December, 1994] (© 1994 The Chemical Society of Japan

Bull. Chem. Soc. Jpn.,67, 3159—3164(1994) 3159
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A radial distribution study for aqueous 5 mol% glycine solutions was carried out involving time-of-flight
neutron diffraction measurements. An isotopic substitution technique was applied to both nitrogen and hydro-
gen atoms of the sample in order to determine the hydration structure around the amino group of the glycine
molecules in an aqueous solution. It has been clarified that there exist 3.0+0.6 water molecules coordinated to
the amino group of a glycine molecule with intermolecular distances of mv...0=2.85+0.05 A and rv...0=3.25+0.05
A. These values suggest that a hydrogen bond is formed between the amino group of a glycine molecule and the
nearest-neighbor water molecules in the aqueous glycine solution.

Recently, great interest has been raised to eluci-
date the structural relationship between amino acid
molecules and the neighboring water molecules in an
aqueous solution, which gives a hint of some funda-
mental understanding in the field of biochemical sci-
ence, e.g., the reaction dynamics on protein biosynthe-
sis and the ‘so-called’ protein folding problem,? which
predicts a compact three-dimensional structure result-
ing from a sequence of amino-acid monomers in an aque-
ous solution. In addition, such structural information
plays a certain role in the synthesis mechanism of metal
complexes containing an amino acid as a chelate agent
in the aqueous solution.? The object of the present
work was to investigate the hydration structure of the
glycine molecule in an aqueous solution through neu-
tron-diffraction measurements. The structural feature
of the simplest amino acid, glycine (NH,CH,COOH)
has been extensively studied under various states ac-
cording to its biochemical significance as well as a wide
variety of applications to chemical industry.

Glycine exists in a molecular form, NH,CH,COOH,
in the gaseous state. It has been exhibited by electron
diffraction® and microwave spectrum measurements®
that the molecular skeleton of isolated glycine is pla-
nar, and that the amino and hydroxyl groups within
a molecule are in an anti-position with respect to each
other.®) A new conformer having amino hydrogen atoms
hydrogen-bonded to the carbonyl oxygen® has also been
reported to exist in gaseous glycine by a rotational spec-
trum measurement. The structure of molecular glycine
has been theoretically studied by means of CNDO® and
ab initio™® calculations.

Solid glycine is composed of zwitterions, NH3+CH,
COO~. The intra- and inter-molecular geometries of
the zwitterion have been determined in detail by X-
ray? and neutron-diffraction®!® measurements using a
single crystal. In these results, crystalline glycine forms
a three-dimensional network structure due to strong hy-
drogen bonds between neighboring molecules.!®

The structure of glycine in an aqueous solution has
mainly been studied from the viewpoint of the complex
formation of a glycinate ion and various metal ions. For

example, the structure of some chelate complexes con-
sisting of glycine and a divalent transition metal ion
(Ni2t, Cu?*, and Zn?*) in an aqueous solution has
been investigated by means of X-ray diffraction!—!®
and extended X-ray absorption fine-structure!® tech-
niques. Nevertheless, there have been few reports, at
present, concerning the hydration structure of glycine,
itself, which is in a zwitterionic form in solution. In
practice, it is considerable difficult to deduce any re-
liable structural information concerning the glycine—
water correlation in an aqueous solution by a conven-
tional X-ray diffraction experiment alone, because the
contribution of the glycine-water correlation to the ob-
served total diffraction intensities is relatively small and
a serious overlap in the distribution function occurs be-
tween this correlation and other correlations, such as
the correlation between solvent water molecules. Then,
a structural analysis of the partial distribution func-
tion level should be indispensable to determine the hy-
dration structure of the glycine molecule in solution.
In this respect, neutron diffraction adopting the iso-
topic substitution technique is one of the most available
experimental methods, which can supply quantitative
information concerning the local atomic configuration
around an isotopically substituted atom.

