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Structural and electronic properties of L-amino acids

P. R. Tulip and S. J. Clark
Department of Physics, University of Durham, Science Laboratories, South Road, Durham, DH1 3LE, United Kingdom
(Received 20 August 2004; revised manuscript received 22 November 2004; published 26 Mpy 2005

The structural and electronic properties of four L-amino acids alanine, leucine, isoleucine, and valine have
been investigated using density functional the@T) and the generalized gradient approximation. Within
the crystals, it is found that the constituent molecules ad@ptterionic configurations, in agreement with
experimental work. Lattice constants are found to be in good agreement with experimentally determined
values, although certain discrepancies do exist due to the description of van der Waals interactions. We find that
these materials possess wide DFT band gaps in the region of 5 eV, with electrons highly localized to the
constituent molecules. It is found that the main mechanisms behind crystal formation are dipolar interactions
and hydrogen bonding of a primarily electrostatic character, in agreement with current biochemical understand-
ing of these systems. The electronic structure suggests that the amine and carboxy functional groups are
dominant in determining band structure.
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I. INTRODUCTION nine, valine, leucine, and isoleucine, and attempt to elucidate

Determination of the band structure of a crystalline Sys_the_ connections b_etween the structural and electronic prop-
tem is fundamental to understanding the electronic structur&ties. The paper is structured as follows. The next section
of a crystal, and hence its physical properties. While thgdrovides an overview of the theoretical approach used in this
electronic structures of conventional semiconducting crystal¥ork, while Sec. Ill describes the structural properties. Sec-
have been exhaustively studied usatginitio methods, only  tion IV covers electronic properties, while in Sec. V we draw
a small number of papers covering this aspect of moleculagonclusions on our results.
crystals exist$;® which may be explained with reference to
the computational complexity required to study such sys-
tems. However, advances in computer hardware are meaning
that increasingly complex systems are now falling within the  we carry out the calculations within the plane-wave
remit of ab initio methods. o _ pseudopotential formalism of density functional theory
_ Recent years have seen increasing interest in the propefpFT) 1314 This is a powerful technique for the accurate
ties of mo!ecule; oflg)lologlcal and blophgemlcal interest, Sucrbomputation of ground-state properties, here performed us-
as the amino acids;*although the majority of this work has ing the casTEP code?® The electron-ion interactions are de-

ccf)nce;ned t?e a?pllcalltlo_n f’b.'n'}'ot rgetholds tlo p_rok#]ems scribed using nonlocal norm-conserving pseudopotentials of
of conformationa’ analysis for isolated molecuies in the gasy, Kleinman-Bylander form® The valence electron wave

eous phase. In the solid state they often exist as molecular - .. . i . L
crystals, stabilized largely by electrostatic interactions. Thes%unctlons are expanded in a plane-wave basis set to a kinetic

have attracted surprisingly little interest from a theoreticalS"e"9Y cutoff of 1000 eV which converges total-energy Prop-
point of view, save for some work concerning the shieIdinge_rtles to better than 1 'T‘eV’atom- ReC|pro<_:aI space integra-
tensors of carbon-18:12t is therefore of interest to inves- 1oNS have been carried out over varying numbers of
tigate the geometric and electronic structure of these systenfyMmetry-reduced points, where the energy convergence is
for a number of reasons. Such calculations allow an undethe same tolerance as the plane-wave cutoff. Exchange and
standing of experimentally established phenomena in termgorrelation are treated using the well-known generalized gra-
of the underlying quantum mechanics. This provides an indient approximatiofGGA) due to Perdew and Warl§This
sight into the nature of the interactions between amino acidds known to perform significantly better for hydrogen-bonded
principally the hydrogen bond, allowing a further under- molecular systems than the local density approximation
standing of the biological functionality of proteins, com- (LDA).18:19
posed as they are, of amino acids. A firm understanding of Our calculations fall into two distinct stages. First we de-
the structural and electronic properties of these systems, andrmine the geometrical structures adopted at equilibrium by
the relationship between the two, is an essential startingninimizing the forces acting on nuclei using the well-known
point for further investigation into the physics of these sys-Hellmann-Feynman theorem. This involves optimization of
tems. Lastly, molecular crystals, forming a state intermediatall internal degrees of freedom using a Broyden-Fletcher-
between molecules and the conventional solid state, offer &oldfarb-Shanno algorithm. We take experimentally deter-
rich vein of physical phenomena to be investigated, and seined structureé8-22 to determine our initial atomic posi-
provide a rigorous testing ground of the applicabilityasf tions. These initial structures are zwitterionic, that is, the
initio methodologies. amino and carboxy functional groups ionize via the donation
In this paper we investigate the structural and electroniof a proton from the carboxy group to the amino group. Once
properties of the solid state phases of four amino acids alave have optimized these structures, we then solve the single-

