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Vibrational Coupling between Amide-I and Amide-A Modes Revealed by Femtosecond Two
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Two color femtosecond infrared pump/probe spectroscopy has been used to study the vibrational dynamics
and vibrational mode coupling of amide-A and amide-I/ll modes within the same amide unit and those
connected by a hydrogen bond for several model dipeptides: AcAla(H)OMe, AcAla(D)OMe, and AcProNHMe.
Three spectral ranges were explored as follows: aroyna gamide-A(H) mode), 4m (amide-A(D) mode),

and 6-8 um (amide-I/ll modes). The lifetime of the excited amide-A mode in honhydrogen-bonded amide
is found to be strongly dependent upon deuteration: 4.0 ps in AcAla(H)OMe and 0.58 ps in AcAla(D)OMe.
The diagonal anharmonicities are found tokg p = 110 cnt! and Ay—y = 144 cn1?, respectively, both

much larger than the ca. 15 cifor the amide-I mode. By pumping the amide-A band and probing the
amide-1/Il mode region, direct coupling between the amide-A and the amide-I/Il modes has been observed.
The off-diagonal anharmonicity between amide-A(D) and amide-l within the same amide unit has been
measured to be 1.6 crh and this anharmonicity is larger (4.6 chhwhen a Fermi resonance component in

the amide-I mode is involved. A mixed mode coupling with an apparent time-dependent off-diagonal
anharmonicity is observed as a result of the relaxation of the amide-A mode to lower frequency modes,
which are in turn coupled to the amide-I mode. This is found to be significant within the first half picosecond
after the pump in the case of the deuterated AcAlaOMe sincd itef the amide-A(D) vibration in that
example is short. The amide-A/amide-I coupling across the hydrogen bond in the self-hydrogen-bpnded C
conformation of AcProNHMe is 1.4 cmi. The alignment of the transition dipoles (amide-I/ll modes) relative

to the known directions for NH and N-D was measured and used to obtain structural information on the
chemical structure of peptides. The direction of the amide-I transition moment in the molecular frame changes
upon deuteration of the amide and upon hydrogen bonding of thid roup of the amide. The angle between

the amide-I transition moment and-N¥ in the same amide is determined to be23° for AcAla(H)OMe

where the N-H group of the amide is weakly hydrogen-bonded in tgec@formation. This angle changes

to 13 + 4° for the deuterated compound and to 34:53° when the N-H group is involved in strong
intramolecular hydrogen bonding in the; Conformation (AcProNHMe). Two different conformers were
observed for AcAla(H)OMe based on cross-peak anisotropy measurements. The structures of these conformers
are assigned to {Jcarbonyl) and g (ester) conformations, where a five-membered ring is formed by the
carbonyl or ester oxygen atom. A first principles simulation of the two color pump/probe signal based on the
third order nonlinear polarization, assuming a homogeneous line width for the amide-1 and amide-A modes,
reproduces the data satisfactorily.

1. Introduction of molecular vibrations in solutions first need to be addressed

Two-dimensional infrared (2D IR) spectroscopy has recently quantitatively. In_addition, models for thg potential energy
been proposed as a means to determine the structural dynamicSUrfaces of peptides suitable for generating mode coupling
of biological assemblies having amide-1 mode%.n 2D IR, mechanisms need to be more fully explored.
sequences of femtosecond infrared pulses are used to manipulate A significant improvement in the utility of 2D IR could be
vibrational coherences leading to knowledge of angular distribu- expected if the infrared pulse sequence was chosen to manipulate
tions of the amide groups and their intermode anharmonicities. two or more different types of molecular vibrations. This
These anharmonicities are related to the couplings betweenexperiment could be done by constructing the sequences from
amide units and hence to their spatial arrangements. The saménfrared sources having different frequencies. Such two color
2D IR experiment measures the dynamics of the distributions experiments may yield intermode couplings and provide ad-
of amide-l vibrational frequencies, which are related to the ditional structural constraints. A variety of two color pulse
distributions of structures that occur in equilibrium. Although sequences for 2D IR experiments were recently proposed along
2D IR has great promise for biological applicatidfist? a with discussion of their response functioris!® Besides, the
number of fundamental issues regarding the dynamical responsesmide-I mode, which is mainly the=€0 stretch, the N-H
stretch, or the amide-A mode, is also a useful indicator of
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on peptide structure and dynamics. However, nothing is known 2. Material and Methods
experimentally about the coupling of amide-l and -A modes,
even when they are on the same amide unit. This coupling must
be known in order to develop reliable models for the coupling
of different amide units. For example, for a dipeptide with two
amide units (1 and 2), there are four states in the amide-I/
amide-A combination band region; + A1, 11 + Ag, 12 + Ag,

and b + A,. A structurally based model for the relative energies

of these states requires knowledge of tharld A, coupling @ OPAs, each producing ca. G/pulse total energy in signal

