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Nonadiabatic effects on peptide vibrational dynamics induced
by conformational changes
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Quantum dynamical simulations of vibrational spectroscopy have been carried out for glycine
dipeptide (CH-CO-NH-CH-CO-NH-CH). Conformational structure and dynamics are
modeled in terms of the two Ramachandran dihedral angles of the molecular backbone. Potential
energy surfaces and harmonic frequencies are obtained from electronic structure calculations at the
density functional theoryDFT) [ B3LYP/6-31+ G(d) ] level. The ordering of the energetically most
stable isomers @; and Cs) is reversed upon inclusion of the quantum mechanical zero point
vibrational energy. Vibrational spectra of various isomers show distinct differences, mainly in the
region of the amide modes, thereby relating conformational structures and vibrational spectra.
Conformational dynamics is modeled by propagation of quantum mechanical wave packets.
Assuming a directed energy transfer to the torsional degrees of freedom, transitions betwegn the
and Cs; minimum energy structures occur on a sub-picosecond time d@4le--800 fs.
Vibrationally nonadiabatic effects are investigated for the case of the coupled, fundamentally
excited amidd states. Using a two state-two mode model, the resulting wave packet dynamics is
found to be strongly nonadiabatic due to the presence of a seam of the two potential energy surfaces.
Initially prepared adiabatic vibrational states decay upon conformational change on a time scale of
200 --500 fs with population transfer of more than 50% between the coupled dnsidges. Also

the vibrational energy transport between localizexkitonig amidel vibrational states is strongly
influenced by torsional dynamics of the molecular backbone where both enhanced and reduced
decay rates are found. All these observations should allow the detection of conformational changes
by means of time-dependent vibrational spectroscopy2005 American Institute of Physics.

[DOI: 10.1063/1.1829057

I. INTRODUCTION observed by means of transient spectroscopy on a picosec-

Conformational structure and dynamics of peptides an®nd timescale. So far this concept has been realized either by
proteins are of fundamental importance in molecular biol-Ntégrating a photo-switch into the backbone of a cyclo-
ogy: in particular the three-dimensional structure of peptidePeptidé® or by selective infrared excitation of a dipeptitfe.
chains determines their biological function, e.g., their role inFurther development of the latter technique has also led to
storing and transporting energy. One way to explore confordirect measurement of energetic thresholds to conformational
mations of biopolymers is provided through vibrational changes’
spectroscopy-? In the last few years, the field has strongly ~ Many of the above-mentioned studies of conformational
benefitted from the development of nonlinear two-structure and dynamics rely on spectroscopy of the amide
dimensional, transient spectrosc6pyand from the use of \iprational modes, which are essentially localized within the

sophisticated double-resonance techniquésThe latter al- peptide bond$—CO—NH-). In a dipeptide the correspond-

lO\.N to measure vibrational spectra n the molecular flr_wger~mg vibrational frequencies occur in pairs where the splittings
print region for selected conformations only. Thus, vibra-

. . . .— . reflect both the different local environment of the individual
tional spectroscopy has become instrumental in establlshlng tid it I the int i th Bei

a relation between thénfrared spectrum and thépeptide eptide UF?I_S as we as_ € interaction gmong_ em_. €ing
backbong conformational structure of simple amino acids V€'Y Sensitive to the distance and relative orientation be-
and dipeptides where the assignment of conformers is partijyveen different peptide units, they provide valuable informa-
aided by DFT calculations. There is also remarkable progresion on the(secondarystructure of peptides or proteiri:**

on the investigation of conformational dynamics: Time-In particular, the amidé modes which mainly consist of CO
dependent two-dimensional vibrational spectroscopy, oftesstretching vibrational motions are frequently used in studies
in connection with simulation studies, allows to learn aboutof conformational structure because there is essentially no
the flexibility inside conformations through observation of intramolecular coupling between the amidmode and other
sub-picosecond fluctuation$:** Under favorable circum- internal mode£? Although the main mechanism that couples
stances, also conformational isomerization dynamics can bgmidel vibrations of different peptide units can be assigned
to the interaction of transition dipole&through space’),t
dElectronic mail: burkhard@math.fu-berlin.de recent studies have revealed the importance of subtle
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| dipeptide dynamicsn vacua Elimination of intermolecular
influences allows to study only intramolecular effects on bio-
molecular conformatioR. Another advantage of studying
biomolecules in the gas phase lies in the reduced numerical
effort of computational studies: While simulations of pep-
tides in solution are up to date restricted to classical simula-
tions based ofsemiy empirical force fields, electronic struc-
ture calculations of smaller peptide chainsvacuoare now
routinely carried out. This includes both density functional
theory (DFT) and Hartree—Fock based methods, in some
cases using high-level theory to account for electronic
i ~136—39 H ;

FIG. 1. (Color onling Reduced model for conformational dynamics of GLD correlation: Atthe same t_lme' itallows to Study quantum
defining the Ramachandran angléere ¢=y=0). All other degrees of €ffects on molecular dynamics by means of wavepacket dy-
freedom are assumed to be fixed. namics. Hence, the present study of glycine dipeptide can be

regarded as a benchmark where the importance of quantum

effects shall be demonstrated and where the adequacy of the
changes of the electronic charge distributigtthrough approximations_ _typically used in simulatio_qs of Iarge_r sys-
bond").23:24 tem; can be critically eva_luate_d. Our specific emphaslsf is on

