% of the observed aXXðQÞ. The present aXXðQÞ can be approxi-
mated as the O–O partial structure factor.

The intermolecular distance, root mean square displacement,
and coordination number, rij, lij, and nij, for the i–j atom pair, were
determined by a least squares fit of the observed intermolecular
partial structure factors to the corresponding calculated ones,
aij

calcðQÞ, which involve the contribution from the long-range ran-
dom distribution of atoms as follows:17–19

aij
calcðQÞ ¼

X
�ijnij expð�lij

2Q2=2Þ sinðQrijÞ=ðQrijÞ

þ 4p� expð�l0
2Q2=2Þ½Qr0 cosðQr0Þ

� sinðQr0Þ�Q�3; ð12Þ

where � gives the number density of the stoichiometric unit
[CH3CH(N

�H2)COO
�H]x(�H2O)1�x. The parameter r0 denotes

the distance beyond which the uniform distribution is assumed,
and l0 describes the sharpness of the boundary at r0. The coeffi-
cient �ij in Eq. 12 is given as

�HH ¼ ð2þ xÞ�1; ð13Þ

and

�XH ¼ �XH½ð2þ xÞf½ð1þ xÞbO

þ xðbN þ 3bC þ 3bHM
þ bHM

0 Þ�g�1; ð14Þ

where �OH ¼ ð1þ xÞbO and

�XX ¼ 	XX½xðbN þ 3bC þ 3bHM
þ bHM

0 Þ þ ð1þ xÞbO��2: ð15Þ

Here, 	OO ¼ ð1þ xÞbO2 and 	NO ¼ xbN
2. The fitting procedure

was performed in the range of 0:5 � Q � 9:6 �A�1 using the SALS
program.16

The partial distribution function, gijðrÞ, is derived from the
Fourier transform of the observed aijðQÞ:

gijðrÞ ¼ 1þ ð2p�r2Þ�1

Z Qmax

0

Q½aijðQÞ � 1� sinðQrÞdQ: ð16Þ

The upper limit of the integral was taken to be Qmax ¼ 9:6 �A�1.
TOF Neutron Diffraction Data: The observed scattering in-

tensities corrected for the instrumental background, absorption of
both the sample and cell,8 were converted to the absolute scale by
the use of corrected scattering intensities from the vanadium rod.
The difference function, �iðQÞ, between the scattering cross sec-
tions observed for DL- and L-alanine solutions in D2O is:

�iðQÞ ¼ ðd�=d�Þobsðfor DL-alanine solutionÞ

� ðd�=d�Þobsðfor L-alanine solutionÞ: ð17Þ

The intramolecular interference term and the inelasticity contribu-
tion arising from the H and D nuclei is expected to cancel out in
the present �iðQÞ function. Since the �iðQÞ from the 64 sets of
forward angle detectors located at 10 � 2� � 51� agree well with-
in the statistical uncertainties, they were combined at the Q-inter-
val of 0.1 �A�1, and employed for the subsequent analysis. The dif-
ference distribution function, �gðrÞ, was evaluated by the Fourier
transform,

�gðrÞ ¼ ð2p�r2Þ�1

Z Qmax

0

Q�iðQÞ sinðQrÞdQ: ð18Þ

The upper limit of the integral was set to Qmax ¼ 20 �A�1. The
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�gðrÞ function truncated at Qmax ¼ 9:6 �A�1 was also evaluated
for purposes of comparison with the reactor data. Since the sum
of contributions from the O–Hex and Hex–Hex partial structure fac-
tors corresponds to 86% of the observed total interference term in
the present experimental conditions, the present �gðrÞ reflects the
difference in the intermolecular hydrogen-bonded structure be-
tween the DL- and L-alanine solutions.

Results and Discussion

Scattering cross sections for sample solutions I–VI observed
from the reactor measurements are represented in Fig. 1. The
values of ðd�=d�Þobs for the DL- and L-alanine solutions with
the same H/D ratio look very similar, however, an indication
of the systematic difference can be observed in the region of
the first diffraction peak at Q 	 2 �A�1 between the solutions
containing 96.1% D, which will be discussed later. A gradual
decrease in the intensity of ðd�=d�Þobs in the larger-Q region
is mainly due to the inelasticity effect of the H atom in the so-
lution, which becomes more pronounced for solutions with
higher-H content.