= 1, 2). The through bond part of the coupling is expected to and idler beams. Two separate difference frequency generators

be small because the-NH mode is highly localized and involves (DFG) produced mid-IR beams tunable from 3 toa@ (at 6
mainly hydrogen motions. Nevertheless, the interamide coup- m: bandwidth ca. 120 crd, pulse duration ca. 150 fs, pulse

lings that depend on sgconltjary structure, perhaps througH[(;nergy ca. 0.ZJ/pulse). The output of one DFG unit was used
Fr§n§|t|on charge |nteractloﬁ§, will be |mportant.. Theref.ore, as a pump and tuned to generate @ith8 or a 4:m beam that
itis |m_p0rt&1nt to have exper_lmental measures, in _solutlons_, of could be centered at the amide-A band-M or N—D stretching
the mixed mode anharmonic coupling within a single amide mo4e). A narrow band IR filter (Optical Coating Laboratory
unit and amide units separated by across hydrogen bonds.  |nc. CA) was used to further confine the bandwidth of the 4
Determining the relative orientations of bonds in an individual xm pump beam to 37 cm (full width at half-maximum
peptide group is important in understanding higher order (fwhm)), which corresponded to a pulse duration of 390 fs and
structural elements of proteins and peptides. However, deter-overall instrument response time of 440 fs. A broadband
mination of the angular relationships among key functional excitation (fwhm 100 cm!) was used in the 3im region
groups in small peptides is still a challenging task. One way to yielding an instrument response time of ca. 200 fs. Another DFG
obtain such information is through the determination of the unitwas used to generate probe and reference pulses (bandwidth
transition dipole moment directions of vibrational modes. ca. 160 cm?; pulse duration, 140 fs; pulse energy ca. Q.05
However, even for a simple single amide unit, the direction of pulse), which were tunable across the range from 1300 to 3550
the various transition dipole moments can be molecular structure-cm™*. Polarization of the pulses was controlled by a set of wire-
dependent, and large discrepancies are found between experigrid polarizers. The time zero was determined by monitoring
mental measurements and theoretical calculations. For instancethe cross-phase modulation in the solvent.
the dipole moment derivative of the amide-l mode was found  2.2. Materials and Sample PreparationThe model peptides
experimentally betweer-15 and+25° from the G=0O bond used in this work, acetyl-alanine-OMe (AcAlaOMe) and acetyl-
direction in a model compouni-methylacetamide (NMAj2 proline-NHMe (AcProNHMe), were purchased from Bachem
whereas the results obtained from ab initio calculations range Co. The deuteration of the AcAlaOMe compound was achieved
from —19 to+20° in NMA or for different model compounds, by dissolving it in DO and lyophilizing it overnight, providing
depending on the selection of the force fiéld3 27 For the a deuteration of 96% of the amides. The deuterated sample was
amide-A mode, the direction of the transition moment relative dissolved in CDG whereas the nondeuterated ones were
to the =0 bond was determined to be eitheB or +28 in dissolved in CHGJ, both at a concentration of ca. 20 mM.
NMA,22 whereas it is+13° in acetanilid€® The present Samples were held in a rotating Gadell with a path length of
approach provides an effective way to determine the average510xm. The AcProNHMe sample was prepared in Ckigtla

angles between different transition moments for peptides in concentration of 120 mM with a path length of 1661 All of
solutions. the measurements were performed at room temperature: (22

1°0C).
2.3. Fitting and Simulation Methods. The transient signal
for a single oscillator was a sum of a transient absorptio (

2.1. Two Color Midinfrared Pump/Probe Setup. A two
color midinfrared pump/probe transient spectrometer was con-
structed. It was based on a Ti-sapphire laser system (Clark-
MXR CPA2001) with a fiber oscillator and a regenerative
amplifier, operating at 775 nm (pulse duration, 130 fs; repetition
rate, 1 kHz; and pulse energy, 70d). The output of the
regenerative amplifier was split into two parts to pump two IR

The third order 2D IR experiment can be carried out by
heterodyning the radiated infrared field with either the probing
pulse itself2930 or a fourth infrared pulsé® The former is a oy ;
pump/probe technique in which an infrared pulse with a narrow 1 v = 2), ground state bleach (decrease 1), and

frequency bandwidth excites the sample and a shorter, broadSt;mu;fﬁg ?nrgiﬁ'ii;rf &a)ﬁlgef:gerglﬁgo;rﬁ% ;[]rar;iigq?
band pulse probes it before it is frequency-dispersed. The V&8s ' ically shi sition, s

