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The dynamics of the methyl groups in the crystalline alanine dipeptide is examined over a 
wide range of temperatures using elastic and inelastic neutron scattering experiments 
and molecular dynamics (MD) simulations of the full crystal. Neutron scattering spectra are 
calculated from the simulations and directly compared to the experimental profiles. The 
N-ter and C-ter methyl groups in the molecule have low rotational barriers, i.e., 5 1 kcal/ 
mol. They undergo rotations that are activated on time scales faster than =: 1 ns at 
temperatures as low as 50-100 K and are on the picosecond time scale at 150 and 300 K. At 
300 K the rotational motion becomes strongly diffusive in the simulation. In contrast, 
the side-chain methyls possess a significant intramolecular intrinsic torsional barrier, z 3 kcal/ 
mol. As a result, their dynamics consists of librations and rare jumps between wells. The 
simulations are further analyzed to characterize in detail the motions giving rise to the 
calculated scattering. Using a quaternion-based method the simulated methyl dynamics 
is decomposed into rigid-body rotational and translational components. The decomposed 
motions and their contributions to the calculated neutron profiles are examined. 

I. INTRODUCTION 

The crystalline state provides structurally well- 
characterized systems enabling detailed studies of environ- 
mental effects on molecular motions. Of particular interest 
are the effects of nonbonded interactions, such as Coulomb 
and “soft sphere” interactions, on the dynamics of rotating 
groups in molecules. The interactions influence the effec- 
tive potentials of mean force for rotational motion and 
contribute frictional and collisional dynamical effects. The 
rotational dynamics of methyl groups in molecular crys- 
talsim3 serve as examples where nonbonded interactions in- 
fluence librational oscillations and transitions between 
equivalent threefold-degenerate conformers. 

Methyl group librational and transitional motions typ- 
ically occur on the picosecond (ps) and nanosecond (ns) 
time scales at 300 K.im3 Motions on these time scales can be 
probed in detail using the experimental technique of inco- 
herent inelastic neutron scattering spectroscopy and the 
computational method of classical molecular dynamics 
simulation. The molecular dynamics method employs em- 
pirical potential energy functions. Using the energy func- 
tions the equations of motion are integrated over femtosec- 
ond time steps so as to build up picosecond time scale 
trajectories for the atoms in the system. Inelastic neutron 
scattering4 involves the measurement of neutron scattering 
intensities as a function of the energy transfer, w and mo- 

mentum transfer, q. In organic molecules incoherent scat- 
tering from the hydrogen atoms dominates the measured 
intensities. Incoherent scattering probes self-correlations in 
motions of atoms. Incoherent scattering can be divided 
into three types: elastic, quasielastic, and inelastic. The in- 
elastic scattering arises from vibrational motion in the sam- 
ple. From an analysis of the inelastic scattering the vibra- 
tional density of states (frequency distribution) can be 
extracted. The quasielastic scattering arises from stochastic 
motions such as conformational transitions or overdamped 
vibrations. The elastic scattering gives information on the 
geometry of the motions involved and the associated 
atomic mean square displacements in the long time limit. 
The incoherent neutron scattering properties can be di- 
rectly calculated from the molecular dynamics trajectories 
to enable a detailed comparison between the experiments 
and simulations.5-7 

In this paper we investigate the rotational dynamics 
of the methyl groups in crystals of the alanine dipeptide, 
N-methyl-L-alanyl-N-methylamide [CH,-CONH- 
C,H(CoH3)-CONH-CH3], drawn in Fig. 1. This mole- 
cule is one of the simplest model peptide molecules con- 
taining the basic fragments necessary for a detailed 
understanding of the interatomic interactions present in 
proteins. It has thus been the target of many theoretical 
studies particularly on the conformational equilibria of the 
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DIPEPTIDE MOLECULE 

Side-chain 
Methyl 

C - ter 
Methyl 

N - ter 
Methyl 

FIG. 1. The alanine dipeptide molecule. 

molecule isolated and in water.8’9 
The dipeptide molecule contains three methyl groups 

capable of undergoing rotational transitions. Two different 
contributions to the effective rotational barriers of these 
methyls can be identified. One is the “intrinsic” potential. 
This is the dihedral potential that would exist in the ab- 
sence of environmental effects and is modeled by a specific 
torsional term in the empirical energy function. The other 
contribution arises from additional, nonbonded interac- 
tions present in the crystal. 

In the alanine dipeptide one of the methyl groups is the 
side chain; the single-bond dihedral is that between the C, 
and C, carbons, these having sp3 electronic orbitals. The 
intrinsic (gas phase) rotational barrier for this side chain is 
expected to be similar to that seen in ethane, i.e., 2.93 
kcal/mol,” with the minimum in the staggered conforma- 
tion. The origin of the intrinsic barrier in ethane is mainly 
overlap (exchange) repulsion between the CH bond orbit- 
als.” 

Rotational barriers of methyl groups adjacent to dou- 
ble bonds, such as the C-terminal ($ rotation) and 
N-terminal (4 rotation) methyl groups in the alanine 
dipeptide, are quite different. In most organic molecules of 
this type the minimum in the potential energy tends to be 
in the eclipsed position (not staggered as in ethane). Also, 
the barriers tend to be much smaller. For example, in ac- 
etaldehyde, CH,CHO the barrier is 1.16 kcal/mol. ‘* In 
acetamide, CH,CONH, an electronic configuration resem- 
bling that of the peptide group is adjacent to the 
C-terminal methyl; the rotational barrier of this molecule 
is < 0.1 kcal/mol.‘3 The acetamide rotational potential 
should strongly resemble that of the C-terminal CH, group 
in the alanine dipeptide (and also the intrinsic contribution 
to the 3, rotational potential in peptides and proteins). To 
confirm the above experimental results high-level quantum 
mechanical calculations were performed on acetaldehyde, 
acetamide, and N-methylacetamide-the conclusions sup- 
port strongly the existence of a close-to-zero intrinsic con- 
tribution to the dipeptide 4 and $ rotational potentials.14 
The above evidence strongly suggests that the methyl 
groups in the alanine dipeptide come in two sorts; the side 
chain methyl has an intrinsic barrier of about 3 kcal/mol, 
whereas the N-ter and C-ter methyls have much smaller 
intrinsic barriers, close to 0 kcal/mol. In what follows we 

will loosely refer to these as the “hindered” and “free” 
methyls. This terminology refers to the intrinsic barrier; in 
the crystal an effective rotational barrier will exist for all 
methyls due to the influence of nonbonded interactions. 

The unit cell of the crystal contains eight dipeptide 
molecules arranged in a hydrogen-bonded helical configu- 
ration.” The local forces between the methyl atoms and 
atoms from other molecules in the crystal are expected to 
be dominated by soft-sphere interactions which are mod- 
eled by a Lennard-Jones potential in the force field em- 
ployed in the present simulations. The rotational motion of 
the methyl groups can be considered in terms of two 
components-librational oscillations within the rotational 
potential well and transitions between them. Nonbonded 
interactions between the methyl group and its environment 
will play an important role in determining the dynamical 
characteristics of the rotational transitions and frictional 
damping effects on the librational modes. 

In this paper we use incoherent neutron scattering and 
molecular dynamics to investigate the 0.1-100 ps time 
scale dynamics of the hydrogen atoms in the dipeptide 
molecule. The neutron scattering is dominated by incoher- 
ent scattering from the hydrogen atoms. Nine of the 12 
hydrogens are in methyl groups, which thus contribute the 
majority of the scattering intensity. We report neutron 
scattering measurements made on two spectrometers at the 
Institut Laue-Langevin in Grenoble, one (IN6) measuring 
picosecond time scale inelastic and quasielastic spectra and 
the other (IN13) used to measure elastic scattering origi- 
nating from motions on time scales faster than z 1 ns.16 
These results are compared with molecular dynamics sim- 
ulations using the CHARMM program,” in which the pico- 
second time scale motions of the alanine dipeptide are sim- 
ulated with the crystal environment included using 
periodic boundary conditions. In the CHARMM force field 
the intrinsic rotational potential of the alanine side chain is 
represented by a sinusoidal term with a barrier of 2.86 
kcal/mol. The total barrier is thus represented by a sum of 
this and the contributions due to crystal nonbonded inter- 
actions. For the free methyl groups an intrinsic barrier of 
zero is assigned. 