Il. COMPUTATIONAL APPROACH
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particle Kohn-Sham equations at a series of reciprocal space
points of high symmetry to determine the eigenvalue spec-
trum.

Ill. STRUCTURAL PROPERTIES

The determination of the structure of molecular crystal
systems is a formidable problem, as has been discussed by
Gdanitz?* although one may optimize the intramolecular
structure relatively easily, the intermolecular structure repre-
sents a more challenging task due to the nature of the inter-
molecular forces and the large number of degrees of freedom
typically present. Although, in principlegb initio calcula-
tions are able to obtain the crystal structure from the con-
stituent molecular structure the task is theoretically demand-
ing as molecular crystals are typically bound by van der
Waals forces; current exchange-correlation functionals such
as the LDA or the GGAs do not describe such nonlocal in-
teractions accurately. In this work, the molecules that we
consider are polar in character, and thus, as discussed later,
we can expect that dipole-dipole interactions and hydrogen
bonds will dominate. We use the experimentally determined
structure$®-2to provide initial atomic positions and crystal
symmetries, after which we may then minimize the atomic
forces to determine an equilibrium geometry consistent with
the system symmetry. One concern associated with the use of
experimentally determined structures to provide initial ge-
ometries is that this could bias the result of the calculation.
In this situation, one would expect the lattice parameters and
atomic positions to vary only a small amount over the course
of the calculation from the initial positions, as the calculation
gttempts to identify t.he. minimum of the potential Surf.ace_ FIG. 1. The structure of L-valine: supercell used in this study in
involved. However, this is not the case in these calculatlonsCa); free molecule in(b). Note the “layer” formation ir{a). Carbon

rather, examination of the lattice parameters and atomic €O, < are represented by gray atoms, hydrogen by white, and oxy-

ordinates dqr.ing the course of tht_a calculations reveals thag}en by dark grayred. The nitrogen atoms are depicted as black
these quantities may, at intermediate stages of the calcul@g)ye This color convention is used throughout this work.
tion, vary between 4% and 10% from the final equilibrium

values. This suggests that the effects of biasing are not pr@nvironmeng This is in contrast to the gaseous phase, as can
nounced. Of course, one could investigate this more fully bybe seen by examining Fig(d) illustrating the structure of an
taking an initial geometry far from that obtained from experi- isolated valine molecule. In the crystal one can see that the
ment; in this case, however, one would be hindered by thenolecules have arranged themselves such that the positively
intense computational requirements of such an optimizatioripnized amine functional groups are in close proximity to the
and moreover, by the possibility of local minima caused bynegatively ionized carboxy groups of neighboring molecules.
the conformational freedom of the constituent molecules. WeThis is readily understood via classical electrostatics: a bond
thus feel justified in the procedure used in this work. between molecules may be formed via these charged func-
Experimentally, L-alanine crystallizes in the orthorhombictional groups. The molecules may also be bound by hydro-
structure with space group2,2,2,, while the remainder of gen bonding between the carboxy groups and the amine
the systems under consideration crystallize in the monoclinigroups. Such bonding is well known to take place in these
structure with space group2;. In all cases there are four molecular system&:26It can be seen in Fig. 1 that the crys-
molecules per unit cell. tal structure allows oxygen atoms in the carboxy groups to
In Fig. 1 we show the structure of L-valine. One can participate in multiple hydrogen bonds; this is common in
observe that the molecules have fornmtterions that is,  such structure®> However, such bonds are not generally of
the amino and carboxy functional groups ionize, forming op-the same strength, and this is reflected in different bond
positely charged functional groups, via the donation of a protengths. For example, the O-H bonds between neighboring
ton from the carboxy group to the amino group; the resultingmolecules in thea axis, where the H atom forms part of a
amino group is now NE} while the carboxy group is COO  donor group common to both bonds, and both oxygen atoms
This is expected, as it is well known that these zwitterionsare in the same carboxy group, range from 1.71 to 1.82 A.
are stabilized in the solid state by electrostatic, polarization, This though does not address why it is energetically fa-
and hydrogen-bonding interactions with the crystallinevorable for the molecules to form zwitterions: valine has a