In the present paper we describe the results of
time-of-flight (TOF) neutron-diffraction measurements
for four kinds of aqueous 5 mol% glycine solu-
tions, in which both nitrogen and hydrogen atoms
are isotopically exchanged. The difference func-
tion (PAn(Q)) from two isotopically substituted so-
lutions, (14ND20H2000D)0.05(D20)0,95 and (15ND2
CH;COOD)g.05(D20)0.95, in conjunction with that,
OHAN(Q), from two solutions, (1*N°H,CH,COO%H)g 05
(°H20)0.95 and (**N°HyCH2COO°H)g.05(°H20)0.95,
gives information concerning two partial structure fac-
tors, anug(@) and to a good approximation, eno(@),
which relate to the hydration structure of the glycine
molecule in solution. In the latter two solutions the
mean coherent scattering length of exchangeable hy-
drogen atoms was set to zero by the coexistence of the
required amounts of H and D(°H).
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Experimental

Materials. Isotopically enriched **NH;CH,COOH
(99.8% '°N, Isotec Inc.) and natural *NH;CH,COOH
(99.6% *N, Nacalai tesque, guaranteed grade) were deuter-
ated by dissolving them repeatedly into DO (99.9% D,
Aldrich Chemical Co., Inc.), followed by dehydration in
vacuo. The required amounts of enriched glycine were dis-
solved into D2O or HoO-D2O mixtures so as to prepare
four kinds of aqueous 5 mol% glycine solutions with dif-
ferent isotopic compositions of both nitrogen and hydrogen
atoms. Since any intensity contribution from H-X (X=H,
N, C, and O) pairs disappears in a solution containing °H,
the use of a “null mixture” for hydrogen atoms can give ap-
proximately direct information concerning the N-O partial
structure factor through the ®#Ax(Q) intensity function.

Neutron Diffraction Measurements. The sam-
ple solution was sealed in vacuo into a cylindrical quartz
cell (7.3 mm in inner diameter and 0.5 mm in thickness).
TOF neutron-diffraction measurements were carried out at
60 °C using a newly constructed HIT-II instrument'® with
an infrared image furnace installed at the pulsed spallation
neutron source (KENS) of the National Laboratory for High
Energy Physics, Tsukuba, Japan. Scattered neutrons were
detected by 104 pieces of 3He counters, which covered scat-
tering angles of 10520<157°. The data-accumulation time
was ca. 4h for the respective samples. Diffraction measure-
ments were made in advance for an empty quartz cell, back-
ground and a vanadium rod of 8 mm in diameter.

Data Reduction. The scattering intensities from de-
tectors set up at the same scattering angle on both the right-
and left-hand sides of the sample were summed up, and
followed such data corrections as the background intensity,
for the absorption of both the sample and cell,'” and for
multiple'® and incoherent scattering. The coherent scat-
tering length as well as the scattering and absorption cross
sections for the constituent nuclei were respectively referred
to based on those tabulated by Sears.!®) The sample pa-
rameters used are listed in Table 1. Since the TOF neutron-
diffraction technique employs neutrons with a wide wave-
length range of 0.1SA<3 A, the A-dependence of the total
cross section (o) should be estimated to sufficient precision
for the absorption correction. Under the present experimen-
tal condition, the following equations were applied to the A-
dependence of ot for H and D nuclei:

oen(\) = 15.0 + 18.8)

and
oep(\) = 2.7+ 1.38). (1)

