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Spectral response of crystalline acetanilide andN-methylacetamide: Vibrational self-trapping
in hydrogen-bonded crystals
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Femtosecond pump-probe and Fourier transform infrared spectroscopy is applied to compare the spectral
response of the amide | band and the NH-stretching band of acetagidn) and N-methylacetamide
(NMA), as well as their deuterated derivatives. Both molecules form hydrogen-bonded molecular crystals that
are regarded to be model systems for polypeptides and proteins. The amide | bands of both ACN and NMA
show a temperature-dependent sideband, while the NH bands are accompanied by a sequence of equidistantly
spaced satellite peaks. These spectral anomalies are interpreted as a signature of vibrational self-trapping. Two
different types of states can be identified in both crystals in the pump-probe signal: a delocalized free-exciton
state and a set of localized self-trapped states. The phonons that mediate self-trapping in ACN and deuterated
ACN are identified by their temperature dependence, confirming our previous results. The study shows that the
substructure of the NH band in NM@mideA and amideB bands originates, at least partly, from vibrational
self-trapping and not, as often assumed, from a Fermi resonance.
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[. INTRODUCTION systems for regular secondary protein structures. It had been
recognized some time ago that the infrared absorption spec-
The « helix is one of the most common secondary struc-tra of ACN exhibits anomalies in the regions of the amide |
ture motifs in proteins. The three-dimensio@D) configu-  and NH-stretching modés’ The amide | mode consists of a
ration of the « helix is stabilized by three quasi-one- single peak at 1666 cthat room temperature. With decreas-
dimensional chains of hydrogen bonds, which run throughing temperatures, an additional peak appears at 1656.cm
the helix and connect the 20O and N-H groups of the The NH mode, on the other hand, is weakly temperature
peptide units. It had been proposed many years ago that vilependent and consists of a main peak at 3295 caccom-
brational excitations of the amide groups in such a systenpanied by an almost regular series of satellite peaks towards
could self-localize and play an important role in the energylower frequencies. The origin of the unconventional amide |
transport of proteins. band has been the topic of many theoretical and experimental
Self-localization or self-trapping of vibrational excitations studies, including infrared spectroscopy, Raman scattering,
is described by the polaron Hamiltonian, which combinesx-ray scattering, and neutron scatterifg®'%-1°After care-
two different coupling mechanisnis’ (a) exciton coupling  fully excluding more conventional explanations, Careri and
and(b) phonon coupling. Exciton coupling leads to delocal- co-workers have proposed that the spectral anomaly is re-
ization of a vibrational excitation, caused by electrostatic inHated to vibrational self-trappint.
teraction between the individual peptide urfitsThe vibra- In theoretical discussions of vibrational self-trapping, the
tional excitation can either be the N-H or the=0  exciton coupling is often neglected in a first step, since it is
stretching vibration of the peptide unithe latter is often smaller than the exciton-phonon coupling, and included only
referred to as the amide | modeAnalogous to electronic afterwards in a perturbative maniérThe problem simpli-
molecular excitons, the delocalized states are also called vfies significantly when one further takes into account the one
brational excitons or vibrons. order of magnitude difference between the frequencies of the
The vibrational excitons, in turn, are coupled to lattice phonon modes and the high frequency vibrational mode, al-
phonons through an anharmoriconlineaj coupling term, lowing an adiabatic “Born-Oppenheimer”-like separation of
which is mediated through the hydrogen bonds that stabilizéme scales. In this approximation, the high frequency vibra-
the three-dimensional3D) structure of the system. The tion adopts adiabatically to the position of the phonon coor-
exciton-phonon coupling has been rationalized as follbits. dinates. As a result, the potential energy surface for each
is well known that the length of the hydrogen bond modu-excitation level of high frequency mode is expressed as a
lates the transition frequency of either the amide | or NHfunction of phonon coordinates, as shown in Fig. 1. The
vibration mode of the peptide uritThis interaction is re- nonlinear exciton-phonon coupling gives rise to a displace-
sponsible for a contraction of the hydrogen bond once one afnent of the potential energy surface of the self-trapped state.
the amide modes is vibrationally excited. As a consequencéhe minimum of that potential energy surface is shifted to-
the initially delocalized vibrational exciton collapses to form wards smaller intermolecular distances, giving rise to a
a self-localized state. stronger hydrogen bond in the excited sate. Consequently, a
Hydrogen-bonded crystals, such as acetanilidéFranck-Condon-like” progression is obtained for the ab-
(CH;-CONH-GHs, ACN) and  N-methylacetamide sorption spectrum, consisting of one vibrational excitation
(CH3-CONH-CH;, NMA), are commonly regarded as model plus several quanta of phonon excitation.
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any crystal with comparable structure. In particular, one ex-
pects to observe it in NMA, which is often regarded tathe
P i model compound for peptides and proteins. Both crystals,
Trapped State ACN and NMA, have an orthorhombic structure and consist
of quasi-one-dimensional chains of hydrogen-bonded peptide
units (-CO-NH-) with structural properties that are similar to
Ground Staté those ofa helices?>2® Nevertheless, no convincing experi-
T T = mental evidence for self-trapping in NMA has been found so
Frequency [cm ] o SR far. In the present study, we follow the strategy to transfer the
knowledge we have gathered for ACN, for which vibrational
e self-trapping is clear and by now, well established, to NMA.