. . extinction coefficient was approximately twice as large as that
“'”af"?‘St infrared purr_lp_/prc_)be technl_que has prove(_j to _be N of 0—1. The anharmonic shift determined the strength and shape
effective way of examining intra- and intermolecular vibrational

relaxation in a wide variety of examples that include solu of the transient spectrum, which we refer o as the diagonal
. L " signal. When combination bands were accessed, the off-diagonal
tions %3137 neat liquids’®40 surfaced!~44 and numerous 9 9

. - anharmonicity caused the appearance of a similarly shaped
theoretical descriptions of the expected IR/IR pump/probe _. : :
. X signal, which we refer to as the cross-peak or off-diagonal
signals that have been developgéd>4” Two color infrared g P d

/orob hod rina th . ¢ signal: of course, when there was no coupling between the
pump/probe methods requiring the generation of two separate,,yeq and all of the relevant transitions had the same width,
infrared frequencies were previously used in studies of sur-

¢ A n 1548 . there was no such difference signal. Because of the finite line
aces!* liquid water;“ alcohols;>**carbonmonoxy myoglobin \yiqths which can differ for 61 and +2 and combination
and hemoglobirt? and aqueous molecular iof. band transitions, and the effects of hole burning, which are
In this work, we present IR pump/probe measurements of determined by the excitation pulse spectrum and the inhomo-
the coupling and angular relations of the amide-A, amide-I, and geneous distribution, the observed peak separations did not yield
amide-Il modes in single amide units and between units the anharmonicities directly. An exception occured for the case
connected by a hydrogen bond. To extract the structural of N—H and N-D modes where the diagonal anharmonicity
parameters from the pump/probe measurements, it was necessanyas sufficiently large that it was essentially equal to the splitting
to characterize as fully as possible the underlying vibrational between the bleach and the new absorption. However, for the
dynamics. combination bands, which generally exhibited anharmonic shifts
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. . of the system. Its anharmonicity, which is a parameter found
' / y by fitting experimental data to the model of Figure 2 at a given
delay time, is a population-weighted average of the off-diagonal
1 k 11 o1 11 01 ' :
L k‘/’ k‘/' anharmonicities of these many states and the amide-A mode.
10 01 SR 10 0 10 o1 ki When the amide-A mode (ND or N—H) is pumped, there will
k}v 10 00 00 01 \kl kyﬂ 10 00 be an immediate change in the amide-l mode spectrum if there
Rio Ry Ri» is a finite coupling between the modes. We know from previous

Figure 1. Liouville pathways that are involved in the pump/probe experiments t_hat the intensities for am'?'e" mode eXCItatIQnS
experiment. Response functions from those diagrams are used toOb€Yy harmonic rulésto adequate experimental accuracy, in
simulate the experimental data. which case when the lifetime of the pumped state is much longer
than the pulse width, the off-diagonal anharmonicities and the
that were smaller than the line widths, the underlying parametersline width of the induced transition from the amide-A state to
were only obtained by globally fitting the difference spectra the combination band are the remaining variables in the fitting
obtained for different times. The fitting of the spectra required procedure. Otherwise, the model of Figure 2 must be fitted to
knowledge of the relative values of the peak extinction the kinetic and spectral data. In fact, we find significant changes
coefficients and sufficiently accurate representations of the with time of the amplitudes and peak separations of the signals
spectral line shapes obtained from FTIR measurements. In thefor the N-D mode excitation and amide-I probing. However,
present cases, Lorenzian representations of these line shapethe time resolution of the experiment is shorter than the
were found to be adequate. Because the amide-1 and -A bandgpopulation relaxation time of amide-A and so a meaningful
were not symmetric or did not exhibit shoulders, the contribu- extrapolation to zero time delay is possible.
tions of all of the contributing bands were required to fit the In the spectral region of the \H stretch mode, the linear
data. One approach would be to just fit the kinetic spectra to a spectrum of the solvent (chloroform) has broad, weak absorp-
number of components; another would be to curve fit the FTIR tion, which can be excited by the pump pulses. The transient
to obtain its underlying components, which could then be used signals in this spectral region from the solvent only constitute
to fit the kinetic spectra. We combined both of these approachesup to~20% of the signals obtained from the peptides. The time
by simultaneously fitting both FTIR and transient spectra. The evolution of this solvent transient contains fast300 fs) and
component bands from the combined fits are shown in some of slow (several picoseconds) components. However, this signal
the figures. All fitting results incorporated convolution with the js quite reproducible and can be subtracted from the peptide
instrument response function. response. All of the relaxation measurements reported here
The two color pump/probe signals were also simulated from showed this small fast kinetic component, which was subtracted
the third order nonlinear polarizatibhusing the measured  off to obtain the quoted experimental relaxation times.
dynamical and frequency parameters. The relevant Liouville  The overall response functions were calculated including all
pathways are shown in Figure 1. The response functions wereof the diagrams of Figure 1 yielding the total pump/probe signal
similar to those reported previously?®In Figure 1, the density a5 4 function of the delay times and the shapes of the pump
operator indices correspond to the ground s{@/the amide-l  and probe pulses. Calculations were performed by using the
state excitations,100Jand |20L) the amide-A state excitations,  \ATLAB platform (The Math Works Inc.) on a Pentium IlI
|01Cand|02[)and the amide-l/amide-A combination bafil]  computer. The time scale was from.5 to 9.5 ps in steps of
Population flow into modes other than those amide modes g g
that are excited (IVR) is modeled by allowing the population
of the N—H mode to relax into a fifth level (labeledin Figure
2) whose anharmonic coupling to amide-I can be parametrized.
The deexcitation ok is assumed to repopulate the ground state.  The linear IR spectra are described in Section 3.1, the kinetics
The presence of the stateprovides a model for the situation and transient spectra are described in Section 3.2, and the
in which the apparent NH/amide-l anharmonicity is time-  anisotropy results are described in Section 3.3. Summaries of
dependent. The statemay represent the effect of many states the main results are displayed in Table 1.