Neutron scattering quantities are directly calculated 
from the simulations using the time-correlation function 
formalism.18~‘g For each type of scattering examined a 
comparison is made between the experimentally derived 
profile and the simulation equivalent, calculated from all 
the hydrogens in the molecule. A further analysis is made 
in which the molecular dynamics trajectories are used to 
examine different aspects of the methyl group motions. A 
separation of the various contributions to the simulation 
neutron spectra is made possible using a method based on 
Hamilton’s quaternion formalism. The method allows the 
calculation and analysis of the rigid-body methyl group 
trajectories from the full dynamics results.*’ In this way 
methyl group rotational and translational contributions to 
the displacements, transitions, and vibrations are exam- 
ined. Several dynamical effects seen in the simulations are 
also clearly present in the experimental samples. However, 
the simulation-derived and experimental elastic and inelas- 
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tic spectra are never in quantitative agreement. The possi- 
ble reasons for the differences are discussed in terms of the 
incompleteness of the simulation representation of the ex- 
perimental ensemble of molecules and in terms of the dif- 
ferent factors contributing to the experimental data. 

The paper is organized as follows. In Sec. II we de- 
scribe briefly the neutron experimental methods, the MD 
energy function, and simulation procedure. The 
quaternion-fit methodology employed for the dynamics 
trajectory analysis is described together with the methods 
employed in calculating the neutron scattering properties. 
In Sec. III the results are given. The experimental and 
simulation-derived elastic incoherent structure factors 
(EISFs) are examined as a function of temperature and 
momentum transfer. The methyl group contributions to 
the simulation-derived EISFs are analyzed. The time scales 
and dynamical nature of the rotational methyl group tran- 
sitions are investigated by analyzing directly the simulated 
time series of the rotation angle about the C, symmetry 
axis. This angle is identical to the rigid-methyl dihedral 
angle (X-C-C-H) in the case where the methyl group can 
be considered a tetrahedron in which the methyl carbon is 
located at the center and the C, atom and the hydrogen 
atoms are at the corners. In the following we will refer to 
the rotation angle about the C, axis also as the “methyl 
dihedral angle.” Finally, the low-frequency 
( < 300 cm-‘) vibrational characteristics are examined us- 
ing measured inelastic scattering spectra and vibrational 
frequency distributions and comparing with the corre- 
sponding simulation-derived spectra. The concluding dis- 
cussion is presented in Sec. IV. The combined neutron/ 
simulation approach presents a direct test of the accuracy 
of present simulation techniques in representing short- 
range picosecond-time scale condensed phase dynamical 
effects. Correspondingly, the decomposition of the motions 
constributing to the simulation-derived scattering reveals a 
variety of different dynamical effects. 

II. METHODS 

A. Neutron scattering experiments 

The alanine dipeptide was purchased from Bachem 
Feinchemikalien AG and crystallized from methanol at 
room temperature’t yielding a polycrystalline powder for 
the experiments. Spectra were taken at 150 and 300 K 
using the IN6 spectrometer with the incident neutron 
wavelength set at 5.14 A. The elastic energy resolution was 
51 peV. The spectra were taken in aluminium cells with 
run times of 3-4 h each. Sample transmissions were about 
90%. The raw data were corrected using the programs 
PRIME and CROSSX at the ILL. These programs normalize 
the detector responses with respect to an angle- 
independent standard vanadium sample, normalize each 
run to the number of incident neutrons, perform slab cor- 
rections for the self-shielding and attenuation of singly 
scattered neutrons, and subtract the cell scattering from 
the sample+cell scattering. The scattering from the alu- 
minium cells was l%-3% of the total scattering. 

The backscattering spectrometer IN13 with an elastic 

resolution of 7 PeV was used for high-resolution elastic 
scattering measurements on the crystals. Elastic scans were 
performed at temperatures between 22 and 325 K using a 
liquid-helium cryostat. The q range thus covered was 0.3 
A-’ <q < 5.5 A-‘. Similar data reduction was performed 
as for the IN6 experiments, using the programs IQ0 and 
SQO at the ILL. The elastic scan intensities were normal- 
ized against the data at the lowest temperature (22 K). 
The elastic scan experiment was repeated on a different 
sample and gave the same results. 

6. Molecular dynamics simulations 

1. Potential energy function 

The model used treats all atoms in the system explic- 
itly. The CHARMM energy function employed for the sim- 
ulations has the following form: 

v= x k&-bo)2+ 2 k&L&# 
bonds angles 

+ 

+ 

dihedrals impropers 

(1) 

The force field includes bonded interactions, compris- 
ing bond stretches, bond angle bends, and dihedral angle 
contributions, and nonbonded interactions between pairs 
(ij) of atoms. In Eq. ( 1) b, 8, 4, and o are the bond 
lengths, angles, dihedrals, and improper torsions at any 
given configuration and b,, 80, w. are the reference values 
for these properties; the associated force constants are kb, 
ke, k4, and k,. For the intrinsic torsions n is the symmetry 
number of the rotor (e.g., 3 for a methyl group) and S is 
the phase angle. The improper dihedral contributions are 
used to represent out-of-plane deformations of the spz 
groups. Of particular importance in the present study is the 
value of the intrinsic torsional term for the methyl groups. 
For the side-chain methyl this was set as 2.86 kcal/mol, 
distributed equally over the nine contributing dihedrals. 
For the C-terminal and N-terminal methyls the intrinsic 
term was set as zero. 

The nonbonded interactions are included for atoms on 
different molecules and for atoms on the same molecule 
separated by three or more bonds. The nonbonded inter- 
actions between pairs of atoms i,j consist of a Lennard- 
Jones van der Waals term, with well-depth Oij and van der 
Waals radius l ij and an electrostatic interaction between 
partial charges qi,q~ The dielectric constant, E=E~*E, was 
set to E= eo, i.e., er= 1. The electrostatic interaction energy 
was reduced by a factor of 0.5 for atoms separated by only 
three bonds. Long-range electrostatic interactions were 
brought to zero at a cutoff of 12 A by applying a cubic 
switching function between 9 and 12 A.l’ This truncation 
scheme preserves the short-range Coulombic interactions 
which may influence the collisional methyl dynamics, 
while ensuring energetic stability of the simulations. The 
12 A cutoff was chosen to be smaller than the smallest edge 
of the primary box to avoid interactions between an atom 
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and its “images” due to the application of periodic bound- 
ary conditions. Parameters for the methyl groups were 
obtained from a detailed examination of the gas-phase 
rotational barriers of linear, branched, and cyclic hydro- 
carbons.22 

2. The crystal environment 

The alanine dipeptide was simulated including the full 
crystal environment using classical molecular dynamics 
and periodic boundary conditions. In the periodic bound- 
ary conditions technique a primary box is constructed. 
Within this primary box the atoms move independently, 
unconstrained by any imposed symmetry. Around the pri- 
mary box are constructed identical images. The atoms in 
the images interact with the atoms in the primary box via 
the nonbonded terms in Eq. ( 1). An atom in an image box 
moves identically to its corresponding atom in the primary 
box. To construct the crystallographic unit cell the asym- 
metric unit consisting of two alanine dipeptide moleculest5 
was built and the corresponding orthorhombic symmetry 
operations of the P2,2,2, space group applied. The resulting 
unit cell contains eight dipeptide molecules. Its dimensions 
are a= 13.87 A, b=6.98 A, c= 16.29 A. It is preferable to 
work with a primary box as close to cubic as possible since 
this allows a maximal spherical cutoff for the electrostatic 
interactions. We chose our primary box to be that of two 
unit cells, doubling the unit cell along the b direction. The 
resulting primary box dimensions are a= 13.87 A, 
b= 13.96 A, c= 16.29 A. The primary box consists of 16 
dipeptide molecules, i.e., 352 atoms. 