Free Exciton

Absorbance [arb. units]

Free Exciton

t To this end we compare the infrared absorption spectra and
the pump-probe spectra of the amide | and NH mode of four
different hydrogen-bonded crystals: ACN, deuterated ACN
(CD53-CONH-G;Ds, ACN-Dg), NMA, and deuterated NMA
(CD5;-CONH-CD;, NMA-Dg). We will see that certain non-
TR - linear spectroscopic fingerprints appear in comparable ways
3000 3100 3200 3300 > for both molecules, from which we conclude that the mecha-

Frequency [cm'] Fhomoweaominae J nism giving rise to the complex band shape of the NH and

CO mode of both materials has the same origin.
FIG. 1. (a) Absorption spectrum of the CO band of crystalline

ACN, showing a temperature-dependent doublet. The peak at

1650 cmi! corresponds to a self-trapped state and the one at Il. MATERIALS AND METHODS
1666 cm? to a free exciton(b) Absorption spectrum of the NH
band, consisting of a main peak at 3295 ¢rfree exciton and a
sequence of satellite peakself-trapped statg¢s The proposed
schemes of potential energy surfaces are depicted on the right-ha
side.Egp represents the binding energy of the self-trapped state.

(o) NH

Trapped State

Absorbance [arb. units]

Femtosecond IR pump-probe experiments were per-
formed with pulses with a bandwidth of 200 chfull width
A half maximum(FWHM), a pulse energy of 1-1.J, and
a pulse duration of 150 fs at a 1 kHz repetition réte\
small fraction of the infrared pulses was split off to obtain
When the displacement of ground- and excited-state pobroadband probe and reference pulses, which were spectrally
tential energy surface is smak.g., for the G=0O band in  dispersed after interaction with the sample and detected with
ACN), only the zero-phonon transitiofie., the 1650 crit  a 31-channel HgCdTe detector ar@ycmi ! resolution. The
band carries a noticeable oscillator strength at zero temperamain part of the infrared pulses was used as pump pulses that
ture and all other transitions are weak. With increasing temwere spectrally filtered for some of the experiments using an
peratures, phonons in the=€O ground state are thermally adjustable Fabry-Perot filtgbandwidth of 30 cit), yield-
excited, and the intensity of the zero-phonon line diminishesing a pump-pulse duration of 250 {§HWM). Infrared ab-
The intensity is expected to decrease with temperature asorption spectra were measured on a BioRad FTS 175C
cording to a™™ law, in perfect agreement with the experi- SPectrometer equipped with a highly sensitive mercury cad-
mentally observed dependence of the 1650%imand in ~ Mium telluride(MCT) detector.
ACN.51820This agreement is presently considered to be the ACN (zone refined, purity 99.95¢6and NMA (purity
strongest evidence for self-trapping of the amide | band oP9+%) were obtained from Aldrich, ACN-p (98%) from
ACN. In the case of the N-H mode, exciton-phonon couplingCambridge Isotope Laboratories, and NMA-198.3%
is significantly larger and the binding enerByp amountsto  from C/D/N isotopes. Monocrystalline ACN, NMA, and
several phonon quanta. Therefore, one can observe a prbtMA-D ¢ were prepared by cooling a thin layer of the molten
gression of self-trapped states in the NH béseke Fig. L substance between two Gakwindows. In the case of NMA,
Recently, we performed femtosecond infrared pumpthe sample was heated in a dry box to about 80°C before-