3. Results
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Figure 3. Linear infrared absorption spectrum of AcAla(D)OMe (A),
AcAla(H)OMe (B), and AcProNHMe (C) in chloroform in the selected
regions. The spectra of the respective pump pulses and the sketches of The two amide-I bands of AcProNHMe, a lower frequency
the chemical formulas are shown.

3.1. Linear IR Spectra. The relevant parts of the FTIR
spectra of AcAlaOMe, AcAla(D)OMe, and AcProNHMe in

chloroform are shown in Figure 3. The spectra of the three
different pump pulses used for excitation of the amide-A modes

are also shown in Figure 3. For AcAlaOMe, the acety@
forms the amide grouping along with the Ala—¥, yielding
an amide-1 band in the 16458680 cn1? region. A red shift of
4—5 cmtis found upon N-H/N—D exchange. The methyl
ester carbonyl band at higher frequeneyl 740 cntl, is not
affected by N-H deuteration. The amide-I band of AcAla(D)-
OMe has evident overlapping components. The wedker i /
component, on the low-frequency side, is slightly narrower (18 the data on diagonal and cross-peak regions for each of the
cmt, fwhm) than the strongex component (22 crmt, fwhm).
The relative intensity of these two components is 1:0.22. This leading to the diagonal and off-diagonal anharmonicity param-
ratio was determined to be independent of concentration in the eters and lifetimes of the various states. The results for AcAla-
range 0.2«M to 20 mM in CDCB, supporting the notion that
these bands do not arise from aggregates of the peptide typical approach used in all examples.
Therefore, theb component is either a minority conformation
of the peptide or a Fermi resonance due to a nearby combinationFigure 4A shows the pump/probe transient spectrum of th®N
band. In AcAla(H)OMe, the amide-I band also exhibits two mode of AcAla(D)OMe at a short delay time-150 fs). The
components but they have a smaller splitting than that in the bleach (decrease 90603~|010due to removal of population
deuterated compound, where their presence is evidenced onlyfrom |00Cand stimulated emission band8i=|000) is observed
as an asymmetry of the band in the FTIR spectrum (Figure 3B). at ca. 2550 cm! (full width of ~35 cnt?), and the new
Further analysis reveals that Fermi resonance is the mostabsorption (01020 is observed at ca. 2440 cth(fwhm
probable origin of the amide-I band substructure in both ~156 cnm!) with the diagonal anharmonicity of 110 cf The
isotopomers.

The N-D mode band at 2550 crm (Figure 3A) has an
overall spectral width of ca. 35 crh (fwhm), with an integrated
area of 13% of the amide-I band. There is a clear shoulder onand an additional slow component of 5:50.8 ps (9%). A full
the high-frequency side of the band. The-N band at ca. 3436
cm1in AcAla(H)OMe (Figure 3B) has an integrated area of shown) ensures that the fast component (average value, 580 fs)
25% of the amide-l band. It shows clearer substructure than is the population relaxation time of the amide-A(D) mode. The

J. Phys. Chem. A, Vol. 107, No. 18, 2003387

AcAla(D)OMe with a weaker and narrower component at
3450.3 cn! (fwhm = 16 cnTl) and a stronger component at
3435 cnt?! (fwhm = 25 cntl), with the area ratio of 1:5. The
former is in the frequency range for free-Nl absorption, while
the latter is in the range found for weakly hydrogen-bonded
structures. The splitting of the amide-A band, as will be shown
below, probably originates from populations of different second-
ary structures in both isotopomers. At higher concentration, the
spectrum of the NH region changes due to aggregation
evidenced by appearance of more red-shifteeH\absorption
bands at ca. 3300 crth The concentration dependence shows
that the bands at 3435 and 3450.3 énfelong to isolated
(nonaggregated) peptides.