3. Molecular dynamics simulations 

All simulations were performed in a microcanonical 
ensemble using CHARMM running on the IBM 3090/600 
computer at Saclay. The simulation analysis was per- 
formed with the program package nMOLDYN that has been 
recently developed.23 The starting configuration for the 
simulations was obtained by minimization of the potential 
energy of the crystal with fixed unit cell dimensions. Sim- 
ulations were performed with an integration time step of 1 
fs and the bond lengths involving hydrogen atoms were 
constrained with the SHAKE algorithm.24 Each simulation 
consisted of three phases; a 5000 step Langevin dynamics 
heating phase, an equilibration run of 5000 steps with oc- 
casional velocity scaling to stabilize the temperature, and 
the production run of 10000 steps, writing each configura- 
tion to disk. The dense spacing of the dumped configura- 
tions on the time axis is necessary for the analysis of the 
rigid-body motion frequency distributions where velocities 
have to be calculated from fitted atom postions. 

C. Analysis of the simulation trajectories 

1. Neutron scattering properties 

A considerable part of the molecular dynamics analy- 
sis is devoted to the comparison with neutron scattering 
experiments since neutrons probe essentially the same time 

and space domain as the simulations. We briefly outline the 
methods used to calculate the various quantities con- 
cerned. 

Dynamic structure factor. The basic measured quantity 
in inelastic neutron scattering experiments is the double 
differential cross section, d2a/dQ dE, which is the number 
of neutrons scattered into the solid angle interval [C&n 
+dfi] and energy interval [E,E+dE], normalized to da, 
dE, and the flux of the incoming neutrons, 

(2) 

The quantity S( q,w ) is called the dynamic structure factor, 
N is the number of atoms in the sample, and k. and k are 
the moduli of the wave vectors of the incident and scat- 
tered neutrons. These are related to the corresponding neu- 
tron energies by Eo=fi2k$2m and E=fi2k2/2m, where m 
is the neutron mass. The energy and momentum transfer, 
in units of fi, are given by w=(E,-E)/ii and q=(k, 
- k)/fi. The modulus of the momentum transfer is related 
to the energy transfer and the scattering angle 0 by 
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,=koiZ-;-241-z cos(8). (3) 

The dynamic structure factor S( q,w ) contains information 
about the structure and dynamics of the sample. It can be 
split into a coherent part arising from self- and cross- 
correlations of atomic motions and an incoherent part de- 
scribing only single atom motions, 

‘%,h(%~) =A 
+m 

dt e-‘“‘y,,h(q,t) (4) 
L?, J - @ 

F&,(&t) =A 2 b~,cohb9,coh(e-iq’R’(o)ei41’Rp(r)), (5) 

s 

+CO 
dt ewiofYi,,(q,t), (6) _ 

m 

Fi,,tq,t) =$ c b~,inc(e-‘q’Ra(0)eiq’Ra(r)). 
a 

We see from Eqs. (4) and (6) that the coherent and inco- 
herent dynamic structure factor are time Fourier trans- 
forms of the coherent and incoherent intermediate scatter- 
ing functions, FCOh (q,t) and J’in, (qyt) . (r, p label individual 
atoms whose positions are specified by their time- 
dependent position vector operators R,(t) and Rp( t), re- 
pectively. Each atom has a coherent scattering length ba,coh 
and an incoherent scattering length ba,inc which defines the 
strength of the interaction between the nucleus of the atom 
and the neutron. These quantities depend only on the iso- 
tope involved. lP4 It should be mentioned that in Eq. (2) we 
have tacitly assumed that multiple scattering is not present. 
By using the resealed scattering lengths 

biwh=* f (8) 
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b&z pi;; J , (9) 
a a,mc 

dropping the factor l/N in front of the sums, one ob- 
tains the conveniently scaled limits ~i,,(q,O) = 1 and 
lim Fcoh( q,O> = 1. The incoherent scattering length 
4-m 
of hydrogen is an order of magnitude larger than the other 
scattering lengths in the alanine dipeptide molecule. With 
12 of 22 atoms in the alanine dipeptide being hydrogen 
atoms we include in our calculations only the hydrogen 
incoherent scattering and drop the subscript “inc” in the 
analysis. It follows that in this case b~,i”,E b;li,, = I/ fi, 
with N being the number of hydrogen atoms in the system. 

The intermediate scattering functions are quantum me- 
chanical time-correlation functions that are replaced by 
classical time-correlation functions if they are calculated 
from MD simulations. To emphasize the classical nature of 
the correlation functions obtained from molecular dynam- 
ics simulations we use normal roman letters for the observ- 
ables instead of the boldface letters that indicate operators. 
The detailed balance condition 

S(q,o) =P%( -q,-co) (10) 

does not hold in the classical limit fi-+O. To take account of 
this we assume the semiclassical correction4-given here for 
isotropic systems, such as the polycrystalline samples un- 
der consideration, 

Y(w) = 1 !e?p& S,*(w). 
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-R,(O)]‘). These were calculated from the molecular dy- 
namics configurations as follows: 

([R,0-R,012)~~~ 
N,--m- 1 

1 [R,(k+m) 
t k=O 

--R,(k) 1’9 (15) 
where the steps in the trajectory are denoted by k=O,...,N, 
- 1. Equation ( 15) was evaluated using an efficient FF’T- 
based algorithm.26 S(q,o) in the Gaussian approximation 
was obtained by numerical Fourier transformation of 
F(q,t) as defined by Eq. (14) applying a Gauss window in 
the time domain” yielding a smoothed spectrum with a 
full-width half-maximum resolution of 40 cm- ‘. 

Density of States. The density of states is related to the 
classical dynamical structure factor byz5 

g(w) =lim 
s 

Wq,w) 
q-0 

dt eFia’(v,(0)v,(t)) , 
I 

(16) 

where (v,(O)v,( t) ) is the autocorrelation function of the 
velocities, v,(t) of atom a. g(w) can be interpreted as the 
kinetic energy of the hydrogen atoms in the system as a 
function of frequency. Equation ( 16) holds formally also 
in the quantum case.28 g(w) was calculated as the Fourier 
transform of the velocity autocorrelation function 
(VACF) from MD simulations. The VACF was evaluated 
by using a standard FFT-based algorithm for the efficient 
calculation of correlation functions,29 

The shorthand p stands for l/kBT, where k, is Boltz- 
mann’s constant. &(q,w) is the classical dynamic struc- 
ture factor. The semiclassical correction, Eq. (11) is an 
approximation valid only in the linear response regime h 
< k,T. 

(v,(O) *v,(m)) -- -Nt:m - Nt-$:’ v,(k)*v,(k+m). 
(17) 

Gaussian approximation for inelastic scattering. To save 
CPU time S(q,w) and the corresponding time-of-flight 
(TOF) spectra were calculated from the simulations in the 
Gaussian approximation. Using the cumulant expansionz5 

(eiq~[R(~)-R(0)1)=e-1/2(~q~[R(t)-R(O)1}2)*~~~ (12) 

the intermediate incoherent scattering function can be 
written as 

The Fourier spectrum of the VACF was calculated apply- 
ing the same windowing method as for the calculation of 
S(q,o). 

l/Z({q. [R,(f) -R,(O) I}*) 

The applicability of the Gaussian approximation in the 
(q,o) space of interest in the present simulations is verified 
in Sec. III. Since the experiments were performed on an 
isotropically scattering polycrystalline powder sample we 
averaged the exponent over all directions of q, 

To compare to experimentally derived spectra for$nite 
q values the density of states g(q,w) was calculated from 
the dynamic structure factor using the first line of Eq. ( 16) 
(without performing the limit q-0) and applying the 
semiclassical correction formula, 

1 -e-R*@ 
g(q,w) =a* 

Bfi 
S(w). (18) 

The elastic incoherent structure factor. S(q,w) can be 
divided into a part arising from purely elastic scattering 
with w=O and a part with w#O. Writing 