(b) X
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FIG. 2. Structure of alanine: alanine supercell. A percolating

network of hydrogen bonds is formed in the structure. . .
ydrog FIG. 3. Structure of isoleucine.

nonzero dipole moment; therefore the possibility of forming
bonds with neighboring molecules must exist via dipole-better for L-alanine as opposed to that exhibited for L-valine.
dipole interactions. However, to form a zwitterion must in- This can be understood as follows: charge localization means
volve some energetic penalty: calculations on the isolatethat it is unlikely that the interlayer bonding in L-valine is
molecules suggest that the energy cost of forming the zwitdue to any form of charge overlap. Further, the “interfaces”
terionic species is of the order of 0.68 eV. Therefore, why isof each layer are composed of gHroups, so dipolar inter-
it energetically favorable to zwitterionize? This is a point thatactions are unlikely to be significant. Thus one could reason-
we return to later on, when we discuss the electronic strucably assume that nonlocal van der Waals—type interactions
ture of L-valine. are responsible for the interlayer bonding. Semilocal
One consequence of the molecular arrangement, as shovexchange-correlation functionals such as the GGA are poor
in Fig. 1, is the formation of “layers” in the axis, which one  at describing such nonlocal interactions, and thus one could
would expect to be weakly bonded to each other, in contragtxpect some inaccuracy to be present. Contrariwise, in
to the dipolar interactions and hydrogen bonding of the in-L-alanine, no such layers exist; the intermolecular and inter-
tralayer arrangement. layer interactions appear to be primarily dipolar and
We may contrast this structure with that of L-alanine, hydrogen-bond-like, which are accurately described by
shown in Fig. 2. Again, the molecules form zwitterions but GGAs. One would therefore expect to find the agreement
the molecular arrangement differs from that of L-valine. Ex-that is indeed found. This is also the most likely explanation
amining this 2<2X 2 supercell, looking along tha axis  for the fact that in some circumstances, the theoretical lattice
reveals a pattern of interlocking “layers,” each two mol- constants have been found to be greater than the experimen-
ecules “thick” of oppositely aligned molecules. This arrange-tal lattice constants. In connection with this, though, it
ment allows the interaction energy between the oppositelghould be noted that GGAs are occasionally responsible for
ionized functional groups of neighboring molecules to beunderbinding in solids, resulting in lattice constants that are
minimized, hence making this arrangement energetically faslightly too long?’
vorable. It is worth noting that in contrast to L-valine, no Interestingly, for L-isoleucine, poor agreement between
weakly bonded layers appear in the structure. This is signifithe experimentally and theoretically derived lattice param-
cant, as it may explain why, for example, the agreement beeters occurs in tha axis. Examining Fig. 3 it is evident that
tween experiment and theofghown in Table ) is so much the bonding in this direction involves hydrogen bonds

TABLE |. Structural parameters of the molecular crystals L-alanine, L-isoleucine, L-leucine, and
L-valine; experimentalcited above versus theoreticakhis study results. All lattice parameters are quoted
in angstroms.