probe experiments, providing strong evidence for the selfhand in order to remove any possible water contaminations
trapping theory2 A study of the NH band revealed the of the highly hygroscopic substance. Monocrystalline
phonons that couple to the NH mode and mediateéACN-Dg was grown out of a concentrated solution of
self-trapping?* Moreover, we showed that the two amide | ethanol/chloroform(20/80 on a Cak window. For the ex-
substates of ACN exhibit a distinctively different response orperiments we carefully selected samples that showed only
selective excitations, a result which has been interpreted inne crystalline orientation. The spectra were obtained with
terms of the degree of delocalization of both stafds. ad-  the E vector parallel and perpendicular to the hydrogen bond
dition, we were able to definitely exclude the possibility of achain(in ACN the b andc axes, and in NMA thea andc
Fermi resonance and conformational substates as alternatiegeg. The comparison between spectra obtained with differ-
explanations for the temperature dependence of the amideent polarizations confirmed that our samples were in a
mode?3 confirming previous studi€s:?* monocrystalline phase. In the cases of ACN and NMA-D
Compelling evidence for vibrational self-trapping has sothe crystals in the sample were perfectly aligned in one di-
far only been gathered for crystalline ACN. However, therection, while the ACN-I@ and NMA samples showed some
mechanism is expected to be generic, and should occur iglight disorder. The samples were placed in a cryostat and
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;E FIG. 2. IR spectrum of the NH

band of ACN, ACN-LQ;, NMA,
and NMA-Dg at high temperatures
(a—(d) and at low temperatures
(e)—(h). All four crystals show
similar band shapes, consisting of
a main peak and a sequence of
three to four satellite peaks. The
CH modes, the amide | overtone
(A) and theB modes are not part
of the NH mode. The thick lines
are for parallel polarization of the
IR light with respect to the
hydrogen-bonded chain and the
thin lines for perpendicular polar-
ization. For NMA-D; the perpen-
dicular spectra are magnified by a
factor of 10, for ACN by a factor
of 4. The self-trapped states are
. ;(19 . marked by black bars and the free-
3200 exciton peak by FE.
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experiments were performed at temperatures between 18 asdtellite peaks in NMA and NMA-Pfurther split into dou-
293 K. All spectra of NMA were measured at temperaturesblets at low temperaturd&igs. 2g) and Zh)]. This splitting
below the solid phase transition, which occurs between 27fas been observed before and is of unclear ofyi#t.In
and 283 K26:28 ACN the NH main peak at 3295 crhis observed both in the
parallel and perpendicular measurements, however, with a
relative shift of 11 ¢ [Fig. 2@)]. The shift corresponds to
the “Davydov” splitting and shows that the main peak in
A. Absorption spectra of the NH and the C=0 bands ACN is a delocalized state, i.e., a free-exciton sfate.

Previous works have started from the assumption that the
NH spectrum of ACN contains nine satellite pe&R4:18.20.21
However, given the polarization dependence and the com-
parison with ACN-0, one must conclude that only the high-
st four satellite peaks are “reaff.e., belong to the NH
and, while the lower frequency part of the spectrum is
erturbed by CH vibrations and weak overtones and/or com-
;J'nation modes.