Almost all theoretical work on molecular dynamics of the importance of nonadiabatic effects on the dynamics of

peptides and proteins is based on the classical approxim jbrgtionally excited states. Thig is motivated by the prgvious
tion, thereby neglecting any kind of quantum effects. How- inding of seams of the potential energy surfaces giving the

ever, there are a few noteworthy exceptions in the Iiteratur(I}OrSIonal depgndence of amuliegxcned state$ of GLD n
where quantum effects on vibrational spectroscopy of bioY2cu0 In addition to the relation between conformational

molecules are pioneered: The effect of anharmonic couplin tructure a}nd V|brat|ongl spectrqm, thg main fOCL.JS IS on how
and zero point vibrational energy has been explored fo onformational dynamics manifests itself in vibrationally

peptide$*?°and even protein®:2’ Other workers have mod- nonadiabatic effects. This should eventually open new ways
eled energy transfer in collisions of solvent particles with © the _|den_t|f|cat|on of conformational changes using tran-
peptide&®—° and protein¥' by means of(partly) quantum- sient y|brat|onal spectroscopy. The remainder of the paper is
dynamical methods. These studies are based on the adiabalit anized as follows: In Sec. Il we develop a reduced dipep-

(Born—Oppenheimerapproximation, i.e., the movement of tide model together with a Hamiltonian describing the vibra-

the atoms is dictated by a single potential energy hypersz-ionally nonadiabatic quantum dynamics. In Sec. Il we

face, usually that of the electronic ground state. This is juspresent our re;ults for po_tential energy 'surfaces and wave-
tified by the discrepancy of time scales of fstectronia packet dynamics describing conformational structure and

and slow(nucleaj degrees of freedom. It is very suggestive changes. Our conclusions can be found in Sec. IV.

to apply this approach to the separation of fast and slow

vibrational modes as well. In the present study we shall use

the separation offast bond stretching anéslow) torsional ||, MODEL HAMILTONIAN

motions of a model peptide system. In particular, the depen- . )

dence of amidd vibrationally excited state dynamics on A. Reduced dipeptide model

conformational structure and dynamics shall be investigated. In the present work we investigate the quantum dynam-

In this context deviations from purely adiabatic behavior areics of glycine dipeptide (GLD, CH;—CO-NH-CH-

very intriguing. The study of nonadiabatic effects, originally CO—NH-CH). The essential degrees of freedom are the

established in the realm of classical mechalfi¢dhas been torsional rotations of the individual peptide unitsCO—

adapted in recent years to the field of quantum moleculaNH-) about the backbone of the chain, whefeand ¢ de-

dynamics>*® In vibronic dynamics the extreme mass ratio scribe the torsion of the N-terminus (GHCO-NH-) and

of electrons (n) versus nucleil/) leads to a nonadiabaticity the C-terminus (—CO—NH-C{}l, respectively, with regard

parameter ofe=\m/M~10"2. This essentially limits the to the central Chl group, see Fig. 1. The plane spanned by

importance of nonadiabatic effects to the regions of seams dhe two angles(¢,) is referred to as Ramachandran

conical intersections of potential energy surfaces. In contrassurfacé® with values of ¢ 180°,+180°) corresponding to a

for vibrationally nonadiabatic dynamics this parameter is lesfully extended conformation of the chath. For long

extreme withe~10"! suggesting an even more important polypeptide chains these angles serve to characterize typical

role of nonadiabatic effects induced by conformational dy-secondary structural motifs such as helices and sheets. We

namics. assume the remaining degrees of freedom to follow the tor-
The present study is on the simplest model for the intersional dynamics in an adiabatic manner. This is realized by

action of two adjacent peptide fragments in a polypeptidaninimizing the potential energy for each givém,y) pair

chain without side chains, i.e., glycine dipeptid€LD, (see Sec. Il Bwhereas the construction of the kinetic energy

CH;—CO-NH-CH-CO-NH-CH), see Fig. 1. While sol- operator fixes the other degrees of freedom to their average

vent effects undoubtedly have important influence on theover the Ramachandran plarisee Sec. I|E While the

conformations of biopolymers, we restrict ourselves to thevariations of bond lengths and bond angles are known to be
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negligible, minor deviations from planarity of the peptide h2
bonds exist, see recent studies of N-methylacetaiMMA, H(a)=V(q)— ?VEG(q)Vq]-- (2.2
CH;—CO-NH-CH)*® and GLD%*
whereV stands for th€symmetrig potential energy matrix
and 1 stands for the unit matrix. Although standard quantum
B. Potential energy surface chemical software yields adiabatic potential energy surfaces,
the problem of sharply peaked or even singular nonadiabatic

erful method for the calculation of electronic structure ofc_ouplm_g funcu_ons Is circumvented by_ the_ chc_che of a dl_at_)a-
tic basis. Finding such a transformation is highly nontrivial