a b c
Theory Experiment Theory Experiment Theory Experiment
L-alanine 6.18 6.03 12.29 12.34 5.83 5.78
L-leucine 14.72 14.67 5.29 5.32 9.60 9.61
L-isoleucine 10.20 9.68 5.31 5.30 14.48 13.96
L-valine 9.71 9.68 5.23 5.25 12.51 11.93
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TABLE IlI. Theoretically determined atomic positions for L-alanine compared to the experimentally
determined positionéRef. 20.

X y z

Experiment Theory Experiment Theory Experiment Theory
H(1) -0.301 -0.285 0.064 0.064 -0.806 -0.797
H(2) -0.231 -0.214 0.179 0.198 -0.777 -0.780
H(3) -0.401 -0.404 0.150 0.156 -0.957 -0.971
H(4) -0.558 -0.559 0.239 0.248 -0.654 -0.646
H(5) -0.778 -0.772 0.108 0.109 -0.856 -0.852
H(6) -0.847 -0.833 0.103 0.103 -0.590 -0.558
H(7) -0.685 -0.660 0.014 0.005 -0.694 -0.681
C(1) -0.439 -0.428 0.142 0.141 -0.398 -0.390
C(2) -0.523 -0.513 0.161 0.162 -0.644 -0.632
C@®) -0.725 -0.706 0.091 0.091 -0.698 -0.684
N -0.344 -0.341 0.138 0.143 -0.814 -0.805
o(1) -0.271 -0.270 0.084 0.080 -0.372 -0.368
0(2) -0.550 -0.528 0.185 0.188 -0.239 -0.230

between carboxy and amino groups. Thus the above argwf bonds involving the single-bonded oxygen atére., the
ment is unsatisfactory in this particular case. Given the con©™ atom in COQ), in contrast to the situation in L-leucine,
vergence tolerances used in this work, it is unlikely that thisfor example, where bonds of both types occur in this direc-
is due to numerical reasons. Examination of the structuréion. This suggests strongly that this is the underlying reason
reveals that the hydrogen bonds in thaxis consist entirely for this discrepancy.

TABLE IIl. Theoretically determined atomic positions for L-leucine compared to experimentally deter-
mined positiongRef. 21).

X y z
Experiment Theory Experiment Theory Experiment Theory
H(1) 0.625 0.623 0.528 0.503 0.959 0.956
H(2) 0.507 0.507 0.246 0.213 0.870 0.859
H(3) 0.579 0.578 0.061 0.085 0.984 0.990
H(4) 0.587 0.589 0.039 0.008 0.802 0.820
H(5) 0.747 0.744 0.162 0.136 0.810 0.813
H(6) 0.743 0.740 0.175 0.168 0.993 0.994
H(7) 0.800 0.800 0.609 0.584 0.816 0.806
H(8) 0.744 0.741 0.750 0.739 1.033 1.029
H(9) 0.863 0.859 0.780 0.788 1.026 1.025
H(10) 0.817 0.819 0.534 0.537 1.122 1.123
H(11) 0.941 0.956 0.517 0.480 0.898 0.904
H(12) 0.914 0.907 0.230 0.213 0.817 0.818
H(13) 0.930 0.914 0.244 0.232 1.000 1.002
C(1) 0.618 0.615 0.512 0.495 0.738 0.731
C(2) 0.636 0.636 0.389 0.370 0.880 0.874
C(3) 0.736 0.734 0.283 0.273 0.898 0.895
C(4) 0.810 0.809 0.485 0.470 0.905 0.901
C(5) 0.807 0.807 0.649 0.644 1.030 1.026
C(6) 0.903 0.902 0.345 0.341 0.908 0.906
N 0.575 0.574 0.164 0.153 0.887 0.886
0(2) 0.587 0.582 0.382 0.358 0.639 0.634
0(2) 0.636 0.635 0.743 0.723 0.731 0.719
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TABLE IV. Theoretically determined atomic positions for L-isoleucine compared to experimentally de-
termined positiongRef. 22.