Figures 8a) and 3b) show the absorption spectra of the

Ill. EXPERIMENTAL RESULTS

Figures 2a)—2(h) show the absorption spectra in the spec-
tral range of the NH mode of crystalline ACN, ACNgD
NMA, and NMA-Dg at high(250 and 220 K and low tem-
peratured =30 K). Since the spectra are congested we will
first discuss the contributions from other bands than the N
stretching band. We can identify CH stretching modes by
comparing the C deuterated with the nondeuterated co
pounds. Figure 2 shows that the CH modes appear aroun

3000 cn! (ACN 3005, 3042, 3058, and 3118 cinNMA ; ;
O ' PO amide | mode of ACN and NMA at different temperatures.
2995 and 2993 cit). Another peak, which is not part of the As described before, an “anomalous’ band appears at

NH band, is labeled Wit.h "A”in the_ ACN spectrufsee Fig. 1650 cm* in ACN with decreasing temperatures. The “nor-
2(e)] and has been assigned previously to an overtone of the

amide | mode? All spectra show a strong polarization de- & (@) ACNt  —— 30K|[(b)NMA
pendence and most bands are only observed wherEthe  § \  —---110K||— 30Kk |
vector is oriented parallel to the NH group® Only the B g ----180K
and B’ bands in the spectra of ACN and ACN;PACN = R 1 D
2860 and 2925 cit; ACN-Dg 2860 and 2913 ciit) show 8
hardly any polarization dependence, and hence are attributed &§
to overtone/combination modes of unknown origin. -g

If one combines the above observations and takes only the & | ' . o | A .
peaks that can be assigned to the NH band into account, one < 576" 1850 1860 1670 1620 1635 1650
realizes that all four molecules exhibit an NH band which Frequency [cm™] Frequency [cm™]

consists of a main band accompanied by a series of almost

equidistant satellite peaks towards lower frequencies. The FiG. 3. IR spectrum of the amide | band of crystalli@ ACN
spacing between the four satellite peaks=~i§0 cni! for  and (b) NMA at three different temperatures. The vertical line
ACN and =70 cni? for ACN-Dg. In NMA, the separation marks the position of the temperature-dependent sideband. The IR
between the satellite peaks is about three times larger. Thight was polarized parallel to the hydrogen-bonded chain.
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293 K 170K between pump and probe pulse at_probe frequeq)q:yThe
W Y absolute value spectrufpAA(w, wy,)| is shown in Figs. &)
and Je) as a two-dimension&RD) plot for 293 and 77 K. In
77K this representation, the axis corresponds to the probe fre-

quencyw,, and they axis to the frequency, which is re-
vealed by the Fourier transformation. The 2D plot at 77 K
shows clearly two major frequency components at 54 and
83 cnl. The oscillations reach their maxima at probe fre-
Loy . guencies which correspond to the peaks of the NH absorp-
4 6 8 10 12 tion band. Vertical cuts through the spectra at the position of
Delay Time ¢ [ps] the satellite peaks are shown in Figgc)sand %f). A com-
parison between low and high temperature data reveals
FIG. 4. The transient response of ACN after impulsive excita-clearly that the frequencies of the two major oscillations de-
tion for a probe frequenc§8200 cm!) which coincides with one of crease to 48 and 76 ¢fat 293 K. In Fig. 6, the frequencies
the self-trapped states. The temperature is varied from 77 to 293 Kof the two major modes are plotted against temperature and
U L compared with the frequencies of the phonon modes in the
mal” amide | band, on th_e othe_r hand, splits into three subyg,, frequency Raman spectrurtthe latter taken from
bands and decreases in intensity at low temperat@ifsn- Johnstoret al34)
;?crjiztg;%lyin \tl\r/1ee ;rlrficc;e cl)b:p?er\é'?rurg Oﬁem&%a;?rfé%igg?}dem The impulsive excitation with an ultrafast laser pulse may
. . . result in the creation of vibrational wave packets, which give
whose separation from the main band, however, is about I . ) L
three times smaller than in ACN. rise to oscnlatlc_)ns in the pump-probe S|_gnal. Principally
speaking, two different generation mechanisms of such wave
B. Impulsive excitation of the NH band packets are possiblgi) impulsive absorption, yielding a
wave packet in the excited state, in which case the beating

pulses(bandwidth 200 ) to impulsively excite a section frequency should represent the energy separation between