molecular system& In recent years this method has been ) T . . i
well established for biologically relevant systems. For the?™— N the multidimensional case—even IMposs IHOV\."
NMA molecule, comparison of various nonlocal methods®Ve" for the “’V_O state-two mode model cgnsuje_red in the
yields good agreement with Hartree—Fock calculations in_present study, it does not presgnt a special difficulty. The
cluding second-order Mgller—PlesséliP2) corrections for upper (+) and !ower ) ad@bafuc statedi;(q)), can be-
the conformational structure, torsional barriers, and vibra—W“Ften as Ilnegr combinations  of ~two  diabatic
tional frequencies® Similarly encouraging findings were (g-independentbasis states
made for GLB? as well as for alanine dipeptid&>° lu,(q))=sina(q)|u,) +cosa(q)|us,),
In the present investigation of neutral glycine dipeptide )
in vacuum all electron structure calculations were performed |u- (@) =cosa(q)|uy) —sina(q)|uy),
using the DFT implementation @AUSSIAN 98*° The com-  wherea is referred to as mixing angle. Although tkgym-
bination of the 6-3% G(d) split-valence polarized basis set metric) potential energy matri¥ contains off-diagonal con-
including diffuse functions with the B3LYP hybrid functional tributions, the numerical advantage over the use of an adia-
is known to provide good overall agreement of calculatedbatic representation stems from the fact that these functions
normal mode vibrational frequencies with experimental dataare generally much smootherdn To facilitate interpretation
In order to study the torsional dependence of potential enef the results, it is convenient to transform the results to the
ergy and vibrational frequencies, the Ramachandran plane égdiabatic representation.
scanned with a step size of 10°. Accounting for the symme-  The numerical treatment rests on fast Fourier transform
try with respect to inversion through the origifi®,0°), this  methods for the transformation between coordinate and mo-
amounts to a total of 667 independent points. For each poirthentum space. Wave functions are represented on an equi-
a partial geometry optimization was carried out, i.e., all dedistant grid in coordinate spatecomprising of 256 256
grees of freedom excety,i) were fully relaxed. The har- points in[ — 7, 7w[ 2 employing periodic boundary conditions.
monic frequencies resulting from a vibrational normal modeThe time-independent Schidimger equation is solved by
analysis were scaled with a factor 0.96 to account for highepropagation in imaginary tim& Solution of the time-
electronic correlations and vibrational anharmonicity, whichdependent Schdinger equation is achieved by tii@(At®)
is the recommended scaling factor for B3LYP/6-3#B( Strang splitting techniqd® with extension to coupled
level of theory. states:

Density functional theoryDFT) has proven to be a pow-

(2.3

Ill. RESULTS AND DISCUSSION

The construction of an exact kinetic operator for theA' Ground state surface
study of vibrations and rotations in terms of curvilinear co-  The potential energy surface of GLID vacuowas gen-
ordinates is a nontrivial task. In the reduced dynamicakrated by DFT calculations at the B3LYP/6-8G(d) level
model of the present workSec. Il A), there are only two of theory, for details see Sec. Il B. The stationary points are
active degrees of freedoq= (¢, )" while all other degrees listed in Table | with the minima illustrated in Fig. 2. The
of freedom are kept frozen. We follow the approach outlinedenergetically lower portions of the potential energy surface
in Refs. 44—46 which is tailored to the case of rather fewcan be found near the diagonak= — ¢ which corresponds
active degrees of freedom in highly constrained systemdo an anti-geared rotation of the two peptide units around the
Eliminating the contributions of external molecular transla-central CH group, see Fig. 3. The global minimurc{) is
tion and rotation and setting the total angular momentum tdound at (,#)=(—82°,69°). Next there is a local mini-
zero, the kinetic energy can be expressed as mum at (=180°,+180°) corresponding to the planar, fully

T . —197G 2.1) extendedCg conformation which is 2.1 kJ/mol higher in en-

vib=2P G(A)P, 2. ergy. Note that both these structures are energetically favor-

wherep stands for the vector of momenta conjugategjtand  able due to the formation of seven- and five-ringlike struc-
whereG is the metric tensor for thé&wo) active degrees of tures closed bystrongly frustrated intramolecular hydrogen
freedom only*® Neglecting the relaxation of the remaining bonds®® They are separated by a barrier of appreciable
degrees of freedom, this expression is transformed to a quaheight (7.7 kJ/mo). Finally there is a much higher saddle
tum mechanical one by replacimgwith —iAV. In order to  (31.9 kJ/mal at the inversion centgi0°,0°) separating the
describe the dynamics of vibrationally excited states of théwo (symmetry-equivalentC,; minima. There is yet another,
dipeptide amide vibrations, the following diabatic represen+ather shallow, local minimum at(113°,17°) which can be
tation of the(matrix-valued Hamiltonian is used: assigned to @-like conformation(9.3 kJ/mo}). However, the

C. Nonadiabatic Hamiltonian
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TABLE |. Stationary points(¢, # in degrees potential energies and zero
point energiesin kJ/mo) for GLD in vacuoobtained from DFT calculations
[B3LYP/6-31+G(d)].

& W E AE

c, -82.1 69.1 0.06 417.07
Cs —180.0 179.9 2.14 414.60
C;Cq —-98.2 128.3 7.73 415.99
B -112.8 17.2 9.29 415.44
B—C, —104.9 24.6 9.49 415.03

— —113.7 19.8 10.00 415.20
'Baltc7
Cusp 180.0 0.0° 27.39 415.97
C,—C, 0.0 0.0 31.88 417.07
B -112.9 —-56.6 33.64 413.49

o 3.0 80.4 42.44 415.25
C7a|tc7

ax 0.0 180.0° 94.00 413.05

&The zero of energy is-456.560%,, .
PRestrained values.

transition to theC- structure is not very pronounced. Other
important features of the potential energy surface are the
distinct maxima ai0°,=180°) and at - 180°,0°) reflect-

ing the steric hinderance of the carbonyl oxygen atoms and

J. Chem. Phys. 122, 014309 (2005)

-180 -120 -60 60 120 180

120

60

-120

-180

the amide hydrogen atoms, respectively.