F(w) =EISF(q) +F’(q,t), 

EISF(q) = lim F(q,t), 
t-cc 

(19) 

(20) 

F(q,t) =f C e- $/6(IR,(+R,(W12)~ 
a 

where EISF stands for elastic incoherent structure factor 
we have 

The calculation of the neutron spectra in the Gaussian 
approximation thus involves computation of the time- 
dependent mean square displacements, ([R,(t) 
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S(w) =EISF(qM(o) +S’(q,w). (21) 

Note here that the definition of EISF adopted here is not 
the same as in some analyses, in which it is a ratio of elastic 
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to elastic + quasielastic intensities. The EISF vanishes for 
all systems in which the motion of the atoms is not con- 
fined. In our case the motion of the CH3 groups is certainly 
confined since the alanine dipeptide molecules form a crys- 
tal. In systems like this the EISF describes the geometry of 
the accessible volume and is written as follows: 
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were created where XL” and Xz”) are the fixed positions of 
the atoms and the centroid in the reference structure and 
X,(n) is the centroid of the CH, group at time t=n.At in 
the simulation. D(q) is a 3 X 3 rotation matrix expressed in 
quatemion parameters.30 The centroids were chosen to co- 
incide with the positions of the C atoms. To obtain the 
optimal superposition of the positions xztid(n) and x,(n) 
in a least-squares sense the sum of squared deviations, EISF(q) =f c 1 (eiq’Ra> 1’. 

a 
(22) 

As we are dealing with comparisons to scattering experi- 
ments from isotropically scattering powder samples the 
EISF for each atom was averaged over the directions of q, 
using 100 isotropically distributed q vectors. We emphasize 
that the EISFs were not calculated in the Gaussian 
approximation-a “luxury” one can afford since for each 
atom only a simple time average and not a time-correlation 
function has to be calculated. 

m[q(n)] = c w,{DIq(n)lr~“‘-r,(n)}2, 
a 

(24) 

2. Rigid body motions 
A considerable amount of the analysis is based on the 

study of the rigid-body motion of the methyl groups, i.e., 
the translational and rotational motion of the methyl 
groups as a whole, since this represents the essential infor- 
mation if one is less interested in their internal dynamics. 
The rigid-body trajectories were obtained by fitting a CH, 
reference structure into each of the 48 CH, groups in the 
primary box for each time frame and storing the Cartesian 
coordinates of the fitted atom positions and the parameters 
of the fit describing the translational and rotational degrees 
of freedom. As a reference structure an ideal tetrahedron 
was used, with the center of mass coinciding with the or- 
igin and the C atom on the z axis. The C-H bond length 
was chosen to be 1.1 A which is the equilibrium distance of 
the harmonic C-H stretching potential, whereas the tetra- 
hedral H-C-H angle of 109.47” differs slightly from the 
corresponding equilibrium value for the harmonic H-C-H 
bending term in the potential. For the geometrical fits of 
the CH, reference structures to the atom trajectories we 
used a general method to optimally superpose molecular 
structures that has been recently developed.” The method 
uses Hamilton’s quaternions30*3’ for the rotational fit. Nor- 
malized quaternions can be used to parameterize rotations. 
The use of quaternions to find the optimal superposition of 
molecular structures allows the construction of a simple 
and efficient algorithm since the target function to be min- 
imized can be written as a quadratic form in the quatemion 
parameters. 

r,(n) =x,(n) -X,(n), (25) 

r(o) ,x(o) -x;o), 
(1 a (26) 

was minimized with respect to q(n) for each time step. 
The w, are positive weights with &wa= 1. In our fits we 
used wH=+ for the hydrogens in the CH3 groups and 
w,=O for the carbon. For subsequent analysis the atom 
trajectories 

xzgid(n), n=O ,..., N,- 1, (27) 

and the parameter trajectories 

q(n), n=O ,..., N,- 1, (28) 

X,.(n), n=O ,..., N,- 1, (29) 
were stored. The rotational motion of the CH, groups was 
studied using their angular velocities in the molecular 
frame which is related to the quatemions and their time 
derivatives by3’ 

To study the methyl group motions in our given sys- 
tem we started from the atom trajectories x,(t 
= n * At) = x,(n) of our molecular dynamics simulation, 
where a = 1. * *N now enumerates the atoms in a “tagged” 
CH3 group, and n=O** *N,- 1 enumerates the time step. 
In the following we use the letter “x” for the atom posi- 
tions to distinguish them from the relative positions with 
respect to the centroid position which are labeled by “r” 
and “X”, respectively. From the atom trajectories the cor- 
responding rigid-body trajectories 

/ 0 \ ( 40 41 92 43 \(io\ 4 , =2* II I 
--(I1 40 43 -42 41 

WY -43 qo CII 42 * 

(30) 
- -Qz 

4  
-43 cl2 III - -41 40 q3 

The primes indicate the molecular reference system. The 
first line in Eq. (30) follows immediately from differenti- 
ating the normalization condition q.q= 1 with respect to 
time. To calculate the time derivative of the quaternion 
parameters we used a fourth-order differentiation formula 
for equidistantly spaced points on the abscissa.33 To obtain 
sufficient precision for the derivatives a time step of 1 fs 
between the rigid-body configurations was used. A trajec- 
tory of the rotation angles around the molecular (x,y,z) 
axis can be obtained by a straightforward numerical inte- 
gration of the components 01, $,, WI, 

s 

t 
@x,y,r( t) = 

0 
d- ~:,~,z( ~1. (31) 

Simpsons rule was used with Eq. (3 1) to obtain the time 
series presented in Figs. 5 (a) and 5 (b) . 

III. RESULTS 

xy(n)=X,(n) +D[q(n)] (xh”)-X:o’) (23) 

The neutron properties reported here (elastic and in- 
elastic scattering) give information on the motional geom- 
etry and the vibrational characteristics. For both types of 
scattering we report the experimental results and compare 
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the corresponding simulation-derived profiles before ana- 
lyzing the simulations in detail. In the direct comparisons 
with experiment the contributions from all 182 hydrogens 
in the primary simulation box (including the nonmethyl 
hydrogens) were included. In subsequent calculations the 
contributions from the 32 free methyls and the 16 hindered 
ones are separated and further decomposed into transla- 
tional and rotational components. 

Experimental beam time allowed elastic scans at tem- 
peratures ranging from 20 to 325 K and inelastic measure- 
ments at two temperatures which were chosen as 150 and 
300 K. Availability of data storage facilities for the rigid- 
body trajectories permitted simulations at three tempera- 
tures. These were chosen to be 50, 100, and 300 K, tem- 
peratures selected according to the behavior of the 
measured elastic scans. A combination of the data and 
simulation analysis is sufficient to elucidate many charac- 
teristics of the temperature-dependent dynamical behavior. 
Evidently the different motional characteristics and their 
associated scattering are somewhat interdependent. Fre- 
quent cross referencing thus allows allows one to obtain a 
description of the methyl dynamics that is consistent with 
the experimental and simulation evidence. 

A. Elastic scattering profiles 

Elastic scattering scans provide information on the ge- 
ometry of the atomic motions. Any hydrogen motion will 
lead to a decrease in the elastic intensity at q > 0, which is 
thus a maximum at T=O. If the hydrogen atoms undergo 
identical harmonic vibrations the Gaussian approximation, 
[Eq. ( 13)] is strictly valid. In this case the log of the EISF 
will be proportional to Tat constant q and to 4’ at constant 
T, 

EISF( q) =e-$(‘*), (32) 

where (a’) is the mean-square fluctuation of the (hydro- 
gen) atoms and is proportional to T. For an isotropic, 
harmonic system ( u2> is i times the mean-square displace- 
ment in the limit t-+ CO. Jump and diffusive models for 
conformational transitions give non-Gaussian scattering 
behavior. ’ 

In Fig. 2 is shown log EISF vs T for the alanine dipep- 
tide for different values of q at temperatures between 22 
and 325 K. At temperatures below 50 K no significant 
motion is seen. The shift of the high q curve may be due to 
imperfect calibration of the detector concerned. A sharp 
decrease in the elastic intensity is seen at temperatures 
between z-50 and z 100 K followed by a decrease in the 
gradient at higher temperatures. The low temperature 
sharp decrease in elastic intensity can be interpreted as the 
excitation of anharmonic motions. That these motions are 
anharmonic is clear from the fact that the gradient does 
not remain constant at higher temperatures; at tempera- 
tures above z 100 K the curves become close to linear 
(slightly concave). 