The coefficients in the equations were determined based on
the observed total cross sections for liquid H2O and D20.2%
The observed count rate of the sample was converted to the
absolute scattering cross section ((do/d£2)°**d) by using the
scattering intensities from a vanadium rod. The difference
function??? (An(Q)) is defined as the numerical differ-
ence in the normalized scattering cross sections between two
aqueous glycine solutions which are identical in all respects
except for the isotopic composition of the nitrogen atom.
An(Q) does not include any pair correlations which are inde-
pendent of the nitrogen atom, because these are completely
canceled out through subtraction. Therefore, the Fourier
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transform of An(Q) (Gn (7)) gives the distribution of atoms
around the nitrogen atom in the solution. In addition, this
subtraction has an advantage in that the inelasticity dis-
tortion effect arising from the self-scattering contribution of
H and D atoms is eliminated in AN(Q).21’23) In the present
work, two sets of An(Q)s were derived through the difference
in the scattering cross sections between two solutions having
common hydrogen isotopes and different nitrogen isotopes,
as in the following equations:

PAN(Q) = (do/d2)°** (for'*N-D)
— (do/d2)°®*?(for'>N-D)

and

YHAN(Q) = (do/d2)°P* (for*N-"H)
— (do/d£2)°> (for'*N-°H). (2)

Here, the superscript 0 corresponds to the isotopic compo-
sition of the null mixture for the hydrogen atom. Since the
respective PAn(Q)s obtained from 66 sets of detectors lo-
cated at 20=10—51° and 14 sets at 20=75—97° agree well
with each other within the statistical error, we combined
these PAn(Q)s at a given Q-value selected adequately, and
used them for a subsequent data analysis. Similarly, the in-
tensity data from 38 sets of detectors at 20=10—20° and
those from 18 sets at 20=42—78° were combined to obtain
a whole functional form of “#An(Q). Both PAn(Q) and
9HAN(Q) for aqueous 5 mol% glycine solutions determined
by this way are shown in Figs. 1a and 2a, respectively.

An(Q) for an aqueous glycine solution can be expressed
as a linear combination of the following five partial structure
factors related to the nitrogen atom,

An(Q) = Alano(Q) — 1] + Blanu(Q) — 1] + Clann(Q) — 1]
+Dlanc(Q) — 1] + Elanw (Q) — 1], (3)
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Fig. 1. a) Dots: The observed difference function,

DAN(Q), for the 5 mol% ND,CH,COOD solution in
D20. Solid line: Smoothed PAn(Q) used for the
Fourier transform (Fig. 3a). b) Dots: The observed
DPAn(Q). Solid line: The intramolecular intreference
function, ™***(Q). c¢) Dots: The intermolecular con-
tribution, PAn**( Q). Solid line: The inverse Fourier
transform of PAn ™" (Q) shown in Fig. 3b.
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Isotopic Compositions and Mean Scattering Lengths, bnx and b, of Nitrogen and Hydrogen Atoms, Total

Cross Sections and the Number Densities Scaled in the Stoichiometric Unit (NH;CH2COOH)o.05(H20)0.95,
ot and p, Respectively, for the Sample Used in the Neutron Diffraction Measurement

Sample

“YN/% N/% H/%> D/%* bn/107'%2 cm by/107'2 cm o4/barns® p/A~3

(**ND2CH2COOD)0.05(D20)0.95 99.6 0.4 0.3
(**ND2CH2COOD)0.05(D20)o0.95 0.2 998 03
(**N°H,CH2COO0 H)0.05(°H20)0.05  99.6 04 64.1
(3®N°H;CH2COO0%H)0.05(°H20)0.05s 0.2  99.8  64.1

99.7 0.936 0.666 15.33
99.7 0.645 0.666 14.96
35.9 0.936 0.000 4415  0:03080
35.9 0.645 0.000 43.38

a) For exchangeable hydrogen atoms. b) For the incident wavelength of 1.0 A.
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Fig. 2. Same notations as Fig. 1, except for the 5
mol% N°H,CH2COOPH solution in °H20, where °H
denotes the isotopic mixture with the average scat-
tering length of hydrogen atom, by=0.
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where,
A = 2cncobo(biay — bisy), B = 2cencubu(biay — bisy),
C = CN2(b214N - b215N),

E = 2cneprbyy (biay — bisy), respectively.

