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X-ray diffraction measurements on aqueous 2.5mol% DL-, L-, and D-alanine solutions in D2O were carried out at
26� 2 �C in order to obtain information concerning the difference in the hydrogen-bonded structure between aqueous
solutions involving amino acid molecules with different optical activities. The difference function, �iinterðQÞ, between
intermolecular interference term observed for DL- and L-alanine and between DL- and D-alanine solutions both exhibited
a first peak at Q ¼ 1:6 Å�1, followed by oscillatory features extending to higher-Q region, implying that there is a differ-
ence in the intermolecular structure is present between these solutions. The difference distribution function, �ginterðrÞ,
obtained from the Fourier transform of the �iinterðQÞ between DL- and L-, and between DL- and D-alanine solutions
showed an obvious negative peak at r ¼ 2:8 Å, which was attributed to the nearest neighbor hydrogen-bonded O���O in-
teraction. The least squares fitting analysis of the observed �iinterðQÞ showed that the intermolecular O���O distance and
the difference in the coordination number between DL- and L-, and between DL- and D-alanine solutions are 2.76(2) Å and
�0:18(1), and 2.81(3) Å and �0:18(1), respectively. It was concluded that the intermolecular hydrogen-bonded network
in aqueous L- and D-alanine solutions is stronger than that in the DL-alanine solution.

The optical activity of amino acid molecules plays an im-
portant role in the extended fields of chemical and biological
sciences. Although the chemical properties of D- and L-amino
acid molecules are identical, the hydrogen-bonded structure is
considered to be different between concentrated aqueous solu-
tions involving the racemic DL- and L- (or D-) amino acid mole-
cules. In fact, it is known that L- and DL-amino acid molecules
have slightly different solubility in water.1 This solubility dif-
ference is enhanced when heavy water is used as the solvent.2

The difference in solubility may be related to the different
intermolecular hydrogen-bonded network in the crystalline
state.3 This solubility difference causes a difference in the
hydrogen-bonded network of the solvent water molecules at
higher solute concentrations. In highly concentrated 2.5mol%
aqueous alanine solutions, the mean distance between mo-
lecular center of the nearest neighbor alanine molecules has
been estimated to be ca. 11 Å, which implies that on the aver-
age, 2 or 3 water molecules are present between the nearest
neighbor alanine molecules. Hydrogen bonds among the water
molecules should be affected by the interaction between polar
functional groups of the alanine molecule as well as neighbor-
ing water molecules. According to an earlier Monte Carlo
simulation study on chiral discrimination between D- and L-
alanine molecules, homochirality is slightly favored for short
intermolecular distances.4 However, experimental study on
the effect of the different optical activity of solute molecules
on the intermolecular hydrogen bonds among solvent mole-
cules has not been reported, except for our recent neutron dif-
fraction work.5 Our neutron diffraction study on aqueous
2.5mol% DL- and L-alanine solutions has shown that the inter-
molecular nearest neighbor O���H and H���H coordination num-
ber in the L-alanine solution are ca. 2% larger than those in the

DL-alanine solution.5 On the other hand, it was difficult to ob-
tain structural information on the intermolecular O���O interac-
tion from the neutron diffraction data, because of the relatively
small O���O contribution in the observed total neutron inter-
ference term. X-ray diffraction is considered to be one of the
most suitable experimental methods to obtain information on
the intermolecular O���O structure in aqueous solutions.

In the present paper, we describe the results of X-ray dif-
fraction measurements on aqueous 2.5mol% DL-, L-, and D-
alanine solutions in D2O in order to investigate the difference
in the intermolecular O���O partial structure function between
aqueous amino acid solutions with different optical activities.
In order to confirm the reproducibility and the reliability of
the observed difference function, X-ray diffraction measure-
ments were carried out on the same sample solutions by
using both a high-energy X-ray diffractometer installed at the
SPring-8 synchrotron facility and a laboratory �–� type
diffractometer.