The origin of the sharp low-temperature loss in elastic 
intensity for the dipeptide is likely to be methyl rotational 
motion occurring on time scale of a few hundred picosec- 
onds or faster. Additional information on the geometry of 

Dipeptide elastic scans 

I I I I I I I I 
0 50 100 150 200 250 300 351 

T IKI 

FIG. 2. Logarithm of the elastic intensity of the alanine dipeptide vs 
temperature at q values ranging from 0.3 A-’ (upper curves) to 5.5 A-’ 
(lower curves) obtained from experiments on IN13. 

the motions involved can be obtained by examining the q 
dependence of the elastic scattering. In Fig. 3(a) is shown 
the q dependence of the elastic scattering as derived from 
the IN13 experiment. Also shown is the EISF derived, 
using Eq. (22), from all the hydrogens in the simulations. 
The dashed lines represent the EISFs derived using a cor- 
rection formula described below. At 300 K in both exper- 
iment and simulation there is a fast-decreasing component 
at low q followed by a more linear region between 6 and 25 
Am2. Nonlinearity is also seen in the 100 K data, although 
less apparent in both the simulation and experimental 
curves. At 50 K both curves are almost linear, consistent 
with dominant vibrational motion at this temperature. 

Before discussing the differences between the experi- 
mental and MD-derived elastic scattering in Fig. 3(a) we 
decompose the simulation-derived contributions using the 
methodology described in Sec. II C 2. In Fig. 3(b) is 
shown the contribution to the elastic scattering from the 
translational rigid-body motion of the free and hindered 
methyl groups. The hindered and free groups present al- 
most identical translational elastic scattering, linear in q2. 
This is consistent with the interpretation that collective 
vibrations distributed over the molecules contribute the 
major portion of the simulated translational dynamics. In 
Fig. 3(c) is presented the equivalent rotational contribu- 
tion. For the free groups nonlinearity is clear at all tem- 
peratures. At 300 K a minimum is seen at 9 A-’ and a 
subsidiary maximum at 15 A-‘. The form of the curve at 
300 K resembles that of the spherical Bessel function found 
for the elastic scattering calculated from certain dynamical 
models for methyl rotation.’ Examination of the form of 
the 300 K rotational curve shows that it is not consistent 
with a three-site jump model, for which the minimum oc- 
curs at lower q values, but rather with a jump model with 
multiples of three sites or a diffusive model. The hindered 
groups have a relatively weak q dependence with some 
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FIG. 3. Log of the elastic intensity vs 4’. (a) from the IN13 experiment (squares), the simulations (solid lines) and the using the correction formula 
[Eq. (35)]. The values ofp, the population factor are 0 for the simulation at 50 K, 0.15 at 100 K, and 0.35 at 300 K. The corresponding values for the 
subtracted vibrational rms displacements, m, are 0.130 A at 50 K, 0.133 A at 100 K, and 0.140 A at 300 K. (b) Translational methyl components. 
(c) Rotational methyl components. (d) Decomposition of the EISF at 300 K into translational and rotational components for the methyl group giving 
the largest error: l-translational component, 2-rotational component, 3-full calculation, 4-product of translational and rotational components. 

nonlinearity. Clearly, the hindered methyl rotational mo- 
tion is not fully developed in the simulations. 

It is of theoretical interest to examine whether one can 
justifiably separate the translational and rotational methyl 
contribution to the EISF, i.e., whether EISF(q) 
= EISF,,,,,(q) *EISF,,,( q). To examine this question we 
calculated the rigid-body methyl group EISF as obtained 
by a multiplication of the rotational and translational parts 
and compared it with that obtained from the full rigid- 
body trajectory without separation. Good agreement be- 
tween the two methods was obtained in all cases. The case 
for which the worst accord was found, a free methyl at 300 
K, is shown in Fig. 3(d). The translational contribution, 
the rotational contribution, the product of these two con- 
tributions and the full curve calculated without assuming 
separability of the motions are shown. The agreement is 
still very good in this case indicating that the separation is 
valid. 

The differences between the simulation-derived and ex- 
perimental elastic scattering in Fig. 3 (a) are as follows. At 
low q the experimentally derived higher temperature elas- 

tic scattering is smaller than in the simulation. Since the 
slope of log EISF at q-0 gives the mean-square displace- 
ment in the limit C+ CO [see Eq. (13)] this suggests that the 
simulation-derived mean-square displacements are smaller 
than the experimental values. The behavior at high q is the 
inverse; for all temperatures the experimentally derived 
elastic scattering is more intense than that derived from the 
simulations. The fact that, at high q, log EISF is close to 
linear in the simulations and experiments, together with 
the fact that log EISFsi, < log EISF,,,, suggests that the 
simulation-derived vibrational amplitudes are larger than 
those contributing to the normalized elastic scans. 

In a comparison between the low-q experimental and 
simulation-derived elastic scattering one must consider the 
problems of instrumental resolution and of insufficient 
sampling of the hydrogen displacements by the simula- 
tions. The EISFs from the simulations are calculated di- 
rectly as a time average according to Eq. (22), i.e., 

EISF(q) = lim k 2 ’ 
s 

T 

aT 0 
&I (eiq’Ra) I*, (33) 

T-a, 
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making the assumption that 

lim $ 
T 

md&..., (34) 
T-CC s 0 

where T,,,, is the simulation length. 
In the experiment one has a different problem, that of 

EISF, (q) is the EISF for rotational motion to be added to 
the simulation and EISF- (q) the EISF for the vibrational 
motion to be subtracted from the simulation, 

resolving a well-sampled EISF in the frequency domain. 
T,, should therefore not be confused with TexP= l/Av,, 
where Av,, is the instrumental resolution. 

With regards to the time scales, the motions can be 
classified into three cases. One is in which motions are too 
slow to be resolvable by the experiment and are poorly 
sampled by the simulations. The resolution of IN 13 is such 
that only motions occuring with characteristic times faster 
than z 1 ns can lead to a decrease in elastic intensity. A 
second is in which motions exist that are resolvable by the 
experiment and are poorly developed in the simulation. 
These can lead to a change in the form of the elastic in- 
tensity in Fig. 3(a) that is not seen in the simulation- 
derived curves. In addition, quantum mechanical tunneling 
effects might occur that would lead to additional motion 
that cannot accounted for in the simulation. A third situ- 
ation is for fast motions that can be resolved by the exper- 
iment and also are well sampled in the simulations. As- 
suming a simple Arrhenius law for the jump rate’ and 
classical motion of the methyls one arrives at the conclu- 
sion that at 100 and 50 K the discrepancy between mea- 
sured and simulated elastic intensity should concern 
mainly the free methyls since the hindered methyls are 
unlikely to rotate on the timescale of the instrument either. 
At 300 K mainly the hindered methyls should be con- 
cerned since the free methyls are likely to be well sampled 
in the simulation. 

EISF+=l--p[l-/to(q)], (36) 

EISF- = e-~(d). (37) 

In Eq. (36) p is the fraction of methyl groups not showing 
rotational transitions in the simulation that are seen in the 
experiment. A,(q) is the EISF of the additional rotational 
motion. For a rotational jump model this is typically a 
linear combination of zeroth-order spherical Bessel func- 
tions depending on the jump model assumed; which model 
is taken is not important since the only general behavior is 
of interest. In Eq. (37) (u:) denotes the vibrational mean- 
square fluctuation to be subtracted. In Fig. 3 (a) the dashed 
lines show the corrected EISF using the the simple model 
described above. The parameters p and (u’,) are given in 
the figure caption. p increases with T whereas <z& re- 
mains constant. The latter point is consistent with the fact 
that the experimental elastic intensity was normalized to 
the scan at T= 22 K, removing in this way the decay of the 
EISF due to vibrations at this temperature. 