D = 2enechbe(biay — bisy),

H' and H, respectively, denote the hydrogen atom of
the methylene group in the glycine molecule and the
remaining hydrogen atoms exchanged isotopically. ¢;
is the number of atom i in the stoichiometric unit
(*N*HCH,COO™H)0.05(*H20)0.95. The weighting factors
(A, B, C, D, and F) in Eq. 3 are numerically listed in Ta-
ble 2. The distribution function around the nitrogen atom
(Gn (7)) can also be represented as

Gn(r)=1+(A+B+C+ D+ E) '(2r%pr)™*
Qmax
x /0 Q-Ax(Q)sin (Qr)dQ

= [Agno(r) +Bgnu(r) +Cgnn(r) +Dgnc (r) + Egnm (7))
x(A+B+C+D+E)™", (4)

where p is the number density scaled in the stoichiomet-
ric unit (*N*H2CH2COO*H)o.05(*H20)0.95. The upper
limit of the Fourier integral (Qmax) was set to 20.0 A~! in
the present work. The distribution functions (PGn(r) and
%HGN (7)) given by the Fourier transforms of PAn(Q) and
%HAN(Q) are shown in Figs. 3a and 4a, respectively. Gn(r)
for an aqueous glycine solution is mainly dominated by the
gno(r) and gnu(r) terms, because weighting factors A and
B are much greater than C, D, and E. Moreover, °2Gn(r) in
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Fig. 3. a) The total and b) intermolecular distribu-

tion functions around the nitrogen atom, DGn(r) and
DGninter(r), truncated at Qmax=20.0 A™!, for the 5
mol% ND2CH2COOD solution in D0O.
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Fig. 4. Same notations as Fig. 3, except for the 5 mol%
N°H,;CH2COO°H solution in °Hz0.

which the N—H pairs disappear, can be roughly regarded as
being the gno(r) term, itself, to a fairly good approximation.
When a sufficiently resolved peak in Gn(r) is assigned well
to a particular N—a pair in the solution, the coordination
number of the atom (a) around the nitrogen atom (nnq)
can be obtained to a good approximation by the following
integration over the range between r and ry:

_— =47Icap/T2 r2Gn(r)dr-(A+ B+C+D + E)/Aa, (5)
T1

where A, corresponds to the weighting factor for the N-a
pair. The N-H partial structure factor (anu(Q)) and its
Fourier transform (gnu(r)) are derived by the second-order
difference between two An(@Q)s, in which the isotopic com-
position of hydrogen atoms is changed, that is to say
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Table 2. Values of the Coefficients of a;;(@Q) in Eq. 1

Difference function A/barns B/barns C/barns D/barns E/barns
PAn(Q) 0.0177 0.0392 0.0012 0.0019  —0.0011
% AN (Q) 0.0177 0.0012  0.0019  —0.0011

PAN(Q) - An(Q)
= 2cnen(bp — boy)(bray — bisy)[anu(Q) — 1] (6)

and
gNH(T)
2 -1 @max .
=1+ (27%pr) / Qlaxn(Q) — 1sin (Qr)dQ. (7)

Results and Discussion

A dominant first peak located at r~1 A in PGn(r)
(Fig. 3a) is assigned to an intramolecular N-D inter-
action within the amino group of the glycine molecule.
By integrating from 0.5 to 1.2 A in PGy(r) the num-
ber of deuteron atoms united with the nitrogen atom
was found to be close to three, suggesting that glycine
molecules exist in the zwitterionic form in the solution.
A higher-r side shoulder (r~1.5 &) of the first peak and
a negative peak at r~2 A may possibly be ascribed to
intramolecular N-C and N---H' interactions (H': meth-
ylene hydrogen), respectively, on the basis of informa-
tion concerning the molecular structure of glycine in
the crystalline state.>'® The intramolecular N---H’ in-
teraction appears as a negative peak in Gn(7), due to
the negative coherent scattering length of the methylene
hydrogen. Since intra- and inter-molecular correlations
at r>2.5 A considerably overlap each other due to a
larger glycine molecule, it is necessary to separate both
contributions in the total An(@Q). The intramolecular
contribution from the N---a pair in @-space (I'"**2(Q))
is theoretically defined by