Figure 2 shows the difference, 	ðQÞ, between scattering
cross sections observed for DL- and L-alanine solutions which
have the same H/D ratio. The 	ðQÞ function for the 0H2O
and 0{2H2O solutions exhibits no systematic structure within
the statistical uncertainties. However, interference features
can be obviously identified in the 	ðQÞ for the D2O (96.1%
D) solutions. This result implies that there is some difference
in the solution structure between DL- and L-alanine heavy wa-
ter solutions at this solute concentration. In order to deduce
quantitative information on the structural difference between
the DL- and L-alanine heavy water solutions, the difference
function, �iinterðQÞ, between the renormalized intermolecular

interference term ðd�=d�Þintinter for sample solutions I and II
has been obtained, as shown in Fig. 3a. Although the data
points are somewhat scattered due to statistical uncertainties,
a diffraction peak at Q 	 2 �A�1 is clearly observed. The differ-
ence function, �iðQÞ, deduced from the TOF measurement is
represented in Fig. 3b. The interference features in �iðQÞ are
in good agreement with those observed in the �iinterðQÞ from
the reactor data within the statistical uncertainties, indicating
that the present difference functions, �iinterðQÞ and �iðQÞ,
are reliable, and features appearing in the difference functions
can be considered to be real.

Figure 4a shows the observed difference distribution func-
tion, �ginterðrÞ, which reflects the structural difference in inter-
molecular hydrogen bonds between the DL- and L-alanine solu-
tions. The present�ginterðrÞ is characterized by a negative peak
at around r ¼ 2 �A, implying that the intermolecular interaction

Fig. 1. Observed scattering cross sections, ðd�=d�Þobs, for
aqueous 2.5 mol% DL-alanine (full circles) and L-alanine
(open circles) solutions with different H/D ratios of ex-
changeable hydrogen atoms. Solid and broken lines denote
the self scattering term in Eq. 5 for DL- and L-alanine solu-
tions, respectively.

Fig. 2. Observed difference function, 	ðQÞ, between scat-
tering cross sections for aqueous 2.5 mol% DL- and L-ala-
nine solutions with different H/D ratios of exchangeable
hydrogen atoms.

Fig. 3. a) Dots: The intermolecular difference function,
�iinterðQÞ, obtained from the reactor experiment. Solid
line: Smoothed �iinterðQÞ used for the Fourier transform.
b) Dots: The total difference function, �iðQÞ, observed
by the TOF experiment. Solid line: The smoothed �iðQÞ
used for the Fourier transform.
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is less pronounced in this region in the DL-alanine solution than
that in the L-alanine solution. An asymmetric shape of this
negative peak may suggest that the peak involves several in-
teratomic interactions. In the present �ginterðrÞ, a positive peak
is observed in the region of r ¼ 3{4 �A. Figure 4b shows the
�gðrÞ obtained from the TOF measurement, which has been
truncated at the same upper limit as that employed for the re-
actor data, Qmax ¼ 9:6 �A�1. Structural features appearing in
�gðrÞ are very similar to those observed in the�ginterðrÞ, again
indicating that the structural difference between the DL- and L-
alanine solutions certainly exists. The negative feature around
r 	 2 �A is resolved into partially resolved peaks located at r 	
2 and 2.5 �A in �gðrÞ truncated at Qmax ¼ 20 �A�1 (Fig. 4c). Po-
sitions of these peaks correspond well to those for the nearest
neighbor O���H and H���H hydrogen-bonded interactions report-
ed for pure liquid water20–23 and for aqueous NH4Cl

24 and
LiBr25 solutions.

In order to obtain detailed structural information concerning
the intermolecular structure among solvent water molecules in
the present solution, the partial structure factors aHHðQÞ,
aXHðQÞ, and aXXðQÞ for the 2.5 mol% DL-alanine solution were
derived from the intermolecular interference terms for samples
I, III, and V observed in the reactor experiments. Since it is
possible that the intermolecular structure in the present solu-
tion depends slightly on the H/D ratio of exchangeable hydro-
gen atoms, the present partial structure factors are regarded as
approximated ones. It might be possible to deduce the partial
structure factors for the L-alanine solution, however, the H/
D ratio dependence on the intermolecular structure may be
more pronounced for the L-alanine solution considering the
larger difference in the solubility of the L-alanine for H2O
and D2O,

2 as mentioned in the introduction section. Partial
structure factors derived from the observed scattering intensi-
ties for DL-alanine solutions are therefore considered to be
more reliable.