The elastic scattering at high q in the simulations is 
increased with respect to the experiments at all tempera- 
tures. This is partly due to the fact that the experimental 
elastic scattering was normalized with respect to the 22 K 
scattering. This leads to an experimental underestimation 
of the vibrational mean square fluctuations at higher tem- 
peratures. A further effect may result from the fact that the 
same (300 K) lattice constants were used in the simula- 
tions at all temperatures. This means that at temperatures 
T < 300 K the lattice dimensions are too big giving the 
atoms more space to move. However, the effect on the 
high-q EISF of a small change in the mean-square displace- 
ments is dramatic; a difference of only ~0.02 A2 in the 
mean square fluctuation [5% of the 300 K vibrational 
mean square fluctuation in Fig. 3 (b)] corresponds to a 
difference of 0.5 in log EISF at q= 5 A-‘. These are rela- 
tively small dynamical effects compared to the expected 
errors in the simulations and indicate the sensitivity of the 
EISF curves. 

Time evolution of the mean-square displacements The 
time evolution of the translational and rotational mean- 
square displacements of the methyl hydrogens calculated 
from the molecular dynamics trajectories using Eq. ( 15) 
are shown in Figs. 4(a) and 4(b). In all cases there is a fast 
component due to vibrational motion. When this is the 
only type of motion present a plateau follows. In cases 
where additional, nonvibrational motions are present there 
is a slower-increasing component. Also shown, as straight 
lines in Fig. 4(a), are the corresponding long-time limits of 
the mean-square displacements as derived from the EISF. 
For the translational component [Fig. 4(a)] the mean 
square displacement increases almost exactly linearly with 
temperature, from 0.12 A2 at 100 K to 0.36 A2 at 300 K, 
again consistent with harmonic motion. However, the 50 K 
value, 0.08 A*, is somewhat higher than the harmonic 
model value expected from the 100 and 300 K ratio. This 
is consistent with an overestimation of vibrational motion 
in the 50 K simulation. Again the free and hindered methyl 
lines are very similar indicating that the translational 
modes are dominated by collective motions of the methyl 
groups. There is evidence for low-frequency vibrational 
structure in this correlation function, with, in particular, a 
maximum at 2.5 ps at 50 and 100 K lengthening to 3.0 ps 
at 300 K suggesting a softening of the effective potential of 
mean force for translational molecular motion at this tem- 
perature. The fast component lasts about 400 fs at all tem- 
peratures. 

One can summarize the above considerations formally 
in the following “correction formula” for the EISF, de- 
signed to approximately correct for over- and underestima- 
tion of motions in the simulations, 

EISF+(q) 
(35) 

For the rotational component [Fig. 4(b)] there is a 
clear difference between the hindered and free methyls. 
The free methyls reach a plateau value of about 2.0 A2 at 
300Kin z 1 ps due to fast methyl rotational transitions. 
At 100 K a plateau is not reached, although a similar 
two-phase time evolution is seen. At 50 K the plateau value 
is 0.2 A2 and is reached more quickly, in -500 fs. A 
comparison of Figs. 4(a) and 4(b) indicates that 80% of 
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FIG. 5. Time series for the rigid-methyl dihedral angles (C, axis) from 
the simulations. (a) A hindered methyl. (b) A free methyl. 

FIG. 4. Time development of the mean square displacements from the 
simulations. (a) translational components (b) rotational components. 

the free methyl long-time mean-square displacement is ro- 
tational at all temperatures. In contrast, for the high- 
barrier methyls the majority of the displacement comes 
from translational motion. No evidence for rotational tran- 
sitions is seen. In fact one vibration dominates the estab- 
lishment of the mean-square displacement, that of the tor- 
sional libration in the hindered methyl potential well. This 
vibration has a frequency of ~220 cm-’ at 300 K. The fast 
component is determined by this vibration and is estab- 
lished within half a  period, i.e., 75 fs at all temperatures. A 
very slowly increasing rotational slow component is seen at 
150 K, suggesting some rotational diffusion of the hindered 
rotational potential well in the simulation. 

cosecond time scale at 300 K. These motions contribute to 
the non-Gaussian EISF. Further experimental information 
on the time scale of the methyl group transitions can be 
obtained from an analysis of the quasielastic scattering 
properties of the crystals. Clear evidence for the presence 
of quasielastic scattering on the ps time scale was found 
from a preliminary analysis of the scattering profiles ob- 
tained from IN6 (not shown here). A detailed analysis of 
the quasielastic scattering will be published later. 

The plateau values of the mean square displacements 
are much less at all temperatures in the hindered methyls, 
e.g., 0.8 A2 at 300 K compared to 2.5 A2 in the free case. 
This is largely due to the absence of methyl rotations, al- 
though an additional effect comes from the narrower po- 
tential well, i.e., smaller librational amplitudes. 

B. Rotational transitions 

Picosecond time scale rotational motion is also clearly 
seen in the simulations as evidenced by the EISFs and 
mean square displacements described in the previous sec- 
tion. More directly, transitions can be seen in the dihedral 
angle time series of the methyl groups. In Figs. 5(a) and 
5(b) are shown typical time series for the methyl dihedral 
angles as calculated for a free and a hindered group. Only 
librations and no transitions for both types are seen at 50 
and 100 K. At 300 K the free methyl group undergoes 
several rotational motions involving 2-3 rad displacements 
in the 10 ps time period. The time series shows diffusive 
characteristics. For the hindered methyl one jumplike tran- 
sition is seen at 300 K, associated with a forcing of the 
librational oscillation. 

The above results are consistent with the presence of 
rotational transitions of the free methyl groups on the pi- 

To further examine the environment of the methyl 
groups rotational barriers were calculated in the crystal. 
This involves calculating the potential energy as a function 
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FIG. 6. Rigid-methyl rotational barrier calculations in the crystal envi- 
ronment. The highest and lowest barriers are presented for each of the 
free (low barrier) and hindered (high barrier) types of methyl group. All 
other barriers of a given type are in between the extremes. 

of the C-C dihedral angle for each methyl group in the 
crystal. The four limiting case barriers are shown together 
in Fig. 6, i.e., the highest and lowest barriers for the free 
and hindered types of methyl group. Intermediate values 
exist in each case, due to the fact that within each type 
(hindered or free) there are differences in the environmen- 
tal crystal-packing contribution. The results indicate that 
for the low barrier methyls the environmental contribution 
varies from 0.16 to 1.17 kcal/mol. For the hindered meth- 
yls the rigid barriers vary between 3.56 and 5.10 kcal/mol, 
of which 2.86 kcal/mol are contributed by the intrinsic 
torsional term. These values can be considered as upper 
limit estimates as dynamical relaxation of the surrounding 
atoms is not taken into account. 

The results of the experimental quasielastic scattering 
and simulation dihedral time series and barriers are con- 
sistent with picosecond-time scale dihedral rotational tran- 
sitions of the free methyl groups at 300 K. 

C. Vibrational properties 

Vibrational motion of the hydrogens is manifested in 
the inelastic scattering spectra. These are measured as TOF 
spectra that are nonlinear in o. The measured spectra can 
be readily converted into the dynamic structure factor, 
S( q,w ) . From S( q,w ) the density of states can be obtained. 
These three representations emphasize somewhat different 
aspects of the vibrational motion as will be described be- 
low. 

1. The density of states 

In Figs. 7(a) and 7(b) are shown experimental and 
simulation-derived densities of states at different tempera- 
tures, derived by taking the quantity g( q,w) =02/q%( q,o) 
at q=1.8 A-’ [see Eq. (16)]. The experimental 150 K 
g(q,o) rises to a maximum at 142 cm-‘. Several other 
peaks are visible although the higher-frequency region 
>200 cm-’ is quite smooth. The 100 K simulation- 
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(4 w [cm-‘1 
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t 300 K 
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FIG. 7. g(q,o) at q= 1.8 k’ from (a) the IN6 experiments and (b) the 
simulations. 

derived plot rises to a maximum at 125 cm-‘. Clear sub- 
sidiary peaks are present at higher frequencies; these are 
absent in the smoother experimental curve. At 300 K the 
experimental curve is smoothed, rising to a broader maxi- 
mum at s 200 cm- ‘. The corresponding simulation- 
derived plots are also smoother than at 100 K. 