I'™(Q) = 3~ 2enba(bian — bisy)
xexp(—Ina’Q’/2)sin (Qrna)/(Qrra),  (8)

where, Ino, and nvo denote the root mean-square am-
plitude and the internuclear distance for N---« pair, re-
spectively. These structural parameters can, in princi-
ple, be determined through a least-squares fit of Eq. 8
to the observed Ax(Q) in the high-Q region.?*?> How-
ever, it is practically unreasonable to determine these
parameters in this way considering the limited statisti-
cal accuracy of the present Ax(Q) at Q>10 A1 It is
well known that the intramolecular vibrational frequen-
cies of the glycine molecule in an aqueous solution®®) are
nearly close to those in the crystalline state,?” which
implies that the intramolecular structure of glycine in
the aqueous solution can be well approximated by that
in the crystalline state. We thus attempted to evalu-
ate Ii"t'3( Q) using literature values of v, and lyo for
crystalline glycine, given by neutron and X-ray diffrac-
tion measurements,®'?) and by the calculation of Iijima

et al,® respectively. The intramolecular contributions
calculated by using the literature values for mn, and
Ino are shown in Figs. 1b and 2b. The Fourier trans-
form of PAx'"ter(Q) (PGni™e*(7)) is given in Fig. 3b.
Here, the difference function in @-space (PAni™***(Q))
was obtained by subtracting the theoretical I™t*2((Q)
from the observed PAn(Q) (Fig. 1c). In this calculating
procedure, the overall normalization factor for the ob-
served PAn(Q) was estimated to be 0.940.1 in the range
of 4£Q<20 A1 from a least-squares fit by the SALS
program,?® indicating that the present normalization
process was reasonably carried out. The intermolecular
distribution function (PGxi™€* (7)) reflects the distribu-
tion of water molecules around the nitrogen atom of the
glycine molecule. An almost featureless functional form
of DGxi™ter () in the 2.55r<4 A range seems to imply
that there is a considerable overlap between the inter-
molecular nearest-neighbor N---O and N---D contribu-
tions. It is therefore necessary to separate individually
partial N-O and N-D distribution functions, in order
to discuss more quantitatively the hydration structure
of the glycine molecule in a solution.