Upon generating the Ramachandran plot of Fig. 3, the

remaining degrees of freedom were relaxed. The resulting -180 -120 -60 0 60 120 180
standard deviations of bond lengths for the backbone atoms ¢
are less than 1 pm while those of valence angles reach up 9. 3. (Color onling Results of DFT calculations for GLDN vacuo

4° for the case of the centrdl—-C—Cangle. Thew torsion

[B3LYP/6-31+ G(d)]. Upper figure: Potential enerdin kJ/mol). Contours

angles of the two peptide bonds have standard deviations &f energies above 50 kJ/mol are omitted. Lower figure: Zero point vibra-

FIG. 2. (Color onling Energetically lowest conformations of GLB vacua
From top to bottonC,; (—82°,69°),Cs (180°,180°),8 (—113°,17°).

tional energy(in kJ/mo). Minima and saddle points of the potentigee
Table ) are marked by filled circles®) or by transition state symbols
(#), respectively.

15° and 4° and deviate maximally by41° and+=9° from
planarity for the N- and C-terminal peptide bond, respec-
tively. However, the rather large values for the N-terminal
peptide bond occur in the energetically unfavorable regions
around (0°,=180°) and ¢-180°,0°), while the deviation
from planarity in the relevant part of the Ramachandran
plane is only around 10°. The standard deviations of the
rotational constants of the reduced model and the relaxed
geometries amount to 9, 15, and 14%, for the smallest, me-
dium, and largest moment of inertia, respectively. Again, the
largest deviations are found in energetically high-lying re-
gions of the Ramachandran plane. In summary, these obser-
vations strongly support the reduced model of Sec. Il A used
throughout the remainder of this work.

Although the main qualitative features of the potential
energy surfaces are rather similar, a quantitative comparison
with the results of previously published electron structure
calculations is intriguing: Using a relatively small basis set
(3-21G), 11 independent stationary points were identified
which reduce to 7 points when increasing the basis size to
6—31+ G(d) for a glycine dipeptide analoguesplacing ter-
minal methyl groups by hydrogen atomasing Hartree—
Fock (HF) based calculation®, see also Table I. The HF
energy difference between tl@&, and C5 minima has about
the same magnitude as the present B3LYP result but opposite
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of the individual peptide vibrations. The infrared spectra for

T T T 1T T T T T Tyl L
o :2:: | 1 ] the three isomers of glycine dipeptide exhibit significant dif-
oty e | 1Y ferences both in frequencies and intensities: There are strong
200 | =R T T P changes not only for the amida mode (NH stretching,
S 200 | L ] 3400--3500 cm'1) but also for the modes involving move-
of 1 IR | TR A S ment of the heavier atoms: Those include the anhideode
== L ] (mainly CO stretching, 1656-1700 cmi't), the amidell
& LI iy ] and Il modes (CN stretching and NH bending,
oTzlﬁlgl 7300 74001500 7600 1700 3400 3500 1450--1550 cm'! and 1200--1300 cmi'!, respectively.

The amidel modes present an especially interesting case:
FIG. 4. (Color onling Infrared spectra of GLD from DFT calculations The higher infrared absorbance indicates that the upper
[|'33LYP/6—:’311+G(d)_]. Th(_e.fig_ure shows scale((ﬂ).%)_harmonic frequen-  gmide | mode of the C, conformation is maimy anti-
ﬁgfrgﬂo?"; ) and intensiiesin kmimo) for three minimum energy con- symmetric and its frequency exceeds that of the lower one by
31 cmi L. This ordering is reversed for th@s conformation
where the frequency splitting is 21 crh
sign. However, when including electron correlation at the
MP2 level the energetic order &, andCs is reversed but
the energetic spacing is about twice as large as in our DFT. Normal modes of amide / vibration
results. While the energies of th&,< Cy transition states
are similar in all three methods, our B3LYP result for the
C,;+C5 structure is more than 6 kJ/mol lower than the
MP2//HF result of Ref. 36. Other calculations at the re-

stricted HF level employing a larger basis @-311+ guency and the conformational sensitivigee Fig. 4 they

+G(d,p)_] report the same Qrder!ng of the minima and SIMI- are most frequently studied in spectroscopic experintfehts.
lar spacing as well as similar difference between the ener:

etically lowest and highest structurdsn passing we also Furthermore, anharmonic vibrational analysis of NMA has
9 y ghe ) . P g We revealed that there is essentially no intramolecular coupling
note recent work on alanine dipeptide where a similar tren%etween the amidé mode and other internal mod@sal-

has been found in a comprehensive comparison of quanturqﬁough some coupling to the amide mode has been de-
chemical methods: When increasing the level of theory, th?ected in a recent study of model pepti&éé’.he combina-

potential energy surface is becoming smoother which M&Yions of the two local peptide vibrations shall be denoted as
lead to a decrease of the number of local extréma.