The g( q,o)s in Fig. 7 were calculated via S( q,w) in the 
Gaussian approximation. We checked the validity of this 
approximation in this case by calculating the density of 
states g(q,o) with and without invoking the Gaussian ap- 
proximation at q=5 A-’ and T=300 K. This is the 
“worst case” here since the cumulant approximation [Eq. 
(12)] becomes better both with decreasing q and with, due 
to increasing harmonicity, decreasing T. We found that 
g(q,w) is very well represented by the Gaussian approxi- 
mation (not shown). 

The rigid-body fit allows decomposition of the simula- 
tion g(w), i.e., the kinetic-energy weighted density of 
states, given by the Fourier transform of the velocity au- 
tocorrelation function as defined by Eq. ( 16). This func- 
tion, obtained from the full and from the rigid-body tra- 
jectories at 300 K is shown in Fig. 8. 

For o < z900 cm-’ the full neutron weighted g(w) 
(including the hydrogen atoms that do not belong to me- 
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thy1 groups) is well represented by g(w) resulting from 
rigid-body motions of the methyl groups. At higher fre- 
quencies motions involving significant displacements of the 
internal methyl degrees of freedom contribute. 

The translational contribution to the rigid-body me- 
thyl g(w)s is shown in Fig. 9. In all cases the zero- 
frequency value is zero confirming the absence of diffusive 
translational motion. In the power spectra of the free and 
hindered methyl groups there is a maximum in intensity 
around 40-60 cm-‘. We can thus assign this to the corre- 
sponding shoulder seen in the simulation-derived g(w) 
and, tentatively, to the observed 50 cm-’ shoulder in the 
experimental spectra at 150 and 300 K. 

The angular velocity power spectra for the free and 
hindered methyl rotations are shown in Figs. 10. For the 
free methyls the power spectra have nonzero values at zero 
frequency confirming the presence of rotational diffusive 
motion of these groups, even at 50 K. There is clear low- 
frequency vibrational structure at 50 K with a sharp peak 
at 125cm-’ . This peak is due to oscillations in the effective 
potential well defined by the environmental nonbonded in- 
teractions. It can be assigned to the peak at 125 cm-’ in 
the full simulation plot [Fig. 7(b)] and, tentatively, to the 
peak at 150 cm-’ in the experimental spectrum. At 100 K 
this structure is still present but broadens considerably. At 
300 K the spectrum changes qualitatively, with the 125 
cm-’ peak disappearing and, instead torsional oscillations 
appearing at 15 and 100 cm-‘. This indicates that the free 
methyl groups “see” a different environment at 300 K, 
escaping from their various local potential minima and ex- 
ploring more extended features of the potential surface. 

The frequencies associated with the free methyl rota- 
tional motion are lower than those of the hindered methyl. 
This is consistent with the absence of the intrinsic torsional 
term in the potential and with the slower increase of the 
fast component to the mean square displacement [Fig. 
4(b)]. Not surprisingly the density of states for the hin- 
dered methyl group rotation [Fig. 10(b)] is strongly influ- 
enced by the torsional libration dominated by the sinu- 

TRANSLATIONAL VELOCITY POWER SPECTRUM OF THE 
FREE METHYL GROUPS 

0.8 I I I 1 

(4 

TRANSLATIONAL VELOCITY POWER SPECTRUM OF THE 
HINDERED METHYL GROUPS 

FIG. 9. Translational contribution to g(w) for (a) free methyls, (b) 
hindered methyls. 

soidal internal torsional potential. This leads to peaks at 
240 and 280 cm-’ at 50 K. At 100 K there are only small 
changes in the form of these peaks. At 300 K a large 
change in the form and frequencies of the spectrum is again 
seen, with a large peak at 220 cm-’ appearing. 

There are several differences between the experimental 
and theoretical g(q,w) plots. Apart from errors in the sim- 
ulation model due to periodic boundary conditions, sam- 
pling times and the potential function, further contribu- 
tions should arise from multiphonon scattering and 
quantum mechanical effects. Nevertheless, the simulations 
do give some suggestions as to possible origins of some of 
the peaks. The 142 cm-’ experimental peak resembles the 
125 cm-’ peak in the simulation, arising from environmen- 
tal effects on the free methyl torsions. In a previous neu- 
tron inelastic study on N-methylacetamide,34 the methyl 
groups of which are electronically similar to the free me- 
thyls in the dipeptide, the strongest scattering was also seen 
at z 150 cm- ‘, supporting this assignment. Transitions 
involving second and higher torsional excited states will 
not be seen in the classical dynamical simulations and 
could conceivably contribute to the inelastic structure in 
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FIG. 10. Angular velocity power spectrum for motion around the methyl 
C, axis for (a) free methyls, (b) hindered methyls. 

the experimental spectra, although there was no evidence 
for visible higher-level transitions in the NMA experi- 
ments.34 

2. Velocity autocorrelation functions 

Certain of the properties manifested in the simulation- 
derived densities of states are also seen in the velocity cor- 
relation functions. However, effects related to damping of 
the vibrations are more evident in the velocity autocorre- 
lations. As an example we show in Figs. 11 (a) and 11 (b) 
the angular velocity rotational autocorrelation functions 
for the hindered and free methyl groups. These functions 
take up remarkably simple forms. At 50 and 100 K they 
consist of only slightly damped oscillations. Stronger 
damping is seen at 300 K. At all three temperatures the 
curves are more strongly damped in the free methyls, for 
which the libration is determined by nonbonded interac- 
tions with the surrounding atoms, than in the hindered 
groups, in which the intrinsic torsional term dominates the 
oscillation. 
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(4 
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FIG. 11. Angular velocity autocorrelation function for motion around 
the methyl C, axis for (a) free methyls, (b) hindered methyls. 

3. Time-of-flight spectra and S(q,w) 
The TOF and S(q,w) spectra give information on the 

amplitude-weighted frequency distributions. Experimental 
S(q,w) spectra at 150 and 300 K are shown in Figs. 12(a) 
and 12(b). At 150 K there is structure in the inelastic 
region in both these profiles, superposed on the quasielastic 
background. A low-frequency peak is apparent in S(q,o) 
at 23.2 cm-’ and there is a shoulder at 45 cm- ‘. At 300 K 
the primary modification is a smoothing of the spectra as 
seen in g(w). The low-frequency features at 23.2 and 45 
cm-’ are still evident as shoulders in S(q,o) indicating 
that they retain some vibrational character. For the lower 
frequency features visible on the 300 K S(q,w) plot in- 
creased frictional damping may play a role, but an addi- 
tional factor broadening this peak is swamping of the in- 
elastic intensity by increased quasielastic scattering in this 
region relative to at 150 K. 

In Figs. 13 (a) and 13 (b) the simulation-derived 
S( q,w) and the corresponding frequency distributions 
g(q,w) are shown at different q values. The experimental 
45 cm-’ shoulder is present in the simulations, whereas 
the 23.2 cm-’ peak is not. The 23.2 cm-’ peak is possibly 
a lattice mode, poorly simulated using periodic boundary 
conditions. Even at 100 K a broadening of the quasielastic 
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FIG. 12, Experimental .S(e,w) derived from IN6 experiment and aver- 
aged over several scattering angles from 19” to 111’ at (a) 150 K, (b) 300 
K. 

line from diffusive motion on the ps time scale can be 
clearly seen. The features of the inelastic part of the dy- 
namic structure factors can be better examined by looking 
at g(q,w). At 100 K almost no change with increasing q 
can be observed, whereas at 300 K the peak at 100 cm-‘, 
already assigned to libration of the free methyl group, be- 
comes less pronounced with increasing q. The rest of the 
spectrum at 300 K remains also more or less unchanged. 
This confirms that the librations of the free methyls are less 
localized than the rest of the motions and are therefore 
averaged out in S(q,w) at higher q values. 