The observed °#An(Q) and its Fourier transform
(°Gn(r)) are now available for obtaining information
concerning the intermolecular N-O correlation, since
the contribution from the N-H pair in these functions
completely disappears and, in addition, contributions
from other than the N—O pair are much smaller due to
their small weighting factors (Table 2). Therefore, the
present %#Gy(r) can directly supply information con-
cerning the N-O correlation, particularly in the high-
r region with 7>2.5 A. The first peak at r~1.5 A
in %5Gn(r) (Fig. 4a) is attributed to the intramolecu-
lar N-C correlation within the glycine molecule. The
negative peak at r~2 A is due to the intramolecular
N-.-H’ correlation. Intramolecular non-bonded N---C
and N---O correlations may possibly be involved in
the positive peak at ra~2.5 A. The intramolecular in-
terference function (Ii"**2(Q)) can be calculated using
Eq. 8 through the same procedure as described in the
case of PAn(Q). The overall normalization factor for
the observed °#AN(Q) determined from a least-squares
fit in the range of 4<Q<20 A~! was computed to
be 1.0£0.2, corresponding to an experimental uncer-
tainty of ca. 20%, which is mainly due to the present
counting statistics. The Fourier transform of the dif-
ference function (®#An'"**"(Q) (Fig. 2c)) obtained by
subtracting the theoretical I'"**3( Q) from the observed
O#AN(Q) gives the intermolecular distribution function
(°uGninter(7)), which is described in Fig. 4b. As men-
tioned above, the position and area of the first peak
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in %8Gy inter(1) can be regarded, to a good approxima-
tion, as being intermolecular distance, 7v...0, and the
coordination number, ny...0, between the nitrogen atom
of the glycine molecule and the nearest-neighbor water
molecules. The structural parameter, 7v...0=2.85+0.05
A, is determined from a Gaussian fit of the first peak of
the r- OHGxinter () curve. This value of my...o is in good
agreement with the average hydrogen-bond distance,
-H..0=2.89 A, given in various organic crystals.2?)
The integration of the first peak over the range of
2.3<r<3.6 A gives the coordination number, ny..o=
3.0+0.6, in which the limit of the error depends mainly
on the uncertainty in the overall normalization constant
for the observed %#AN( Q). The present result of the in-
termolecular N-O correlation implies that three water
molecules are hydrogen-bonded to the amino group of a
glycine molecule. This is also consistent with the result
of a recent Monte-Carlo (MC) simulation by Mezei et al,
nN...0H, =3.2."® On the other hand, the MC result for
the nearest-neighbor distance, v...on,=2.6 A, seems to
be too short when compared with the average value for
the N-H---O hydrogen-bond distance (2.89 A).2%
Figure 5a represents the observed N-H partial struc-
ture factor in an aqueous glycine solution (ang(Q)) de-
rived from the second-order difference between PAN( Q)
and AN (Q). The Fourier transform of ang(Q) yields
the partial pair-distribution function (gnu(r) (Fig. 5b))
which reflects the distribution of hydrogen atoms be-
longing to water molecules surrounding the nitrogen
atom of the amino group. The substantial fluctua-
tion appearing in the less-pronounced form of gny(r)
may possibly be related to the coordination geometry
between the amino group and the neighboring water
molecules in the solution. If this is so, the nearest-neigh-
bor N---H distance, ry..u=3.25+0.05 A, can be deduced
from a Gaussian fit of the rgnu(r) peak. This value also
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Fig. 5. a) The partial structure factor, anu(Q), (dots)
and b) the partial pair correlation function, gnu(r),
for aqueous 5 mol% glycine solution. The solid line
in (a) is given by the inverse Fourier transform of the

solid line in (b).
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exhibits that the angle ¢ between the N---O axis and the
molecular plane of a water molecule is 63+13°, with the
help of knowledge concerning the intramolecular struc-
ture of liquid D20.3” Since ¢ can be expected to be
55° under the assumption of the linear direction of the
hydrogen bond and the tetrahedral orientation of lone-
pair electrons in the oxygen atom, the present value of
¢ in aqueous 5 mol% glycine solution may be considered
to suggest the formation of a linear hydrogen bond be-
tween the amino group and the nearest-neighbor water
molecules.

It is of interest to compare the hydration structure
around the amino group of the glycine molecule with
that around the ammonium ion, NH4*, in an aqueous
solution. According to a neutron-diffraction measure-
ment the !N /15N isotopic substitution previously re-
ported, the distribution function for the nitrogen atom
of ND4* in liquid D2O (Gn(r)) has poorly resolved in-
termolecular peaks located at r=2.86—3.0 A and 3.3—
3.4 A, which correspond respectively to the nearest-
neighbor N---O and N---D interactions.®* 2% These in-
termolecular distances agree well with the present result
in an aqueous glycine solution. This suggests that the
hydration structure of a zwitterionic glycine molecule
and a NH;* ion in the aqueous solution, is roughly
similar to each other.

The authors would like to thank Drs. Toshiharu
Fukunaga (Nagoya University) and Toshio Yamaguchi
(Fukuoka University) for their help during the course of
the neutron-diffraction measurement. All calculations
were carried out with the ACOS S3600 computer at the
Computing Center of Yamagata University.
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