of the absorption spectrum, which includes the NH main(couplec%'kstates in the '\:tH mamfold Odet?t?S’ ai) a ket
peak and the first three satellite peaks. As a representati\}%aman" € process resufting In a ground-state wave packet,

example, Fig. 4 shows the transient response for probe fr ving ris_e to phOUO“ excitation. Impulsive ab_sorption and
quencies of 3200 cM. The striking feature is strong oscil- aman-like excitation are expected to occur simultaneously

lations, which at 77 K persist up to 14 ps. With increasingWith probabilities that are given by the Franck-Condon fac-

temperature, the oscillations decay faster and their amplitud‘i?rS of the individual transitions. .
In Ref. 21, we have used two observations as an argument

decreases. A spectral analysis of the beating structure is ob- i the beali i th be sianal of ACN
tained from the Fourier transformation to assign the beatings in the pump-probe signal o toa

ground-state wave packeti) The lifetime of the excited
(" Wy o state[400 fs, see Fig.(@)] is too short to support an excited
AA(w, pr) = f . Atoup @ PP AAMupn o), (D) giate wave packet that persists for many picoseconds. This
discrepancy becomes even more pronounced at low tempera-
whereAA(ty, or, wp,) is the pump-probe signél.e., the tran-  tures, where the coherence decay time increases significantly,
sient response change plotted in Figfdr delay timest,,,, ~ while the excited state lifetime stays about the s#6@9 fs,
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FIG. 5. (a) and(b) Absorption spectra of crystalline ACN, showing the NH band for 293 and 7d)}and(e) The 2D plot of the absolute
value of the Fourier transformation of the transient pump-probe signal after impulsive excitgionthe frequency of the probe pulse and
o results from the Fourier transformation of the pump-probe signal with respect to delatytipnbetween pump and probe pulsgs.and
(f) Vertical cuts through the 2D spectrum at frequencies corresponding to the satellite peaks.
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contains a total of 24 Raman active modes. In Fig. 6, we
FIG. 6. Temperature dependence of the low-frequency Ramagompare the temperature dependence of the beating fre-
modes(°) in ACN, taken from Johnstoat al. (Ref. 34, and of the  quency with that of the Raman-active phonons of the crystal
beating frequencies observed in the pump-probe experif®nt  and find an excellent agreement. Furthermore, the linewidth
The temperature dependence of the beating frequencies perfecty ihe phonon modes narrojn agreement with the Fou-
matches that of the Raman modes. rier transform spectra in Figs(& and f). Hence, we con-
clude that the beatings in the pump-probe signal reflect a

see Fig. 7a)]. (ii) At room temperature, the frequency of the coherent excitation of two distinct phonons in the NH ground
quantum beats does not fit the frequency spacings in thgite

absorption spectrum. At lower temperatures, however, the |hterestingly, the pump-probe experiment selectively ex-
beating frequency increases slightly and the absorption spegjteg just 2 out of 24 Raman-active phonons. In the present

1 H i . . .
trum becomes more structured, so that the 54°cbeating  experiment, the phonons are excited by a stimulated impul-
frequency in fact matches the frequency spacing between thg

- J ve Raman process, which is resonantly enhanced by the
3198 (the second satellite pepland the 3252 cnt bands Ny absorption band. Such a process is only possible if the
(the first overtone of the amide¢ &t 77 K.

X ; . respective Raman modes are coupled to the NH excitation.
Nevertheless, our previous interpretation of a ground-statg, e representation of Fig. 1, such a coupling gives rise to