The AcProNHMe dipeptide allows us to investigate the effect
of intramolecular hydrogen bonding on the coupling between
amide-A and amide-I modes in the same amide unit. The
coupling between the amide-A and amide-l modes on either
side of the intramolecular hydrogen bond has also been studied
for AcProNHMe. It is known that in nonhydrogen-bonding
solvents AcProNHMe adopts the €elf-H-bonding conforma-
tion,11:36:50thus presenting a model for theturn motif. The
FTIR absorption spectrum of this compound in the amide-A
band region consists of two bands: a small sharp peak at 3452
cm ! (fwhm = 27 cntl) caused by nonhydrogen-bonded
amides and a strong and broad band at 3333!dffwhm =
119 cnr?) originating from the @ self-hydrogen-bonded
conformation'®51with an area ratio of 1:5.8. In the experiment
reported here, the pump frequency was tuned to excite pre-
dominantly the peptides in the;@onformation, as shown in
Figure 3C.

band at 1625 cmt (acetyl end) and one at 1670 T
(methylamino end), exhibit a substructure. The amide-lI (me-
thylamino end) band is narrower and can be uniquely decon-
voluted into two bands at 1680 (fwhm 17 cH and 1668.8
cm! (fwhm 20 cnt?l) with the area ratio of 1:2. The amide-I
(acetyl end) band is broader and asymmetric. Spectral decon-
volution, supported by transient data, gives two components at
1626.5 (fwhm 30 cm') and 1619 cm?! (fwhm 27 cnT?) with

the area ratio of 3.8:1. The amide-Il (methylamino end) band
is observed at 1550 cri and consists of two clear subbands:
at 1554 (fwhm 26 cm?) and 1534 cm?! (fwhm 34 cnr?).

3.2. Pump/Probe Spectra and KineticsWe now present

peptides, including the results of fitting spectra and kinetics

(D)OMe are presented in most detail since they illustrate the

3.2.1. Amide-A Excitation in AcAla(D)OMe. Diagonal Region.

decay of the transient absorption at 2450 “énis single
exponential with the decay time of 610 60 fs (Figure 4B).
At the bleach region (2550 cm), the fit yielded 5704 40 fs

analysis of the time evolution of the transient spectra (data not
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] ] ] (i) Amide-A data: 2550 cmt, Apa = 110 cn?, T, = 0.58 ps, T2
Figure 4. (A) Pump/probe transient spectrum of the-N stretching (0031010} = 0.26 ps; (i) amide-A/amide-la combination: 1671¢m
mode of AcAla(D)OMe in the amide-A region measured at a 150 fs Ay, = 1.6 cn?, T, (|0.1E+|1.10 = 0.41 ps; amide-laT; = 1.17 ps,
dglay. The dptteq lines show the fit to bleach and new absorptlon T, (0,05~|1.00) = 0.40 ps; (iii) amide-A/amide-Ib combination: 1651
signals. (B) Kinetics at 2550 and 2450 chmeasured at magic angle  cm 2, Axp = 4.6 cnt?, T, (|0,15~|1,10 = 0.55 ps; amide-Ib:T; =
_polarlzatlon. The decay at _2459 chis inverted for comparison. The 1.17 ps.T2 (|0,05| 1,00 = 0.48 ps; (iv) amide-la/combination: Aga
instrument response function is shown as a dotted line. Best fits of = 4 cnmr2; T, (|00xE~|1,0x0) = 0.38 ps; (v) amide-Ib/combination:
exponentials are shown as thin solid lines. A = 7 e}, T, (J0,0XE|1,0x0) = 0.54 ps.