Figure 5 shows the partial structure factors observed for the

2.5 mol% DL-alanine solution. Interference features can be ob-
viously identified in the present aijðQÞ functions. The intermo-
lecular partial distribution functions gHHðrÞ, gXHðrÞ, and gXXðrÞ
are represented in Fig. 6. The nearest neighbor Hex���Hex and
O���Hex interactions are observed as the resolved first peaks
at r ¼ 2:5 and 1.9 �A in the present gHHðrÞ and gXHðrÞ func-
tions, respectively. The first peak in the gXXðrÞ is attributable
to the nearest neighbor O���O interaction. Structural parameters

Fig. 4. a) The intermolecular difference distribution func-
tion, �ginterðrÞ, observed by the reactor experiment. The
upper limit of the Fourier transform is set to be
Qmax ¼ 9:6 �A�1. b) The total difference distribution func-
tion, �gðrÞ, observed by the TOF experiment. The upper
limit of the Fourier transform is set to be Qmax ¼ 9:6
�A�1. c) The same notations as in b) except for
Qmax ¼ 20 �A�1.

Fig. 5. Circles: Observed H–H, X–H, and X–X partial
structure factors, aijðQÞ, for aqueous 2.5 mol% DL-alanine
solutions. Solid lines: The best-fit of calculated interfer-
ence terms in Eq. 12. The difference between observed
and calculated aijðQÞ is shown below.

Fig. 6. Solid line: Observed H–H, X–H, and X–X partial
distribution functions, gijðrÞ, for aqueous 2.5 mol% DL-ala-
nine solutions. Broken lines: The Fourier transform of the
solid lines in Fig. 5. Contributions from the short- and
long-range interactions are denoted by dotted lines.
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on intermolecular interactions were determined through a least
squares fit of the observed aijðQÞ applying the model function
(Eq. 12) involving both short- and long-range interactions. Pri-
or to the fitting analysis, the correction for low-frequency sys-
tematic errors in the observed aijðQÞ was applied.15 The least
squares refinement was performed in the range of 0:5 � Q �
9:6 �A�1 using the SALS program,16 assuming that statistical
uncertainties distribute uniformly. In the fitting procedure for
the observed aHHðQÞ and aXHðQÞ, the number of short-range
interactions was assumed to be two, while at least three
short-range O���O interactions were found to be necessary to
reproduce both the aXXðQÞ and gXXðrÞ functions. In the fitting
of the present aXXðQÞ, the nearest neighbor N(alanine)���
O(water) and O(carboxyl)���O(water) interactions were taken
into account with fixed structural parameters, which had been
reported for the 3 mol% DL-alanine heavy water solution
(rNO ¼ 2:88 �A, lNO ¼ 0:18 �A, and nNO ¼ 2:40)26 and reported
for the 8 mol% CH3COONa solution (rOO ¼ 2:78 �A, lOO ¼
0:21 �A, and nOO ¼ 2:0),27 respectively.

Results of the least squares fit for the observed aijðQÞs are
represented in Fig. 5. A satisfactory agreement is obtained be-
tween the observed and calculated aijðQÞ over the whole Q-
range employed. The final values of all independent parame-
ters are summarized in Table 2. The present value of the near-
est neighbor O���Hex distance, 1.90(1) �A, is in good agreement
with that reported for pure liquid water (rOH ¼ 1:85 �A)20,22 and

those reported for aqueous 8 mol% NH4Cl (rOH ¼ 1:91 �A)24

and 10 mol% LiBr (rOH ¼ 1:91 �A)25 solutions. The coordina-
tion number, nOH, for the nearest neighbor O���Hex interaction
was determined to be 1.64(2). The nearest neighbor Hex���Hex

and O���O distances were obtained to be 2.48(1) and 2.93(2)
�A, respectively. These results suggest that the hydrogen-bond-
ed network among the solvent water molecules is well main-
tained in the present 2.5 mol% DL-alanine solution. Addition-
ally, it was revealed that the first negative peak observed in the
difference distribution function �gðrÞ is attributable to the sum
of contributions from intermolecular O���Hex and Hex���Hex in-
teractions.

In order to obtain quantitative information on the present
�iðQÞ observed from the TOF neutron diffraction measure-
ment, a least squares fitting analysis was adopted. In the refine-
ment procedure, the following model function was employed:

�imodelðQÞ ¼
X

ð2� 	ijÞci�nijbibj

� expð�lij
2Q2=2Þ sinðQrijÞ=ðQrijÞ; ð19Þ

where 	ij ¼ 1, (i ¼ j) and 	ij ¼ 0, (i 6¼ j). ci denotes the num-
ber of atoms i in the stoichiometric unit, [CH3CH(N

�H2)-
COO�H]x(�H2O)1�x. �nij stands for the difference in the co-
ordination number between the DL- and L-alanine solutions.
Parameters �nij, lij, and rij, were determined by the least
squares fit of Eq. 19 to the observed �iðQÞ. The fitting was
performed in the range of 2:5 � Q � 15 �A�1 using the SALS
program.16 Parameters for the nearest neighbor O���Hex and
Hex���Hex interactions were refined independently. The positive
peak appearing at r 
 3:5 �A was assumed to be a single inter-
action in order to reduce the number of independent parame-
ters and also to improve the fit in the lower-Q region.