wave packet is validated by the temperature dependence gf ghift of the potential energy surfaces, i.e., it renders the
the beating frequency of the two major componefig. 6).  yhonon to be “Franck-Condon” active. In other words, the
In the case of a ground_—state wave _packet, the temperatug%up“ng observed in the pump-probe experiment is precisely
dependence of the beating frequencies should match that ge same as the one that is responsible for polaron formation.
certain Raman modes. The low-frequency Raman spectruompining these arguments, we conclude that the phonons
of ACN has been the subject of several stutiéé*°and e opserve in the pump-probe experiment are indeed those
phonons that mediate self-trapping.
Crystalline ACN-R. The transient signal in ACN-P
shows also a striking beating pattefrig. 8) similar to ACN.
The Fourier transform spectrum contains clearly two fre-
quency components: a sharp peak at 47'camd a broad
e o 77K peak at about 80 cth. Since the molecular weight and crys-
G 3 3 % y tal structure of ACN-[3 are comparable to ACN, one indeed
expects to excite the same phonons with similar frequencies.
The comparison with the splittings in the absorption spec-
trum rules out an excited-state wave packet. Raman spectra
of fully deuterated ACN show that the spectra below
60 cni! do not change much upon deuteration and contain a
, , , ) distinct mode at about 50 c¢thand a broad band between 60
Delay T2ime [0s] 3 4 and 100 crit.3” Consequently, the _oscillations are assigned
to a ground-state wave packet, using the same arguments as
FIG. 7. The transient signal of ACN and NMA after selective in the previous paragraph. This is direct proof that the NH
excitation of the free-exciton peak. In the case of ACN the signaimode in ACN-Ly is coupled to low frequency phonons and
recovers on a 400 fs time scale at 293 K and on a 600 fs time scal@dicates that the multiplicity of the NH band in ACNgls
at 77 K. In NMA the signal relaxes on a 1 ps time scale. caused by self-trapping, just as in ACN.

Absorbance Change [mOD]
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(a) ACN FE (b) NMA-D6 ZE{| (c) NMA ¢ )
FIG. 9. Sections of the NH
/\M M band of (@) ACN, (b) NMA-Dg,
and (c) NMA. Pump-probe re-
sponse after selective excitation of
the high frequency bandd)—(f)
and of the second satellite peaks
(g)—(i) for 400 fs(¢) and 4 ps(°)
delay times between the pump and
N ST 1 the probe pulse. The arrows indi-
v h) > TN AR ' cate the position of the narrow-
@ T 0.5mOD ) band pump pulse. All three mol-
|Io.'3 r.nO.D LA R L1 .Ioizs. m.OE.) L Ll ecules show qualitatively similar
3100 3200 3300 3000 3200 2900 3100 3300 responses.
Wavenumber [cm’] Wavenumber [cm™] Wavenumber [cm™]

(=]

[=}

Absorbance Change [mOD]

In the case of NMA and NMA-Ig, we were unable to sponse is also found in the pump-probe response of NMA
observe beatings in the pump-probe signal. Since the splibnd NMA-Dg, except that the free exciton no longer relates
ting between the satellite states is about three times larger ito the peak with the highest intensity, but to a shoulder on the
NMA than in ACN [Figs. Zc) and 2d)], one expects that the high-frequency sidémarked with “FE” in Figs. 2 and ®
frequency of the corresponding phonon modes is larger bylso, this band shows a Davydov splitting between the par-
about the same factor. Part of this difference might be exallel and perpendicular spectrufig. 2(h)]. Both in NMA
plained by the smaller mass of NMA. Such a high frequencyand in NMA-Ds, a bleach of all bands is observed when the
mode would be at the detection limit of our setup, which ispump pulse is resonant with that shoulder, and the signal at
determined by the IR pulses duration. Technical improvethe shoulder band decays on an ultrafast timescale compa-
ments, i.e., pulse compression techniques, might make it posable to the free exciton band in ACkFig. 7). A direct
sible to uncover these modes in the future. It could be alsexcitation of one of the satellite peaks, on the other hand,
possible that the lifetime of the phonons in NMA are signifi- reveals negative signals for all bands except for that shoul-
cantly shorter than in ACN, as suggested by the broader Raler, just as an excitation of a self-trapped state in ACN. In
man lines’? and that they are thus much harder to detect. conclusion, we observed also in NMA two different types of