X y z
Experiment Theory Experiment Theory Experiment Theory
H(1) 0.303 0.288 -0.348 -0.336 0.396 0.383
H(2) 0.452 0.451 -0.286 -0.255 0.415 0.391
H(3) 0.359 0.349 -0.197 -0.182 0.480 0.477
H(4) 0.419 0.408 0.133 0.173 0.394 0.385
H(5) 0.438 0.425 -0.142 -0.113 0.254 0.247
H(6) 0.337 0.304 0.357 0.401 0.223 0.214
H(7) 0.493 0.468 0.287 0.339 0.252 0.248
H(8) 0.466 0.449 0.380 0.413 0.088 0.080
H(9) 0.343 0.331 0.177 0.175 0.070 0.065
H(10) 0.499 0.494 0.085 0.098 0.100 0.100
H(11) 0.198 0.189 -0.261 -0.263 0.239 0.243
H(12) 0.250 0.238 -0.186 -0.152 0.144 0.136
H(13) 0.163 0.140 -0.003 0.038 0.196 0.204
C(1) 0.206 0.198 0.131 0.157 0.384 0.385
C(2) 0.347 0.330 0.018 0.047 0.367 0.359
C(3) 0.363 0.343 -0.019 0.018 0.259 0.254
C(4) 0.408 0.383 0.231 0.264 0.216 0.209
C(5) 0.431 0.416 0.217 0.236 0.109 0.108
C(6) 0.230 0.221 -0.128 -0.096 0.204 0.207
N 0.366 0.354 -0.228 -0.199 0.420 0.405
0(2) 0.116 0.119 -0.017 0.019 0.413 0.424
0(2) 0.185 0.176 0.360 0.382 0.364 0.362

Examination of the atomic positions as determined ex-one can see that the packing arrangements are limited to the
perimentally and theoretically in Tables II-V lends credencecase where the functional groups can hydrogen bond with a
to this view, as in all cases individual intramolecular degreesnolecule opposite, and perhaps form a bond to a molecule
of freedom can be dealt with satisfactorily; evidence for thislying parallel to itself, resulting in “layer formation.” This is
is the good agreement found for the atomic positions of ara direct result of the orthorhombic nature of L-alanine com-
individual molecule of the crystal. Rather, this suggests thatpared to the monoclinic structures of the other three crystals
in accordance with the above discussion, it is the intermounder consideration. Perhaps unsurprisingly, L-leucine ap-
lecular interactions that can be problematic. pears to be largely similar, and one may make the same

L-isoleucine appears structurally to be similar to L-valine,observations for this structure as have been made for the
as shown in Fig. 3. One may immediately note the interestprevious ones.
ing manner in which the functional groups on one molecule Current methods of carrying out calculations on molecu-
form hydrogen bonds with their oppositely charged counterdar crystalg® frequently use free molecule structures and pa-
parts on the neighboring molecule. Thus individual mol-rameters, such as charge densities, in order to simulate the
ecules within the unit cell are bound by two hydrogen bondscrystal, i.e., a free molecule is placed in the field due to the
Again, like L-valine, examining a supercell shows the sameother molecules within the unit cell and then a calculation is
layer formation. One may postulate the following explana-carried out: the above raises serious issues about the validity
tion for such formations occurring. L-alanine possesses af such an approach, for clearly it is inappropriate to assume
short side chain; therefore it is possible for the molecules tdahat the molecule does not relax its internal degrees of free-
“interlock” to a greater extent than is possible if the func-dom in the solid state. This is in agreement with the work of
tional groups are attached to a long side chain. It should alsBuschnig and co-workers, who have discussed the impor-
be noted that this interlocking manifests itself in the percotance of treating the full three-dimensional symmetry of the
lating network of hydrogen bonds that can be observed irrystal in such calculatior?$:30
Fig. 2. Thus it appears to be an issue of packing: the shorter
the side chain, the closer the molecules can be packed, and IV. ELECTRONIC STRUCTURE
therefore the greater the number of bonds that can be made
between functional groups on neighboring molecules. Con- In Fig. 4 we show the band structure for L-valine. Despite
sidering an example where one has a large side chain, théhe existence of the well-known band gap probfDFT
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commonly underestimates band ggphe qualitative topol-
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TABLE V. Theoretically determined atomic positions for L-valine compared to the experimentally deter-
mined positiongRef. 23