o, and w_ for the upper and lower combination, respec-
tively. The center frequencya(, +w_)/2 varies between
1668 and 1733 cimt, see upper panel of Fig. 5. The overall
A vibrational analysis for each pair of torsional anglesshape of the surface is similar to that of the potential energy,
(¢,1p) has been carried out as described in Sec. IIB. This.e., the minima are lying on the diagonat=—¢ at
immediately allows to calculate the torsional dependence of—50°,50°) and (50°-50°), with a local minimum at the
the zero point energyAE, associated with the remaining fully extended structure (180°,180°). These minima are
(fash degrees of freedom. In the context of the vibrationallymainly due to the intramolecular hydrogen bonds occurring
adiabatic approximation, the ground adiabatic potential enin these structures, which are known to lower the amide
ergy surfaceE,=E+AE, for the slow(torsiona) coordi-  frequencies by 20-25cnt for hydrogen bonds to the
nates is obtained by addin§E to the electronic potential C—O group and by 10—20 cnt for hydrogen bonds to the
energy surfac&. The zero point energy varies by more thanNH group® The maximum center frequency is found at
4 kJ/mol within the Ramachandran plane. It exhibits a global(0°,+180°) reflecting the repulsion of the carbonyl oxygen
maximum and a local minimum near tk andCs confor-  atoms.
mation, respectively. Thus, inclusion of the zero point effect  The variation of the splitting of the two amidemode
reverses the energetic ordering of the minima rendering theibrational frequenciesp , —w_, can be seen in the middle
Cs to be 0.3 kdJ/mol more stable than te structure, see part of Fig. 5. A steep-walled plateau encompasses the two
also Table | and the lower panel of Fig. 3. Note that thisequivalentC, structures and th€,« C- transition structure
behavior cannot be assigned to doe a few normal modes (0°,0°). Another local maximum is th€s conformation at
only but it rather involves almost all vibrational modes. (£180°,£180°). These results closely resemble the
Typical results of the harmonic vibrational analysis canHF/6-311+ + G(d,p) frequencies of glycine dipeptide pre-
be seen in Fig. 4 where scaled harmonic frequencies ansented in Ref. 19. However, our DFT center frequencies are
corresponding infrared intensities are displayed for the threshifted by about 30 cm* to lower values compared to the
minima (C,,Cs,8) of the potential energy surface. Our em- HF ones, and the range of variation of the difference fre-
phasis is on the amide vibrational modes which are essemuency is slightly smaller for the DFT calculation than
tially localized within the(planay peptide bond¢CO—-NH).  for HF.
In a dipeptide these modes become—to a certain extent— Within the framework of the two state—two mode model
delocalized giving rise to close-lying pairs of spectral linesintroduced in Sec. IIC, i.e., assuming that ttmupled
corresponding to symmetric or anti-symmetric combinationsamidel modes are decoupled from the remaining vibrations

In the following we study the torsional dependence of
the normal mode frequencies. In doing so, we shall restrict
ourselves to the investigation of the amidmodes. Because
of the high infrared intensity, the relatively isolated fre-

B. Vibrational analysis
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-180 -120 -60 180 and 47% for N and H, respectively, which indicates the non-
RN negligible admixture of other vibrational modes, mainly the
amideA mode, see alstf.

The mixing angle has a trough region containing the two
C; structures and the transition std@°,0°), where it has
values down to—45°, corresponding to delocalized normal
modes, see lower part of Fig. 5. Together with the informa-
tion on the difference frequency we conclude that in this
region of the Ramachandran plane the frequency of the sym-
metric amidel mode is significantly lower than the antisym-
metric one. The mixing angle abruptly changes sign at the
walls of the trough and varies between 20° and 60° outside,
corresponding again to fairly delocalized normal modes but
where the symmetric frequency is higher than the antisym-
metric one. An exception is the region arount 80°,0°),
where its absolute value is close to 90°, i.e., localized amide
| vibrations. In conclusion, there is evidence for the exis-
tence of a seam of the two vibrationally adiabatic surfaces at
the walls of the plateau thus separating @eandCg con-
former. This is of key importance for the non-adiabatic quan-
tum dynamical studies of Sec. Il F. Note that on the basis of
our relatively coarse meshed potential surfaces it is impos-
sible to distinguish between a true or an avoided intersection.
However, in a study of nonadiabatic photo-reactions it has
been shown that the exact topology of the crossing surface
does not influence the resulting population dynamics for the
case of nondissipative wave packet propagation.

It is intriguing to investigate how the amidenormal
mode frequencies are changed by anharmonic effects. For
the most important stationary points of glycine dipeptide,
potential energies are calculated with the above described
DFT technique in the plane spanned by the two amnlide
normal coordinates. The magnitude of the resulting diagonal
and off-diagonal anharmonic constants is between 2 and
4cm ! only. For comparison, we calculated a value of
4 cm ! for the amidel frequency of a single peptide unit in
NMA. In the absence of experimental results for peptide sys-
temsin vacuq we note that this value is twice as large for
solvated systenf§The overall effect of the anharmonicity is

| : . . \ b ! that the amidel frequencies for the three minima
-180 -120 -60 0 60 120 180 (C;,Cs,B), the connecting transition states, and the local
) maxima are all reduced by 8 ¢rh while the frequency dif-

_ _ ferences are hardly affected.
FIG. 5. (Color online Normal mode frequencies of GLD fundamental
amide | vibrational excitation. Top to bottom: Center frequency . ( ) . .
+w_)/2 (in cm 1), difference frequency. — w_ (in cm ), mixing angle D Local modes of amide / vibration
« (in degrees Minima of the potential energy surface are marked by filled
circles (@), see also Fig. 3.

120

60

-60

-120

-180

180

120

60

With the mixing anglex of Eq. (2.3) and the two amide
I normal mode frequenciesy, and w_, available, it is
straightforward to reconstruct the amideibrational Hamil-
of glycine dipeptide, the amide normal modes can be ex- tonian in the basis of the two localizédxcitonig amidel
pressed as linear combinations of amideibrations local-  vibrations (2.2) where V,;=Ey+#w; and V,,=Eg+#Aw,
ized in the N-terminus|u;), or in the C-terminus|u,). In are the potential energy surfaces corresponding to local
practice, the mixing angler (2.3) is determined from the amide vibrational excitations of the N- and C-terminus, re-
structure of the normal modes considering the ratio of thespectively. The resulting difference of the local
displacements of the==O groups in the upper amidenor-  frequencie¥?3
mal mode from their equilibrium positiorf$:?® This ratio
was also taken for the lower amidemode. Indeed, the de- w2~ 01=(0, ~0_)C0%2a), 3.
viations were on the average about 3%. As a further consiss displayed in the upper part of Fig. 6. In contrast to the
tency check, the displacements of N and H atoms were alsadiabatic frequency difference, — w_ , which is also influ-
investigated. However, there the mean deviations were 33%nced by the inter-peptide coupling discussed below, the di-
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-180 120 -60 0 60 120 180 V12=ﬁ(w+—w_)sin(2a)/2. (3.2)

The lower panel of Fig. 6 shows a wide region with negative
coupling in the center of the Ramachandran plane with the
minimum at the inversion center of the molecu(€,°,0°)
while the global maximum is found &t0°,+180°). The
minimum energy conformation€, and Cy are located at
either side of the zero line with a coupling value-66.5 and

8.0 cmi 1, respectively.