states, whose nonlinear response matches the free-exciton

C. Frequency-selective excitation of the NH band and the self-trapped state in ACN.

Crystalline ACN In this section we selectively excite the
main peak and the satellite peaks in the NH spectrum of
ACN and NMA using narrow-band, tunable pump pulses
(see Fig. 9. For ACN we have discussed this response in In the present paper, we compare the spectral response of
detail in a previous publicatioff.In brief, the response of the two commonly used model systems for peptides: crystalline
main peak, which is, in the case of ACN, the peak with theACN and crystalline NMA, as well as their carbon-
strongest intensity and the highest frequency, differs distincdeuterated derivates. While the absorption spectra of these
tively from that of the satellite peaks. Immediately after compounds, as well as their pump-probe signals, differ in
pumping the main peakFig. 9d)], a strong bleach and detail, they exhibit striking similarities, which shall be sum-
stimulated emission signal is observed at the position of thatarized again.
peak. The signal recovers on a 400 fs+100 fs time scale, (1) The amide | bands of ACN and NMA both contain a
representing the lifetime of this stasee Fig. f@)]. Simul-  temperature-dependent “anomalous” band; however, the
taneously, the population is transferred into lower-lyingseparation from the main peak is about three times smaller in
states, giving rise to negative signals at the position of th&NMA (Fig. 3).
satellite bands. On the other hand, when exciting one of the (2) The NH bands of ACN and NMA are both accompa-
satellite states directljfFig. Ag)], we observe negative sig- nied by a sequence of equidistant satellite peaks towards
nals at the position of all satellite peaks, but not at the positower frequenciegFig. 2). The spacing between these satel-
tion of the main band. In Ref. 21, we have interpreted thidite peaks is about three times larger in NMA.
response as a direct manifestation of self-trapping. Pumping (3) The narrow-band pump-probe signals of the NH band
the main peak transfers population on an ultrafast 400 fof ACN and NMA reveal similar responsébig. 9). In par-
time scale into the satellite peaks, i.e., into the self-trappedicular, two different types of states can be identified in both
states. The main peak shows a small Davydov splitifig.  cases, one being the free-excitg¢the highest frequency
2(e)], which indicates that the band corresponds to a delocaband and the other being the self-trapped stdthe satellite
ized state, i.e., a free-exciton state. On the other hand, wheareaks.
pumping the self-trapped states directly, no back population (4) Quantum beats are observed in the broadband pump-
of the free exciton state is observed. probe signal of both ACN and ACN-D The temperature

Crystalline NMA and NMADg. Interestingly, a similar re- dependence of the quantum beats substantiated our previous

IV. DISCUSSION
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result that they relate to the phonons which mediatdind a combination of modes that fits the Fermi resonance
self-trapping. picture, given the huge density of states in a molecule as
In the case of crystalline ACN, it is now well established large as a polypeptide.
tha_lt the si_gnat_ures in the CO_ and NH spectra are a manifes- Also in the case of NMA, the two intense peaks in the NH
tation of vibrational self-trapping. The spectral appearance ohand(3100 and 3250 ci) have been previously assigned to
ACN is very special, with probably the clearest manifesta-3 Fermi resonance and were referred to as anigand B
_tion (_)f yibr_qtion_al self-trapping. Nevertheless, we _find Strik- modes394° The remaining bands in the sequence of satellite
ing 5|m|l'c_1r|t|es in the spectral response of Cr_ystallme_ NMA, peaks(2650 and 2900 cif) have been interpreted as Fermi
from which we conclude that the mechanism behind thgegonances with the overtone of the amide Il band and a
compll_cated band shapes are the same in both cases. Henggrpination mode of amide Il + amide 11, respectivély.
gp{i rg'fgrétrisggﬁﬂ:tzgﬁt Sglljft'tr:pg'enr?eglngthgnl:)rr‘]'q(lun%rﬁ)r?ﬁl'\levertheless, the Fermi resonance interpretation for the NH
) y LS . and in NMA has been questioned frequently in the
hydrogen-bonded crystals. This is indeed expected since t ﬁerature?9'32~48’49Temperature—dependent infrared and Ra.

theory behind vibrational self-trapping is rather general. It . ) . . )
essentially only depends on two coupling parameters, th an studies on NMA and various isotopic species showed

exciton coupling and the exciton-phonon coupling, which aret at a simple Fe_rmi interpretation cannot accoun'g for the two
expected to be similar in crystals of comparable structure. "ténse peaks in NMA. The present work provides strong