X

z

Experiment Theory Experiment Theory Experiment Theory
H(1) 0.678 0.690 0.439 0.461 0.385 0.387
H(2) 0.541 0.520 0.379 0.384 0.409 0.408
H(3) 0.643 0.649 0.302 0.281 0.486 0.492
H(4) 0.569 0.559 -0.021 -0.052 0.379 0.381
H(5) 0.523 0.517 0.255 0.268 0.226 0.231
H(6) 0.514 0.507 -0.078 -0.070 0.091 0.095
H(7) 0.612 0.622 -0.243 -0.259 0.167 0.174
H(8) 0.467 0.457 -0.181 -0.190 0.210 0.220
H(9) 0.690 0.683 0.290 0.290 0.081 0.090
H(10 0.760 0.762 0.380 0.405 0.195 0.210
H(11) 0.792 0.800 0.128 0.096 0.152 0.164
C(1) 0.779 0.779 -0.031 -0.040 0.363 0.371
C(2) 0.634 0.636 0.083 0.078 0.347 0.351
C(3 0.597 0.599 0.132 0.126 0.222 0.232
C4) 0.543 0.543 -0.111 -0.113 0.167 0.177
C(5) 0.719 0.718 0.242 0.237 0.157 0.171
N 0.624 0.624 0.326 0.318 0.412 0.413
0o(1) 0.873 0.871 0.112 0.105 0.400 0.409
0(2) 0.794 0.795 -0.262 -0.265 0.335 0.345

nonzero dipole moment of valine, coupled with the polar

ogy of DFT-obtained band structures is generally consideredature of the functional groups involved, and their known
to be correct, and we are therefore justified in using thigendency to form hydrogen bonds, strongly suggests that
concept to understand the electronic structure. Certain fedlipole-dipole and hydrogen-bonding interactions may be ex-
tures are immediately apparent, namely, the wide band gapected to dominate. This provides an explanation of the point
of 5.27 eV. It may also be noted that the occupied statedlluded to in the previous section concerning the zwitterion-
display little dispersion, and therefore are likely to corre-ization of L-valine in the solid state: namely, that the only
spond closely to the molecular orbitals, i.e., to be localized tdvay in which a stable crystal may form is by increasing the
individual molecules within the unit cell, as one would ex- dipole-dipole interaction by zwitterionization: this is because
pect for a molecular crystal. It implies that the intermolecularof the localization of the electron charge distribution to indi-
attraction, and hence the geometric structure, is not primarilyidual molecules. Further, zwitterionization has |mpI|c.at|ons
dictated by electronic bonding, differing from that of the for the nature of the hydrogen bond between the amino and
isolated molecules, but is rather due to either van der Waalarboxy groups. In principle, it would seem that a hydrogen
forces, hydrogen bonding, or dipole-dipole interactions. The2ond could form between these groups irrespective of
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FIG. 4. The electronic band structure of L-valine.

whether the functional groups are ionized or not; however,
the hydrogen bond that forms is stronger if the zwitterioniza-
tion occurs. This can be understood if one examines the ge-
ometry of the molecules involved: donation of a proton to
the amino group from the carboxy group allows a relatively
straight hydrogen bond to form: this is characteristic of a
strong bond, whereas such a straight and hence strong bond
could not form if the zwitterionization did not occur.