Experimental

Materials. DL-CH3CH(NH2)COOH, L-CH3CH(NH2)COOH,
and D-CH3CH(NH2)COOH (natural abundance, Nacalai Tesque,
guaranteed grade) were dissolved in D2O (99.9% D, Aldrich
Chemical Co., Inc.) to prepare three aqueous 2.5mol% alanine
solutions with the D content of 96.1%, [x-CH3CH(ND2)-
COOD]0:025(D2O)0:975 (x: DL, L, and D), which was adjusted to the
value of samples employed in the previous Time-of-Flight neutron
diffraction measurements.5 The sample solution was sealed in a
flat plate acrylate resin cell with a thickness of 2.0mm, which
had X-ray transmission windows made of a Kapton� film with a
thickness of 25mm.

High-Energy X-ray Diffraction Measurements. Synchro-
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tron X-ray diffraction measurements in the transmission geometry
were carried out at 26� 2 �C on the horizontal two-axis diffracto-
meter6 installed at the beamline BL04B27 of the SPring-8 syn-
chrotron radiation facility, Hyogo, Japan. An incident X-ray
wavelength � ¼ 0:2009 Å was employed. Scattered X-rays were
collected by a liquid-N2 cooled Ge solid-state detector over an
angular range of 0:3 � 2� � 48:2�, corresponding to the scatter-
ing vector magnitude range of 0:16 � Q � 25:54 Å�1 (Q ¼
4� sin �=�). Measurements were carried out in three parts. The
angular step interval was chosen to be �ð2�Þ ¼ 0:1� in the range
of 0:3 � 2� � 10�, �ð2�Þ ¼ 0:15� in the range of 9 � 2� � 20�,
and �ð2�Þ ¼ 0:2� in the range of 19 � 2� � 48:2�, respectively.
The total exposure time was 10.5 h for each sample solution. A
measurement on an empty cell was made in advance.

Laboratory X-ray Diffraction Measurements. X-ray dif-
fraction measurements were made at 26� 2 �C in the transmission
geometry using a �–� X-ray diffractometer (RAD) manufactured
by Rigaku Co. MoK� radiation (� ¼ 0:7107 Å) was employed.
The widths of the divergence and scattering slits were set to be
1/2�. The scattering intensities were detected by using a NaI scin-
tillation counter in the angular range of 3 � 2� � 150�, corre-
sponding to 0:46 � Q � 17:08 Å�1. The angular step interval
was chosen to be �ð2�Þ ¼ 0:2� with a fixed counting time of
100 s. Measurements were repeated 3 times in order to minimize
any long-term instrumental drift and to reduce uncertainties asso-
ciated with the counting statistics. A measurement of an empty
cell was made in advance. Details of the laboratory X-ray diffrac-
tion measurement were previously described elsewhere.8

Data Reduction. The observed scattering intensities were cor-
rected for background, polarization,9 absorption,9 and double scat-
tering.10 Analytical expression of the coherent scattering factors
and incoherent scattering intensities were used from a paper by
Hajdu11 and from the International Tables for Crystallography.12

The values of the absorption coefficients and anomalous scattering
factors used in the correction procedure for BL04B2 data were
taken from those tabulated by Sasaki.13,14 Data normalization
procedure was carried out using the least-squares fit by using
high-angle method modified by Habenschuss and Spedding.15

The observed total interference term, iðQÞ, is given by16–18

iðQÞ ¼ ½IeuðQÞ � h f 2i�=h f i2; ð1Þ

where

h f 2i ¼ �ci½f fiðQÞ þ f 0i g
2 þ f 002i �;

and

h f i2 ¼ ½�cif fiðQÞ þ f 0i g
2� þ ð�ci f

00
i Þ

2:

Here, IeuðQÞ is the normalized coherent scattering intensity in
electron units. ci denotes the number of the i-th atom in the
stoichiometric unit, (CH3CH(ND2)COOD)x(D2O)1�x. fiðQÞ corre-
sponds to the atomic scattering factor. The real and imaginary
parts of the anomalous scattering factor are denoted by f 0i and
f 00i , respectively.
The observed interference term, iðQÞ, can be divided into intra-

and intermolecular contributions,

iðQÞ ¼ iintraðQÞ þ iinterðQÞ: ð2Þ

The intramolecular interference term can be expressed as

iintraðQÞ ¼ xiintraðQÞ ðfor alanineÞ þ ð1� xÞiintraðQÞ ðfor D2OÞ; ð3Þ

where

iintraðQÞ ¼
X
i6¼j

X
½f fiðQÞ þ f 0i gf fjðQÞ þ f 0j g þ f 00i f 00j �

� expð�lij
2Q2=2Þ sinðQrijÞ=ðQrijÞ=h f i2: ð4Þ

Parameters lij and rij denote the root-mean-square amplitude and
interatomic distance for the i–j pair, respectively. The intramolec-
ular parameters for D2O molecule determined in the neutron dif-
fraction studies for pure liquid D2O were used.19,20 The intramo-
lecular interference term for alanine molecule was evaluated by
applying molecular parameters from single crystal X-ray3 and
gas-phase electron diffraction21 studies. In the present analysis,
calculated intramolecular interference term was subtracted from
the observed total iðQÞ to obtain the intermolecular interference
term, iinterðQÞ:

iinterðQÞ ¼ iðQÞ � iintraðQÞ: ð5Þ

The intermolecular distribution function, ginterðrÞ, is evaluated by
the Fourier transform of the iinterðQÞ,

ginterðrÞ ¼ 1þ ð2�2�rÞ�1

Z Qmax

0

QiinterðQÞ sinðQrÞdQ; ð6Þ

where � is the number density of the stoichiometric unit,
(CH3CH(ND2)COOD)x(D2O)1�x. Since oscillational amplitude
of iinterðQÞ decays much faster than that of iintraðQÞ in the high-Q
region, because of larger values of intermolecular distances and
r.m.s. amplitudes, truncation errors associated with the Fourier
transform with finite upper limit of integral are expected to be
much less in the intermolecular distribution function, ginterðrÞ.

The intermolecular difference function, �iinterðQÞ, between
sample solutions involving alanine molecules with different opti-
cal activities, was evaluated by the following equation:

�iinterðQÞð�� �Þ ¼ iinterðQÞ ðfor �Þ � iinterðQÞ ðfor �Þ: ð7Þ

In the present analysis, three kinds of difference functions from
DL–L, DL–D, and D–L combinations were determined. The inter-
molecular difference distribution function, �ginterðrÞ, was deter-
mined by the Fourier transform of the �iinterðQÞ

�ginterðrÞ ¼ ð2�2�rÞ�1

Z Qmax

0

Q�iinterðQÞ sinðQrÞdQ: ð8Þ

The upper limit of the integral, Qmax, was chosen to be 20.0 and
17.1 Å�1 for the BL04B2 and RAD data, respectively. In evalu-
ating �ginterðrÞ for the RAD data, the modification function,
expð�0:01Q2Þ, was adopted in order to reduce truncation errors
arising from statistical uncertainties involved in the observed
�iinterðQÞ in the high-Q region.

In order to obtain quantitative information from the observed
difference function, least-squares fitting analysis was used. In
the refinement procedure, the following model function was
employed:

�imodelðQÞ
¼ �ð2� �ijÞci�nij½f fiðQÞ þ f 0i gf fjðQÞ þ f 0j g þ f 00i f 00j �

� expð�lij
2Q2=2Þ sinðQrijÞ=ðQrijÞ=h f i2; ð9Þ

where �ij ¼ 1ði ¼ jÞ and �ij ¼ 0ði 6¼ jÞ. �nij stands for the differ-
ence in the coordination number between sample solutions with
different optical activities. Parameters �nij, lij, and rij were deter-
mined by the least squares fit of Eq. 9 to the �iinterðQÞ observed
form the BL04B2 data sets. The fitting procedure was performed
in the range of 0:5 � Q � 8:0 Å�1 using the SALS program.22
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Results and Discussion