Also the NH absorption band of polypetides and proteinsevidence that vibrational self-trapping at least contributes to
Eve peculiar line shape of NMA.

contains sidebands, which have been discussed in many eall . . .
The Fermi resonance picture completely ignores the effect

papers.?®38-421n 1951, Ambrose and Elliott already sug- . ;
gested that the sidebands of the NH stretching frequencies fﬁf hydrogen bc_Jndlng on the NH mode. It is well known that
e NH mode in hydrogen-bonded systems strongly couples

polyamides, polypeptides, proteins, and ACN are caused by 4 2 .
system of coupled hydrogen-bonded NH oscilla@SiBrad-  © low frequency vibrations of the hydrogen bond it$&if!

bury and Elliott proposed that the NH band in NMA is a This coupling, which is a result of the highly anharmonic

combination between a genuine NH stretching vibration anéﬂydrogen—bonq pote_ntia}l, leads to a redsshift of the a_bsorp-
a low-frequency vibration of the hydrogen boriice., the tion band, an intensity increase, and a band broadening ac-

same mechanism as the one discussed here, although t %mpanied_ by a peculi_ar band Sh?pe with a rich substru_cture.
authors did not use the term “vibrational self-trappin’ oth coupling mechanisms, Fer_rm resonance and coupling to
Nevertheless, it is now considered to be textbook knowllOW frequency modes, can coexist in a hydrogen-bonded sys-

edge that the doublet found for the NH band in polypetide§em' Re_cent t_heoretical studies have .taken both coupling
and proteingi.e., the main peak at 3300 ¢fnand the first mechanisms into .accc_)unt to deic”be _the ;pectra of
satellite peak at 3100 ¢ is the result of a Fermi reso- hydrogen-bonded vibrational mod&s>3 The simulations re-

nance between the NH mode and an overtone of the amide fiilt In band shapes that depend strongly on the relative
vibration3940:42430ne generally refers to these two bands asStrength of the two couplings and range from a typical Fermi
the amideA and amideB band. The Fermi resonance assign_resonanc.e doublet to complex substructures with regularly
ment predominantly goes back to work by Krimehal, who ~ SPaced sidebands.

have performed normal mode calculations for various V. CONCLUSION

polypeptides based on empirical force fietds*” These

works tried to assign in detail the overtone and/or combina- NMA is considered to be the prototype molecule to study
tion mode which is supposed to be involved in the Fermivibrational spectra of peptides, with an obvious extension to
resonance. As a criterion for this assignment, the frequenciolypeptides and proteins. Our study suggests that the previ-
and symmetry species of the modes have been used, but, s assignment of the amideand amideB bands in NMA
course, little was known about anharmonic couplings, i.e.solely to a Fermi resonance is clearly not sufficient, and that
the third ingredient needed to obtain a Fermi resonance. IBXCiton-phonon coupling, leading to vibrational self-
the case of g3 sheet, two different symmetry species of trapping, plays an important additional role. However, when
amide Il must couple to form the amid® band, while in  the coupling mechanism in the prototype molecule needs to
case of anx helix, an overtone of only one amide Il species be reevaluated, then the interpretation of the andicendB

is necessar§45 In different B sheets, such as modes in polypeptides and proteins may be questioned as
B-poly(L-glycine) and B-poly(L-alanylglycine, the amideB well. Clearly a careful analysis, which considers hydrogen
mode originates from different pairs of symmetry speéfes. bonding coupling to low frequency modes and Fermi reso-
Furthermore, studies on N-deuteratggolypeptide$® used  nances, is needed to understand the complex NH band shape
a three-level Fermi resonance to explain the experimentallin polypeptides. We are currently performing similar experi-
observed amidé andB bands. All these calculations agree ments on a reak helix which also yield strong evidence for
well with the experimental data and explain temperaturevibrational self-trapping of the NH barid.

erendent shifts in the spectra. Neverthgless, it seems strik- ACKNOWLEDGMENT

ing thatdifferent sets of modes are required to explain the
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