Our results for the inter-peptide coupling are essentially
identical to those obtained from HF/6-31H G(d,p) calcu-
lation, see Ref. 20, so that accounting for electronic correla-
tion in our DFT calculations appears not to alter the result for
this quantity, which was also noted in Ref. 23 where results
of a partialab initio calculation using B3LYP/6-31 G(d)
are compared with the HF/6-3%()G(d,p) results of Ref.
18. Note that all of the mentioned electronic structure calcu-
lations differ qualitatively from results obtained from the
semiempirical transition dipole couplingthrough space)
which has been widely used to calculate amiidgpectra of
polypeptides or even proteins® The pronounced trough in
the center of the Ramachandran plane does not exist in cal-
culations of the dipole—dipole interaction. Apparently, this
shortcoming is due to the neglect of charge flows along the
peptide chain“through bond”).

-180 -120 -60 0 60 120 180
¢ E. Adiabatic conformational dynamics

FIG. 6. (Color onling Local mode frequencies of GLD fundamental amide In this section we study the quantum dynamics of con-
| vibrational excitation. Top: Difference of local amidefrequencies of ¢ mational transitions of glycine dipeptide. As a first step
N-terminus and C-terminuén cm™1). Bottom: Inter—peptide coupling pa- . .
rameterV,, (in cm™1). Minima of the potential energy surface are marked we have to evaluate the kinetic energy operafot) for the
by filled circles(®), see Fig. 3. highly constrained model of dipeptide dynamics. For the
case of uncoupled internal motions, the rotational constants
would be 0.1442cm' for the N-terminus (ChH-
CO-NH-) and 0.2221cm for the C-terminus
abatic frequency gap varies less than the adiabatic one affe-CO—NH—-CH). Because the axes of internal rotation do
reflects changes in hydrogen bonding and steric hinderand#ot coincide with the corresponding principle axes of the
as a function of the backbone conformation. The globalensors of inertia, the internal rotations couple to the center
maxima (30.4 cm?') close to the G structures are charac- of mass translation and to the external rotation. Elimination
terized by the inter-peptide hydrogen bond of thesBruc-  of these effects leads b
ture between the CQ group_of thg N-t_erminal anq the NH hG 02144 —0.025 0.0073 0.013
group of the C-terminal peptide unit. Since the amidee- —= (j i( i
guency is affected more by a hydrogen bond to the CO than g7°c 1-0.0250 0.2888 0.0139 0.012
to the NH group’ w, is reduced more tham,, leading to a 3.3
positive frequency difference. At the local maximum where mean values and standard deviations are given in
(12.5cm'Y) for the G structure the NH bending contribu- wave number units (cm'), see also Fig. 7. Throughout the
tion of the amidel mode on the N terminus is more per- remainder of this work, we shall neglect the relatively weak
turbed than the CO stretching on the C terminus, and agait,) dependence of thé-tensor and replace its elements by
w1 is reduced more thaw,, but to a lesser extend than in their mean values which simplifies evaluation of the quan-
the G structure. The minima close t¢0°,=180°) and tum kinetic operator. This is well justified for the diagonal
(+180°,0°) are characterized by steric contacts between thelements where the standard deviation is below 5% of the
peptide CO groups and the peptide NH groups, respectivelynean value. Although the off-diagonal element varies appre-
which tends to increase the vibrational frequency. Again it isciably, its magnitude is so small that even neglectiag,,
the amidel mode on the N terminus that is affected morealtogether leads only to minor deviations of the simulation
than that on the C terminus, resulting in negative diabatigesults presented below. Moreover, for longer peptide chains
frequency differences. or even proteins the interaction of the torsional modes with
Also the inter-peptide coupling can be deduced from thethe overall rotation and translation becomes negligible since
normal mode frequencies and structure given in Sec. Il Cthe rotational constants of the molecule are very sAiaf.
The off-diagonal element of Hamiltonid@.2) can be written In a first set of simulations we investigate the torsional
ag?® dynamics of the molecule in the amidlevibrational ground
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This energy transfer could be realized in a collision with a
solvent molecule, see, e.g., the quantum-classical studies of
collisions of a sodium ioff or a water molecule with a
dipeptidé® or a small proteiri* The initial torsional wave
packet is given by