AcAla(D)OMe relaxation time is sufficiently short that at zero delay time the
optically pumped mode is not the only populated mode.
One negative feature at 1673 chand two positive features
at 1643 cm! and 1662 cm? are found. This transient spectrum
indicates that the signal is composed of two pairs of bleach
and absorption signals, corresponding to the two components
(a andb) observed in the amide-I mode linear spectra (Figure
3A). The transient peaks on the low- and high-frequency sides
(1640 and 1673 cri) are most clearly separated from the
504 others. A spectral deconvolution yields two bleach signals at
1652 and 1671 cri and two new absorptions at 1640 and 1650
= 2550 cm”! cm™L. The observation of the off-diagonal signals at the higher
pume frequency Ala carbonyl region (1740 cn) indicates that there
-100+ i . ; : ; . ; ; is an anharmonic coupling between the free amide-A and the
1620 1640 1660 1680 1700 1720 1740 1760 C=0 stretch mode at the ester end.
Wavenumber / cm™ Figure 6 shows the cross-peak signals at various delay times
Figure 5. Off-diagonal transient spectra in the amide=/O stretch in the amide | region after pumping the-\D band at 2550
region of AcAla(D)OMe at a time delay of 150 fs along with the FTIR c¢cm™L. The coupling between ND and amide-l appears to
spectrum. The best fit (using transients and linear FTIR) is shown by change with delay time. Two positive bands and one negative
a thin solid line. Dotted lines show the spectral components of the signal are always seen in the region of 162000 cnt? as the
amide-1 band obtained by the fit delay time changes from 0 to 1.6 ps, indicating that two pairs
. ) . of bleach and absorption signals are always involved. These
slow component is assigned to another relaxation process and, o the signals related with the componeatand b of the
is discussed in Section 4.5. amide-l mode as indicated above. However, their relative
Cross-Peak Regiorkigure 5 shows the pump/probe off- intensities (and peak positions) change as a function of time,
diagonal signal in the @m region. Linear IR spectra are also  as if the anharmonicity was time-dependent. The persistence
shown in Figure 5 for comparison. All of the observed transient of the off-diagonal cross-peak signal even when theDN
spectral features are in accordance with expectations from thepopulation is completely relaxed proves that the shifts are caused
corresponding linear IR spectra. By pumping theMband at by coupling of the amide-I to other modes besidesIN The
2550 cn! (Figure 5), instantaneous responses at the amide-I off-diagonal anharmonicities obtained from the analysis of these
frequencies are observed, indicating a direct mode-coupling spectra and kinetics are listed in Table 1. They are smaller than
between these modes and amide-A. However, theDN the spectral line widths of the amide-I or carbonyl transitions.

A abs. / pOD

\Y
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TABLE 1: Experimental Relaxation and Angular and Coupling Data for AcAla(D)OMe, AcAla(H)OMe, and AcProNHMe 2

dipeptide T1 (ps) Aaa (M) A (cm™) [C0SEN T O (°)
In the Same Amide
AcAla(D)OMe 0.58+ 0.04 (91%) 1.6+0.4
5.5+ 0.8 (9%) 110+ 7 164 0.F 0.94+ 0.05 13+ 4
b
AcAla(H)OMe 4.0+ 0.4 144+ 7 ;gi 820 0.88+ 0.05 23+ 3
AcProNHMe (G) 0.58+ 0.08 165+ 15 3.5+ 0.3 0.67+ 0.05 345+ 3
3.5+0.3
Between N and C Terminal Ends
AcAla(D)OMe 0.45+ 0.2
AcAla(H)OMe Gs(carbonyl) 1.8-3 1-0.67 0—-35
Cs (ester) 0.3-1 0-0.22 62—90
Free N—-Hf 0.2-1.2
AcProNHMe (G) 1.4+04
5541 0.194+0.05 64+ 4

a Amide-A mode lifetime T4), diagonal Aaa), and off-diagonal A4) anharmonicities and angledx() between amide-A (NH or ND) and
amide-I transition dipole. For amide-la band: For amide-Ib band! The lifetime for the hydrogen bonded-NH. ¢ Averaged across the band (the
value for the H isotope is 1.2 cr¥). f Conformation with nonhydrogen-bonded-M.
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Figure 7. Apparent off-diagonal anharmonicity for two components
(aandb) in AcAla(D)OMe as a function of delay time.
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Figure 8. Cross-peak dynamics measured at 1672 'cin AcAla-
(D)OMe with N—D excitation. The signal from solvent measured at

10

Figure 8 shows the cross-peak kinetics measured at 1672
cm~L. The kinetic signal shows finite growth time of the signal,
evidenced in Figure 8 by the peak in the kinetic trace occurring
at the delay times in excess of 1 ps. There is clearly a time
evolution of the effective anharmonic shift. At times beyond 1
ps, the N-D population is greatly diminished’{ = 580 fs) so
the amide-I transitions seen in the transients must originate in
levels that were reached by the-® relaxation. These modes
(or mode) display an overall relaxation time of A00.8 ps.

By global analysis of the spectral and kinetic data in terms of
these populations, we find an apparent time-dependent anhar-
monicity, presumably because these levels to whichDN
relaxes couple more strongly to the amide-I mode than does
the N-D mode. The decay time of 7 ps represents an average
time for the cooling process; it is comparable to the time of 10
ps obtained recently for AcProNHh methylene chloride after
amide-1 band excitatio?f The off-diagonal anharmonicities for
amide-A and amide-la/-Ib of the same amide unit are found to
be, respectively, 1.6 0.4 and 4.6+ 0.7 cnt! from this
analysis. The averaged coupling of the amide-A mode and the
ester carbonyl (1740 cm) determined from the magic angle
(Figure 5) is much smaller, at 0.45 0.2 cnT'%.