The intermolecular interference term, iinterðQÞ, observed for
aqueous 2.5mol% DL-, L-, and D-alanine solutions in D2O are
compared in Fig. 1. The observed iinterðQÞs from BL04B2 and
those from RAD agree well with each other except for the
interference features in the partially split first diffraction peak
at Q 	 2 Å�1, which is associated with the difference in the
Q-resolution determined by the slit width employed in the
scattering measurements. In the present data scale, iinterðQÞs
for DL-, L-, and D-alanine solutions look very similar. Inter-
molecular distribution functions for DL-, L-, and D-alanine so-
lutions are represented in Fig. 2. The dominant first peak at
r 	 2:8 Å in the ginterðrÞ was mainly attributed to the nearest
neighbor hydrogen-bonded O���O interaction. Apparent differ-
ence in the height of this first peak between BL04B2 and
RAD data sets can be caused from the different values of
Qmax adopted in the Fourier integral. The overall feature in
the ginterðrÞ for DL-, L-, and D-alanine solutions again seems

very similar to each other.
The difference interference terms derived from the BL04B2

and RAD data sets agree well with each other as shown in
Fig. 3. Note that the difference functions from the RAD data
are indicated as multiplied by the modification function,
expð�0:01Q2Þ. �iinterðQÞ from the DL–L and DL–D combina-
tions were characterized by a first diffraction peak at Q 	
1:6 Å�1 and oscillatory features extending to higher-Q region.
The results indicate that difference in the intermolecular struc-
ture is certainly present between DL- and L-, and between DL-
and D-alanine solutions. �iinterðQÞs from DL–L and DL–D com-
binations agree well within the statistical uncertainties. This
implies that the intermolecular structure of D- and L-alanine so-
lution is almost identical as expected. Indeed, the difference
function between D- and L-alanine solutions did not exhibit
any interference feature within the statistical uncertainties.
The difference function �ginterðrÞ was obtained by the Fourier
transform of the observed �iinterðQÞ, as indicated in Fig. 4.

Overall structural features appearing in the �ginterðrÞ ob-

Fig. 1. Intermolecular interference term, iinterðQÞ, observed
for aqueous 2.5mol% DL-, L-, and D-alanine solutions in
D2O (dots). Smoothed iinterðQÞ used for the Fourier trans-
form is denoted by a solid line.

Fig. 2. Intermolecular distribution function, ginterðrÞ, ob-
served for aqueous 2.5mol% DL-, L-, and D-alanine solu-
tions in D2O.

Fig. 3. Intermolecular difference function, �iinterðQÞ, be-
tween aqueous 2.5mol% alanine solutions with different
optical activities. Smoothed �iinterðQÞ used for the Fourier
transform is denoted by a solid line.

Fig. 4. Intermolecular difference distribution function,
�ginterðrÞ, between aqueous 2.5mol% alanine solutions
with different optical activities.
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tained from BL04B2 and RAD experiments agree well with
each other, which again confirms the differences in the inter-
molecular structure between DL- and L- and between DL- and
D- are undoubtedly present. A dominant negative first peak
at r 	 3 Å was observed in �ginterðrÞ for the DL–L and DL–D
data sets, whereas the �ginterðrÞ for the D–L combination did
not exhibit any significant structural feature at this distance.

The position of the negative peak in the present �ginterðrÞ is
very close to the value (2.8 Å) observed for the first inter-
molecular peak position of the total ginterðrÞ shown in Fig. 2.
This intermolecular distance is also in good agreement with
the nearest neighbor hydrogen-bonded O���O distance (2.84,23