A Mulliken population analysié! although not based
upon a unique decomposition of the electronic charge den-
sity, allows us to place this argument upon a more quantita-
tive basis: the nitrogen atoms have a negative overall charge
of —0.77, as opposed to a charge of —0e6@n the oxygen
atoms. Such a result is indicative of the nitrogen atom being
more electronegative than the oxygen atom, and suggests
that the proton bonded to the nitrogen atom will be
deshielded more than it would be if it were covalently
bonded to the oxygen atom in the carboxy group. This
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(c)
FIG. 5. The ground-state density of valife, highest occupied
orbital (b), and lowest occupied orbitét).

deshielding then can account for the formation of a stronget
hydrogen bond. It is further interesting to note that by zwit-
terionization, the possibility occurs for the carboxy group to
take part in more hydrogen bonds than would otherwise be~
the case, as can be seen in Fig. 1. This in itself will act as €2 2

further stabilizing influence.

Examination of the electron charge density of L-valine is

supportive of the above conclusions. Figur@)5shows a

constant density isosurface, and as expected, it displays
marked localization on individual molecules. It may also be
noted that some level of charge overlap does occur betwee
the amide and carboxy functional groups of neighboring

PHYSICAL REVIEW B 71, 195117(2005
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FIG. 6. The partial density of states for L-valine; Gaussian
smearing width of 0.2 eV applied.

We can turn to a bond population analysis of the O-H
bonds to strengthen the above analysis. The shortest bonds
have a length of 1.68 to 1.7 A; if we guardedly use as a
criterion for hydrogen bonding the requirement that the sum
of the van der Waals radii of the atoms involved must be
greater than the separation of the atoms, then this indeed
does qualify as a hydrogen bond. The bond contains a popu-
lation of 0.2e-0.14.

In Figs. 8b) and Hc) we show the density corresponding
to the highest and lowest occupied orbitals of the system
respectively. It can be seen that the highest occupied orbital
appears to bep-like” in nature, which is consistent with the
partial density of states shown in Fig. 6, and that this orbital
is primarily localized on the oxygen atoms. These are lone
pair electrons on the oxygen atoms that take place in hydro-
gen bonding, in line with the discussion above on hydrogen
bond formation.

We mention here that the band structures for isoleucine
(Fig. 7 and leucine(Fig. 8) are largely similar to that of
valine. Band gaps are 4.68 and 5.05 eV, respectively. The
partial densities of states and orbitals for these systems ex-

molecules. This is suggestive of a hydrogen bond forming
between these molecules, via these oppositely ionized func
tional groups, and is consistent with the discussion above on
the reasons for zwitterionization occurring in the solid state.
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FIG. 8. The electronic band structure of L-leucine vicinity of the amino and carboxy groups involved in hydrogen
o ' bonding.

hibit similar behaviors to those of L-valine; for this reason, N ) ) .
we do not present these. Given the similarity between thes@et positive populations of 0.22It is worth noting here that
molecules in terms of their geometric structures and in term&is compares to hydrogen bond distances of around 1.7 A

of the functional groups present, these similarities are nofor L-valine: this suggests that the strength of the hydrogen
surprising. bonds is approximately constant from system to system. Ex-

L-a|anine(Fig. 9) deserves more detailed attention’ as itsamination of the Orbitals, along with the partial density of

band structure is markedly different. It possesses a wide bargfates, reveals that they are similar to those of the other sys-
gap, of 5.07 eV, as do the other three systems examined. TH&MS, with the highest orbitals being primarily oxygedype
band structure shows more dispersion in both the valenc@rbitals; this is again consistent with hydrogen bonding, and
and Conduction band manifo'ds possib|y because Of th@eans that the electronic structure of L-alanine is broadly
closer packing that alanine takes part in. Examining the densimilar to those of the other systems considered.