3.2.2. Amide-A Excitation in AcAla(H)OMe. Diagonal Peak
Region.Figure 9A shows the spectrum of AcAlaOMe obtained
for the N—H band excitation at 350 fs time delay. By using
low concentration of the sample and tuning the pump to the
high-frequency side of the amide-A band, it was possible to
ensure that 95% of the excited population corresponded to the
isolated peptides. The bleach and stimulated emission contribute
to the spectrum at 3436 crh and the new absorption
(1013 —|020)is at 3292 cmt. As the pump spectrum is broader

the same wavelength and contributing at zero time delay was subtractedthan the whole N-H absorption band of the isolated peptides,

The fit to two exponentials is shown as a thin solid linge = 670+
50 fS, Tgecay= 7.0+ 0.8 ps, andl, = 0.49 ps. The instrument function
is also shown.

For the N-D peptide, Figure 7 shows the apparent off-diagonal
anharmonicities as a function of delay time. Each point is

both subbands at 3435 and 3450.3 ¢rare excited. While the
diagonal anharmonicity of the main component at 3435%tm
can be accurately determined, the diagonal anharmonicity for
the minor component (3450.3 ch) is less certain and is
assumed to be the same as that for the major component. A

obtained by fitting the time-dependent spectra in the manner diagonal anharmonicity of 144 7 cnv* is obtained, which is
described in Section 2.3: we assume that a population-weightedsignificantly larger than that found for the amide-A(D) mode.

distribution of anharmonically shifted modes is being observed.
The off-diagonal anharmonicity for the amide-I componemts
and b at zero delay time is 2.% 0.5 and 54+ 1 cnt?,

respectively. At 1.6 ps delay time, these two apparent anhar-

monicities become 4 0.5 and 74 1.5 cntL. The solid line in
Figure 7 is a simulation that will be described later.

The spectral width of 43 cnt for the transient absorption
(10131020 at ~3292 cnt! is about twice the ground state
absorption width of 25 crt for the main component (see Figure
3B). However, it is considerably less than the 156 &mvidth
found for the transient absorption band of the amide-A(D) mode
(Figure 4A).
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Figure 9. (A) Diagonal transient spectrum of the amide-A mode of
AcAla(H)OMe measured at 350 fs time delay along with the linear
absorption spectrum (FTIR). The fit of both spectra is shown as a thin
solid line for transient spectrum and dotted line for FTIR spectrum.
(B) Decay dynamics measured at 3292 “énwith magic angle
polarization after amide-A band excitation. A single exponential fit
with the time constant of 4.2 0.5 ps is shown.

Decay kinetics at bleach (3292 c#) and new absorption
(3430 cntl) peaks can be fitted satisfactory by a single
exponential function with the decay times of 4:20.5 and 3.8
+ 0.5 ps, respectively. However, a better fit is obtained with
two exponentials; for example, for the decay at 3292 %rthe
decay times are 2.4 1 and 6.3+ 1.7 ps, with relative
amplitudes of 1.3+ 0.8 and 1.5+ 0.9, respectively. This
suggests the presence of several structures with nondgual

values. However, the error bars for the decay times are large;

Rubtsov et al.
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Figure 10. Magic angle transient spectra for AcAla(H)OMe in the

amide-1/C=0 stretch band region (line with dots) measured at 350 fs

time delay after excitation of the amide-A mode along with the FTIR

absorption spectrum (thick solid line). The fits of the transient and linear

spectra are shown by dashed lines.

Amide-| AcProNHMe
06 FTIR
Amide-ll Pump Amide-A
0.4
Q | A NN NG
(@)
E 02}
» )
LA
< 0.0 \// \\/
02}k
Magic angle
04l 9 g \

1500 1550 1600 1650 1700 3200 3400
Wavenumber / cm’
Figure 11. Magic angle transient spectra for AcProNHMe measured
at 200 fs time delay after excitation of the hydrogen-bonded amide-A
mode along with the FTIR absorption (with deconvoluted components)
and the pump laser spectrum (upper panel). Dashed lines show fits of
the transient and linear spectra.