The �imodelðQÞ calculated from the best-fit model was com-
pared with the observed �iðQÞ in Fig. 7. A satisfactory agree-
ment is obtained between the observed and calculated differ-
ence functions. The corresponding distribution function
�gðrÞ is represented in Fig. 8. The final values of all independ-
ent parameters are summarized in Table 3. The values of the
nearest neighbor intermolecular O���Hex and Hex���Hex distances

Table 2. Results of the Least-Square Refinement for Partial
Structure Factors, aHHðQÞ, aXHðQÞ, and aXXðQÞ, Observed
for Aqueous 2.5 mol% DL-Alanine SolutionsaÞ

aHHðQÞ � 1 aXHðQÞ � 1 aXXðQÞ � 1

1st nearest i–j Hex–Hex O–Hex O–O
neighbor rij/ �A 2.48(1) 1.90(1) 2.93(2)

lij/ �A 0.20(1) 0.15(1) 0.19(1)
nij 2.92(3) 1.64(2) 2.3(5)

2nd nearest i–j Hex–Hex O–Hex N–ObÞ

neighbor rij/ �A 3.80(2) 3.28(1) 2.88(fixed)
lij/ �A 0.71(1) 0.47(1) 0.18(fixed)
nij 17 (2) 11.9 (4) 2.40(fixed)

3rd nearest i–j — — OC–O
cÞ

neighbor rij/ �A — — 2.78(fixed)
lij/ �A — — 0.21(fixed)
nij — — 2.0(fixed)

4th nearest i–j — O–O
neighbor rij/ �A — — 3.36(5)

lij/ �A — — 0.29(5)
nij — — 3.3(5)

5th nearest i–j — — O–O
neighbor rij/ �A — — 4.24(1)

lij/ �A — — 0.21(1)
nij — — 2.23(1)

Long-range r0/ �A 4.3(1) 3.80(3) 3.94(1)
interaction l0/ �A 0.86(8) 0.52(3) 0.63(1)

a) Estimated standard deviations are given in parentheses. b)
Fixed at values reported for 3 mol% DL-alanine heavy water
solutions.26 c) Fixed at values reported for aqueous 8 mol%
CH3COONa solutions.27

Fig. 7. a) Circles: Observed difference interference func-
tion, �iðQÞ, between the DL- and L-alanine solutions. Solid
line: The best-fit of the calculated interference term in
Eq. 19. b) The difference between observed and calculated
�iðQÞ.
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were slightly larger than those determined from the partial
structure factors for the DL-alanine solution, which have been
discussed above. This suggests that the average intermolecular
hydrogen bonded O���Hex and Hex���Hex distances in the L-ala-
nine solution might be slightly longer than those in the DL-ala-
nine solution. The values of the root-mean-square displace-
ments for intermolecular O���Hex and Hex���Hex interactions de-
termined from the �iðQÞ are in good agreement with those ob-
tained from the partial structure factors aHXðQÞ and aHHðQÞ.
The difference in the coordination number for the nearest
neighbor intermolecular O���Hex interaction �nOHex

was ob-
tained to be �0:031ð5Þ, which corresponds to 1.9% of the val-
ue of nOHex

¼ 1:64ð2Þ obtained for the DL-alanine solution. The
magnitude of the present �nHexHex

(¼ �0:072ð5Þ) is 2.5% of
the coordination number for the nearest neighbor Hex���Hex in-
teraction. These results suggest that the intermolecular hydro-
gen bonds in the L-alanine solution are ca. 2% stronger than
those in the DL-alanine solution.

In conclusion, experimental evidence has elucidated the dif-
ference in the intermolecular hydrogen-bonded structure be-
tween aqueous solutions involving DL- and L-alanine mole-
cules. The difference in the coordination number of the nearest
neighbor hydrogen-bonded O���Hex and Hex���Hex interactions is
estimated to be ca. 2%. The present results indicate that the
difference in the optical activity of the solute molecules actual-
ly affects the hydrogen-bonded network in the aqueous solu-
tion.
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