2.84,24 2.82,25 and 2.87 Å26) determined by X-ray diffraction
measurements for pure liquid H2O. Furthermore, the contribu-
tion from the O���O pair is dominated in the present ginterðrÞ.
Thus, we tentatively attributed the negative peak observed in
the �ginterðrÞ to the nearest neighbor hydrogen-bonded O���O
interaction. In order to obtain quantitative information on the
difference in the nearest neighbor O���O interaction, least-
squares fitting analysis was applied to the difference interfer-
ence term obtained from DL–L and DL–D data sets observed
from the BL04B2 experiment that have better statistical accu-
racies. In the present fitting procedure, contributions from
the first- and second-nearest neighbor O���O interactions were
taken into account while evaluating the model function in
Eq. 9. The fitting procedure was performed in the range of
0:5 � Q � 8:0 Å�1 with the SALS program,22 assuming the
statistical uncertainties distribute uniformly. The best-fit re-
sults are compared with the observed �iinterðQÞ in Fig. 5. Sat-
isfactory agreement was obtained in the range of 0:5 � Q �
8:0 Å�1. The observed and calculated �ginterðrÞ curves (Fig. 6)
also agree well with each other. The final results of the least-
squares fit are summarized in Table 1. The present rOO value is
slightly shorter than the nearest neighbor O���O distance ob-
served for pure water.23–26 The result indicates that small dif-
ference in the intermolecular distribution for the hydrogen-
bonded O���O interaction might be present between the DL-
and L- and DL- and D-alanine solutions. The present value of
the position of the second peak is significantly longer than

that reported for the second-nearest neighbor O���O distance
(rOO 	 4:5 Å) in pure liquid water.23–26 This suggests that
the hydrogen-bonded network is collapsed more significantly
in the DL-alanine solution, which is consistent with the present
result for the first-nearest neighbor O���O interaction as men-
tioned above. The difference in the nearest neighbor O���O
coordination number, �nOO, was determined to be �0:18(1)
for both the DL–L and DL–D difference functions. The present
�nOO roughly corresponds to ca. 4% of the total O���O coordi-
nation number, nOO 	 4:4, which was estimated from the pre-
liminary analysis of the total iinterðQÞ for the DL-alanine solu-
tion. The present value of �nOO is considerably larger than
that reported for �nOH (�0:031(5)) and �nHH (�0:072(5)),
which have been determined from the previous neutron dif-
fraction study.5 The ratio of the difference in coordination
number (�nOO=nOO 	 0:04) is two times larger than the value
�nOH=nOH (	0:019) and �nHH=nHH (	0:025),5 which may
indicate the characteristics of the intermolecular hydrogen-
bonded interaction between water molecules situated between
D- and L-alanine, and water molecules situated between L- and
L-alanine or between D- and D-alanine molecules. This differ-
ence in the hydrogen-bonded structure between DL- and L- and
DL- and D-alanine solutions might be due to the difference in
the solute–solute interaction in concentrated solutions. If we
assume a stronger association of solute molecules with the

Fig. 5. Observed �iinterðQÞ for aqueous 2.5mol% alanine
solutions in D2O (dots). The best-fit of the calculated
�imodelðQÞ is shown by a solid line. Residual function
�ðQÞ is indicated below (dots).

Fig. 6. Observed �ginterðrÞ for aqueous 2.5mol% alanine
solutions in D2O (dots). Fourier transform of the best-fit
of the calculated �imodelðQÞ is shown by a solid line.

Table 1. Results of the Least-Squares Fit of the Intermolec-
ular Difference Interference Terms Observed for Aqueous
2.5mol% Alanine Solutions in D2O

a)

Interactions Parameters DL–L DL–D

The 1st nearest rij/Å 2.76(2) 2.81(3)
neighbor lij/Å 0.21(3) 0.26(3)

�nij �0:18(1) �0:18(1)

The 2nd nearest rij/Å 5.07(8) 4.96(9)
neighbor lij/Å 0.4(1) 0.5(1)

�nij 0.12(1) 0.12(1)

a) Estimated errors are given in parentheses.
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same chirality, as predicted from the MC study,4 water mole-
cules sandwiched by alanine molecules will be pushed out and
hydrogen bonds among water molecules will become more en-
hanced. In order to examine the difference in the alanine–water
interaction between aqueous DL- and L- (or D-) alanine solu-
tions, it is necessary to conduct neutron diffraction measure-
ments for 14N/15N isotopically substituted samples.27 Along
this line, neutron diffraction measurements and data analysis
are now in progress.
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