Uo(q) =N exd —ik{q—(q—do) "W(g—qo)], (3.9

whereN is a normalization constant andf determines the
shape of the enveloping two-dimensional Gaussian packets.
With uncertainties of 6¢=1/JW,,=3.5° and dy
=1/W,,=5.1° for theC; minimum or §¢=6.0° andsy
=6.5° for the Cs minimum (assuming W, =W,,,=0
throughouy, the Gaussian packet provides a good approxi-
mation for the stationary torsional states. The direction of the
initial torsional momentum,fk,, was chosen along a
straight line connecting the initial minimum with the
C,+Cg saddle. The magnitude &f, was varied such that
the “wave packet trajectory,” i.e., the expectation value,
(g)(t), connects the initial minimum with the final one, see
top part of Fig. 8. This results in momentum vectors with
|ko|=1.08 for theC,— Cg transition or|ky|=1.05 for the
reversed procesgiven in reciprocal degregsThe corre-
sponding values of the kinetic energy of 13.9 or 11.3 kJ/mol,
respectively, are similar to those considered in previous stud-
ies of collisions of solvent particles with a dipeptitfe®
Note that these values are almost a factor of two higher than
one would anticipate from the energy differences of the
minima and the saddle involved, see Table I. The reason for
this seeming discrepancy is that the “trajectories” for the
conformational transitions are not exactly following a mini-
mum energy path due to inertia effects. It is also noted that
the two paths are not identical to each other. In addition to
the movement of their centers, the wave packets are also
subject to strong dispersion. Upon reaching the final confor-
mation, widths of the order of 2630 degrees are typically
found. For the initial conditions specified here, the change
from the C; to the Cg conformation takes 770 fs while the
reversed process lasts 740 fs. However, with no dissipative
mechanism included in the current simulations, the wave
packets are not trapped in the final conformation but rather
-180 -120 -60 0 60 120 180 continue to explore the Ramachandran plane. For a dissipa-
) tive wave-packet dynamics study of electronically excited
_ molecules, see, e.g., Ref. 53. We have also studied confor-
FIG. 7. (Color online G-tensor elements for reduced model of GLD. From . L . . . . . .
top to bottom G, ,/(87%), hG,,,/(82c), hG,,., /(8 %C), in units of matlopal transmqns for glycine dlpeptldg being in an anide
wave numbers (cimt). vibrationally excited state by propagating wave packets on
potential energy surface obtained as the sum of the electronic
energy and either the lower or the upper harmonic arhide

state. This is realized by adiabatic propagation of wave packgxmtatlon energies. lBecause thel latter ones vary by less than
ets along the corresponding potential energy surigewe L kJ/mol=83.59 cm*, they modify the former one only
shall restrict our study of torsional dynamics to the region Ofvery_sllghtly leading to practically identical wave packet dy-
the valley of the potential energy surface alogg —y  N3MICS.

where the barriers to conformational changes are not ex-

tremely high. In particular, we consider a transition betwee
the two lowest conformations, i.e., tl& and theCg mini-
mum. We assume the glycine dipeptide molecule to be ini- It is very intriguing to study nonadiabatic wave packet
tially prepared in the lowest torsional state of either minima.dynamics along coupled amidk vibrational states. We
The corresponding zero point energy of the torsional motiorchoose the two fundamentally excited states exhibiting
is 42cm ! (C;) or 26 cm ! (Cs). We assume that the tor- (avoided intersections as discussed above. In particular, the
sional motion of the backbone is instantaneously excitedquestion shall be raised how nonadiabatic population transfer

r‘:. Nonadiabatic conformational dynamics
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¢ [deg] ¢ [deg] middle panel of Fig. 8. Th€,— Cs conformational change
0B850 Jie S 2 is indeed accompanied by a significant population transfer.
‘ After about 250 fs, the population of the initially unoccupied
(lower) adiabatic state exceeds that of the upper state and
reaches a maximum of about 70% after 500 fs. Upon reach-
ing the finalCys conformation after 770 fs, the population of
upper and lower state amounts to 42% and 58%, respec-
tively. A similar picture emerges for thés;— C, conforma-
tional change where the lower state population exceeds that
of the upper state after about 550 fs. Populations of 57% and
43% are found for the upper and lower state upon reaching
the C,; conformation after 740 fs. In both cases the rate of
0.8 L 0.8 nonadiabatic population transfer is determined by the gradi-
ent of the mixing angl€2.3). Hence, nonadiabatic effects are
o3 most significant at the walls of the trough visible in the lower
0.4 part of Fig. 5 where the symmetric or antisymmetric charac-
ter of upper and lower amide normal mode are changing
their role. Because of the clearly distinct infrared intensities
of symmetric and anti-symmetric modésee Fig. 4, it is
expected that the strongly nonadiabatic behavior should be
detectable by means of transient spectros&dhthus allow-
ing an experimental detection of a conformational change.
Another interesting aspect concerns possible mecha-
nisms for energy transfer along the peptide chain. The Davy-
dov modet® was used to describe the energy transport for
protein « helices leading to nonlinear localization of
energy’®®’In that context it is of interest to study the depen-
— | =1 dence of the energy flow between neighboring peptide units
o me [‘;gi’ a0 [‘;gi’ 800 *1000 as a function of the conformational structure and dynamics.
Using our two state-two mode Hamiltonian, the time evolu-
FIG. 8. (Color onling Quantum dynamical picture d€;—Cs (left) and  tion of initially diabatic, i.e., localized amidé vibrational

Cs—C (right) conformational changes of glycine dipeptide. Top: Path of gy citations is studied. First consider the situation for a sta-
the center of the wave packet during the first picosecond. In addition, thi. f . | &(=0). Neglecti h idth
ground state adiabatic potential energy surface is shown. Middle: Adiabati lonary conformational stat 6— ) eglecting the widths

population dynamics®, _(t), for an initially prepared delocalized amitie ~ Of the torsional bound states, the population of the initially

vibration (adiabatic stafe Vertical lines indicate the time span until the unoccupied state is given Tfy
wave packet center has reached the target state. Bottom: Diabatic population

dynamics,P; (t), for an initially prepared local amidevibration (diabatic P,=1-P,= sin2(2a)sin wt. (3.5
statg. Dotted curves: Population dynamics for stationary torsional states
(ko=0). The amplitude of the oscillations of 19% f@, or 62% for