Finally, the experimental and calculated TOF spectra 
are shown in Fig. 14. The TOF spectrum allows a conve- 
nient examination of the higher-frequency (50-250 cm-‘) 
vibrational amplitudes. The calibration of the curves in 
Fig. 14 was made by least-squares fitting the 300 K curves 
in the near inelastic region. For the 100 K curve the same 
scaling factor was applied to enable examination of the 
relative amplitudes of the TOF spectra. The change in am- 
plitude and form of these spectra with temperature is re- 
produced reasonably well by the simulations. At low tem- 
peratures the presence of vibrational structure is clear in 
the experimental profile in the region (400-800 psrn-‘), 
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FIG. 13. S(q,w) and g(q,w) at different values of q (1=0.5 A-‘, 2= 1.0 
&‘,2=1.5 A-‘, 4=2.0 A-‘) from the simulations at (a) 100 K, (b) 

culminating in a high frequency peak at 142 cm-‘. At 300 
K the higher-frequency (100-800 psrn-‘) TOF spectrum 
presents a change in form involving a relative increase in 
the intensity of the high o (low T) scattering in both the 
experimental and molecular dynamics plots. 
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der Waals and, to a lesser extent, electrostatic interactions. 
The simulations allow these pieces of information to be 
incorporated into a more detailed description of the rota- 
tional dynamics. 
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FIG. 14. Experimental and simulation-derived time-of-flight spectra av- 
eraged over several scattering angles from 19’ to 111’. 

Although several aspects of the simulation-derived 
neutron scattering properties are in reasonable accord with 
experiment quantitative agreement is not always achieved. 
This illustrates that even though the alanine dipeptide is a 
relatively simple molecule the interpretation of the exper- 
imental scattering curves is not trivial. The crystal is an 
inhomogeneous dynamical system. In the simulation 32 
dipeptide molecules, i.e., 96 methyl groups were allowed to 
move independently, their positions constrained only by 
relatively weak nonbonded interactions. At 300 K there is 
clear evidence in the simulations that a highly anharmonic 
region of configurational space is being sampled. This leads 
to the question whether this region is representative of the 
whole configurational space. 

IV. CONCLUDING DISCUSSION 

The results reported here demonstrate the complemen- 
tarity of the neutron and molecular dynamics techniques in 
the investigation of hydrogen atom motions in molecular 
crystals. This is due largely to the simple relationships be- 
tween the observed neutron scattering properties and time 
correlation functions involving the trajectories of the hy- 
drogen atoms. Whereas the basic characteristics of the dy- 
namics can be defined by the experiments, the simulations 
can be used to provide greater detail on the nature of the 
motions concerned. The methyl group dynamics in the ala- 
nine dipeptide crystals are of particular interest as different 
methyl groups undergo very different types of motion de- 
pending on their intrinsic rotational barrier. The experi- 
mental data reported here are a superposition of these two 
types of motion; the simulations can be used to identify the 
individual contributions and to decompose the components 
of the time-dependent atomic position vectors to investi- 
gate the contributions of specific types of motion of inter- 
est. In the future a partial decomposition could also be 
achieved experimentally via selective deuteration of the 
side-chain or terminal groups. 

Several pieces of experimental and theoretical evidence 
detailed in Sec. III point to the activation of C-terminal 
and N-terminal methyl rotations in the crystal at low tem- 
peratures. The experimental elastic scattering profiles sug- 
gest that significant anharmonic rotational motion is acti- 
vated on the nanosecond time scale or faster at 
temperatures as low as 50-100 K. The simulations show 
clear evidence for activated rotational motion on the pico- 
second time scale, confirmed by a preliminary analysis of 
quasielastic neutron scattering spectra. These observations, 
in the light of previous quantum chemical calculations,14 
can be interpreted in terms of the existence of only a very 
low intrinsic methyl torsional barrier for the C-terminal 
and N-terminal blocking methyl groups. A consequence of 
this is that the rotational motion of these groups is very 
sensitive to the dynamical environment of the methyl 
groups, i.e., the influence of the close-range collisional van 

Certain comparisons between experiment and theory 
do suggest possible improvements to the potential function. 
The exact value of the intrinsic torsional terms for the 
methyl groups are unknown, and additional simulations, 
experiments, and quantum mechanical calculations will 
improve this aspect. To simulate the rotational kinetics of 
methyl groups with significant rotational barriers in a sta- 
tistically meaningful way requires either simulations much 
longer than are presently feasible or the use of special 
“activated-dynamics” techniques. The present simulations 
show that when the intrinsic torsional barrier is assumed as 
zero then the nonbonded environment results in rotational 
transitions on the picosecond time scale at 300 K. Whereas 
quantum mechanical calculations on the isolated molecule 
reveal N-ter and C-ter barriers of less than 0.2 kcal/mol in 
isolated N-methylacetamide (NMA) molecules similar 
calculations on hydrogen-bonded NMA suggest a slightly 
higher barrier, closer to 0.3-0.5 kcal/mol (Guo and Kar- 
plus, personal communication). As the alanine dipeptide is 
hydrogen bonded in its crystal, it is possible that a more 
accurate intrinsic torsional barrier may be slightly higher 
than that used in the present simulations. This is in accord 
with a shift of the experimentally derived libration peak for 
the free methyls at 100 K towards higher frequencies 
( z 150 cm-‘) with respect to the simulation derived peak 
(-120 cm-‘). 

At 100 and 50 K the free methyl atoms vibrate in 
effective harmonic potentials defined by the surrounding 
atoms. At 300 K they undergo diffusional rotational mo- 
tion. The vibrations associated with this motion are 
damped, as evidenced by the experimental broadening of 
the inelastic spectra and densities of states; corresponding 
damping is seen in the theoretically derived spectra. There 
is no clear evidence for a strong peak in the experimental 
300 K inelastic spectra at -2220 cm-’ due to libration of 
the hindered torsional group. Although this frequency is 
rather high to be examined accurately with IN6 its absence 
in the experiments suggests that the simulation torsional 
barrier may be slightly wrong. A lower barrier would be 
consistent with certain experimentally observed peaks in 
the range 150-200 cm-‘. 
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The dynamics of dipeptide methyl groups may prove 
to be particularly useful in the study of nonbonded effects 
on the dynamics of picosecond time scale conformational 
transitions in proteins. The picosecond time scale motions 
occurring in a protein molecule at room temperature have 
both solidlike and liquidlike characteristics. The presence 
of low-frequency large-amplitude collective vibrations in- 
dicate solidlike behavior whereas, on the same time scale 
and longer there exist dynamical transitions between con- 
formers associated with different free energy wells.3’-37 In- 
elastic neutron scattering experiments on myoglobin and 
complementary molecular dynamics simulations have pro- 
duced evidence for a dynamical transition with tempera- 
ture in myoglobin.37 At temperatures below about 150 K 
the protein behaves as a structurally and dynamically in- 
homogeneous collection of vibrating molecules. At temper- 
atures higher than this the presence of quasielastic scatter- 
ing and the temperature dependence of the elastic 
scattering intensity indicates the presence of anharmonic 
motions in the protein. The dynamical origin of the asso- 
ciated scattering has been a subject of debate.35137838 To aid 
in our appreciation of protein dynamics it is important to 
investigate systems of protein fragments, experiments and 
models for which can be investigated in detail and can aid 
in our interpretation of motions in proteins. Specifically in 
the case of the alanine dipeptide simulations such as these 
and comparisons with neutron experiments can enable the 
intrinsic potentials for the r) and t,6 dihedral rotational bar- 
riers in proteins to be precisely determined. More gener- 
ally, the results presented here illustrate the complexity of 
the dynamical phenomena present even in as simple a sys- 
tem as a dipeptide crystal. 
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