sity in Fig. 10 does not show a noticeable degree of delocal-

ization, which one would expect in order to produce disper- V. CONCLUSIONS

sion; rather, the density is largely localized to individual ) _ _ )

molecules, with electron overlap confined to the region of N conclusion, this work has investigated the structural
the intermolecular hydrogen bonds. The density of state@nd electronic structures of the four amino acids alanine,

shown in Fig. 11 reinforces this conclusion. The carbon-valine, leucine and isoleucine in the solid state. Although

oxygen bonds are slightly asymmetric, having lengths ofhese systems have been extensively studied by a variety of

1.24 and 1.26 A; suggesting that the two hydrogen bonds arfgXPerimental techniques such as x-ray diffraction, and are
not of the same strength. Population analysis suggests thg.{(.)adly understood to be zwntenpmc molecular crystgls, sta-
the closest distance O-H bonds are of length 1.74 A, a chaf!lized largely by hydrogen bonding between the amino and

acteristic hydrogen bond length, and that these bonds have
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FIG. 11. Partial density of states of alanine. Gaussian smearing
FIG. 9. The electronic band structure of L-alanine. of width 0.2 eV applied.
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carboxy functional groups, little theoretical work has beentional groups; rather the only differences appear to stem
carried out to verify the validity of this picture. In this work, mainly from the differing side chains. As an example, the
we have calculated, using first-principles methods, the geddand structures, densities of states, both complete and partial,
metric and electronic structures of these four crystals. In genand electronic orbitals appear broadly similar. However, the
eral, the geometric structures have been found to be in goadifferences manifest themselves in how these molecules pack
agreement with the experimentally determined structures akogether to form crystals; alanine is notably different, in the
lowing for finite-temperature effects and van der Waalsmain because its much shorter side chain allows a greater
bonding. We find that the intermolecular interactions that stadegree of close packing than is possible in the other three
bilize the crystals must be primarily electrostatic in nature,systems, all of which possess much longer side chains. How-
for it is well known that DFT accounts well for such inter- ever, in all cases the bonding mechanisms appear to be the
actions: this has implications too for the hydrogen bondingsame. It is in_ter_esting to note that the structures of individual
suggesting a primarily electrostatic nature, which is consismolecules within the crystal structure are so different from

tent with the current understanding of the nature of the typi{he gas phase conformers; this is largely due to the zwitteri-
cal bonds that predominate in these crystals i e, Onization that occurs; however, it does have implications for

C—0—H—N.?5 The cases where agreement is poor be_how calculations are carried out on these systems: it is

tween theoretical and experimentally determined lattice conC!€&ry not appropriate to use the isolated gas phase molecu-

stants are most likely due to van der Waals forces bein%ar conf(cj)_r mers alnd ‘T‘UbjefCt thﬁ§e to thel C“l'Stal ﬂ?ld of tr:‘e

. Lo . urrounding molecules, for this completely neglects the
_respons_,lble for bmdmg_. these cases almost always |_nvolv tructural and electronic changes that take place upon zwit-
interactions between widely separated{&jfoups, for which

ther f £ int " likelv t A not fterionization.
othér forms or Intéraction are uniik€ly 1o occur. A note Ol 1hjg \work has produced results that are broadly consistent

caution should perhaps be made here: these molecular cryg interpretative models. It is to be hoped that such first-
tals are perhaps unrepresentative of this type of crystal as ginciples techniques will find wider application to these im-

whole because, in general, dipolar and hydrogen bond intesortant systems, and help to place our understanding of them
actions dominate over van der Waals interactions; this is dugnd the interactions responsible for their formation on a

to the polar nature of the constituent molecules. However, ifnuch firmer theoretical footing. It is to this end that this
general, many molecular crystals are stabilized by van defork is intended to serve as a foundation for further inves-
Waals interactiond? the nonexistent to poor treatment of tigations such as the vibrational and dielectric properties of
such nonlocal interactions within GGA DFT will ensure that these important crystals.
such crystals are problematical.

The gross features of the electronic structure appear to be ACKNOWLEDGEMENT
largely the same from system to system; this is perhaps not P.R.T. would like to acknowledge the EPSRC for provid-
entirely surprising, given that they all share the same funcing financial assistance.
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