Cs is given by a Rabi-type formula governed by the mixing

angles of—13° or 26°, respectively. The Bohr frequency is
can be triggered by a conformational transition. For thatgiven by w=(E, —E_)/A where adiabatic energy gaps of
purpose we solve the time-dependent Sdhrger equation 31 cm ! (C;) or 21 cm ! (Cs) lead to oscillation periods of
with Hamiltonian (2.2) for the vector containing the 1080 or 1530 fs. The population dynamics for the stationary
coupled, time-dependent torsional wave functiogs({,t), torsional states given by the two-dimensional Gaussian
x2(q,t)) thus vyielding diabatic populationsP; t) packet(3.4) but with ko=0 are shown in the lower part of
=(x1.At)|x1.At)). The corresponding adiabatic dynamics isFig. 8 (dotted curves The finite widths lead to slightly
expressed in terms of populations of the upper) (and longer oscillation periods fo€; (1140 f9 andCs (1620 f9
lower (—) state,P. _(t)=(x+ _(t)|x+ —(t)), whichis ob-  while leaving the amplitudes practically unchanged. In pass-
tained by transforming the torsional wave functions to theing we note that energy transport between anhidscillators
adiabatic representation using the matrix of eigenvectors df a protein occurs on a similar time scale.
the potential energy matri¥(q). We prepare initial wave In order to explore the effect of torsional dynamics on
packets as specified in E€3.4) and promote them to the the coupling of the locally excited amidevibrational states,
excited states, where the two coefficients are chosen accordre return to the conformational changes characterized above
ing to an eigenvector of the diabatic potential energy matrixk,#0). Coupled Schidinger equations are solved for the
evaluated at the center of the Gaussiag, i.e., at theC, diabatic Hamiltonian(2.2) with a single diabatic state ini-
andCg minimum of the potential energy surface. The coursetially prepared and with the initial momentum chosen as de-
and shape of the torsional wave packet is essentially thecribed previously. For th€,— Cg transition, we find a sup-
same as in the adiabatic simulations. However, the populgression of the oscillations for the first 400 fs resulting in
tion dynamics exhibits strongly nonadiabatic behavior, seetabilization of the localized amidé vibrations. Subse-
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guently, however, population is rapidly transferred even exone concerns the quality of the potential energy surfaces:
ceeding 50% at 950 fs. This behavior can be intuitively ex-While the relatively small number of atoms in glycine dipep-
plained by comparing the path of the isomerization with thetide allows to pursue high-level electronic structure calcula-
Ramachandran plot of the mixing andleig. 5). After start-  tions yielding reliable potential energy surfaces, it is inevi-
ing from C-, the wave packet is moving through the zero oftable to use(semjempirical force fields for the study of

« where sif(2«) is small. Finally, it passes a region of large longer peptide chains and proteins. The adequacy of that
positive & before reaching th€s conformation. For th&€s  approach with respect to the prediction of conformations and
— C5 transition, similar reasons lead to a significant reducfree) energy surfaces has been investigated thoroughly, e.g.,
tion of the population transfer. Over the whole duration offor trialaniné* and tetrapeptid®’ An especially delicate is-
the conformational change the initial state does not loossue is the use of force fields for vibrational spectroscopy of
more than 15% of its population. In summary, the energybiologically relevant molecules. While standard force fields
transfer between neighboring peptide units is strongly influ-are known to exhibit major flaws, there are encouraging re-

enced by conformational dynamics of the backbone. sults for amino acids using modified semiempirical elec-
tronic structure theor§? The second question pertains to the
IV. CONCLUSIONS theoretical description of the conformational dynamics:

hWhile the current two mode—two state model of glycine

The concept of nonadiabatic quantum dynamics, whic Linentide all ¢ full ‘ hanical treat t of
has been up to date mainly applied to vibronic effects in Ipeptide allows for a fully quantum mechanical treatment o

small gas phase molecules, is transferred for the first time tgonformatlonal changes and nonadiabatic transitions be-

vibrational spectroscopy of a peptide systems. A two modea’:'een V|br.at|(l)n?fllyte>;cned tstates, thﬁ e>_<po|ner|1t|all ?callng of
two state model for the study of amidlevibrational dynam- € numerical efiort ot quantum-mechanical calculations ren-

ics of glycine dipeptide has been presented where the Corgi_ers such an approach unfeasible for systems of much higher

formational structure and dynamics is modeled in terms oFompIexny. However, the largely different time and energy

two dihedral angles of the molecular backbone. Potential engcales of sIow(torsmna} and fast(stretchlng degrees of .
gedom suggest a mixed quantum-classical treatment of vi-

ergy surfaces and harmonic frequencies have been obtain%r tonal d | h K figBhrent
from electronic structure calculations at the DFT P atonal modes. In recent work a mean- igfBhrentest

[B3LYP/6-31+ G(d) ] level of theory. It has been found that duantum-classical approach was used to study the collision
the ordering of the energetically most stable ison@ysand of an iorf® or water _W'th a dipeptide. A more consistent
Cs is reversed upon inclusion of the quantum mechanicaflploroach to the coupling of quantum and classical subsystem

zero point vibrational energy. In the framework of the vibra- dynamlcs IS rgllven n tgrms qf _the q“a”t“m'c"'?‘ss'ca' Liou-
tionally adiabatic approximation, the torsional surfaces of th%vIIIe equatiort for whlc_:hé%jefflment numerical integrators

two amide | excitation frequencies show evidence of ave recently been devised.
(avoided seams. Hence, quantum dynamical studies of con-
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