for the deuterated compound (1.6 ¢h This result is interesting

therefore, only the averaged value of 4 ps is presented in Tableconsidering that the NH motion is more localized than that
1. The transient spectra continue to show the diagonal anhar-of N—D. The coupling of the amide-A mode and the ester

monicity of 144 cnt! throughout theT; decay, proving that

carbonyl is also determined from the magic angle data such as

the N—H mode remains populated and that the measured that in Figure 10, at 1.2= 0.3 cnTl. However, the anisotropy
dynamics corresponds to the excited amide-A mode. The longis found to be not constant across this band, implying existence

lifetime of the amide-A mode provides a large observation time
window to monitor the off-diagonal cross-peaks so that reliable
off-diagonal anharmonicity values are obtained from global fits.
Cross-Peak Regiom slightly broadened bleach band (1679
cm~1) and one relatively broad new absorption band (maximum
at 1652 cm?) are found in the cross-peak region (Figure 10).
The direct coupling between amide-A and amide-I in a single
amide unit is clearly observed in this case free from the
relaxation process that is present for AcAla(D)OMe. Similarly
to AcAla(D)OMe, two subbands are required to fit the data.
The main band at 1677 crh exhibits an off-diagonal anhar-
monicity of 1.4+ 0.4 cnt?, while the weak subband at the
low-frequency side (1665 cm) has a larger anharmonicity of
2.6 £ 0.8 cnTl. The anharmonic coupling between-N and
amide-l (main components) (1.4 c#) is close to that found

of more than one conformation. As discussed in Section 4.6,
these conformers have different anharmonicity values.

3.2.3. Coupling of the Amide-A and Amide-I Modes in the
C; Conformation of AcProNHMe. Diagonal Peakk this
experiment, the pump pulse predominantly excites the internally
H-bonded G conformational distribution of the peptide. The
transient spectra in the amide-A spectral region shown in Figure
11 exhibit a bleach and new absorption anharmonically shifted
by 1654 15 cntL. The population relaxation time of the-NH
mode is found to be 58% 60 fs (data are not shown).

Cross-Peak Region: On the Same Amiblee transient peaks
in the spectral range of both amide-I bands of AcProNHMe are
observed (see Figure 11). The spectrum at the amide-I (methyl-
amino end) band near 1670 chshows the same substructure
as seen in the linear spectrum. The same off-diagonal anhar-
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monicity of 3.5 cntt is found for each subband coupled to the
methylamino N-H band. The coupling of the amide-A and 0.1} AcAla(D)OMe A
amide-l on the methylamino end of the peptide is about twice ;oY
that found for AcAlaOMe. o
Cross-Peak Region: Across the Hydrogen Bofke tran- o
sient signal at-1620 cn* arises from the coupling of amide-A E
and the acetyl end amide-I mode that are spatially separated by(,S
the hydrogen bond of the/&onformation. Two components Q&
are necessary to fit the linear and transient spectra (see Section®
3.1 and Figure 11). The dominant component at higher
frequency (1626 cm') has the Gamide-A/amide-I off-diagonal
anharmonicity of 1.4+ 0.4 cnt! (see Table 1). The minor
component at 1619 cm, which is probably caused by Fermi

resonance, has a larger off-diagonal anharmonicity ott5 B t } t ; t ;

cm . . . | | : 7=, AcAla(H)OMe B
3.2.4. Coupling of the Amide-A and Amide-lIl Modes in I
AcProNHMe.The transient signal at the amide-II (methylamino 0.5 1 3

end) band position after pumping the—N stretch is also (]
observed (see Figure 11). The fitting of the transient spectra O
required the inclusion of two components: a dominant one with € 0.0
anharmonicity of 2.5: 0.8 cnr® and a small contribution (20%)
with a large anharmonicity of~20 cnt!. We ascribe the _8
dominant component of 2.5 crhto the anharmonic coupling ©_
between the amide-A and the amide-Il modes. The other <
component is considered to arise after energy transfer between

the amide-A and the amide-1l bands both localized at the 1.0
methylamino end of the peptide. The large anharmonicity would ’
then arise from the population in the amide-Il mode. About 30% : L L L

of the excited amide-A mode population has decayed at the 1600 1650 1700 1750

0.5

delay time of 200 fs, when the spectrum of Figure 11 was Wavenumber / cm'1
measured.

. . . . Figure 12. Polarized transient spectra in the amide-I region for AcAla-
3.3. Transition Moment Orientation and Geometric In- (D)OMe at 0 fs delay (A) and AcAla(H)OMe at 350 fs (B) after
formation. The angular relationships between vibrators were amide-A band excitation. The spectra of the respective pump pulses
studied by polarization anisotropy measurements, which were are shown in Figure 3. The polarization of the probe is tuned to parallel
performed by changing the polarization of probe with respect (Il. opened circles) or perpendiculdr,(filled circles) to the pump
to that of the pump. The characteristic rotation times of these Polarization.
dipeptides are about-610 ps-36 so the depolarization caused ) _
by overall rotation of the molecule is negligible at time delays conformer where the NH group is not hydrogen-bonded. This
in the range of 200 fs at which the early time spectra are conformer cont_rlbutes only to about 12.5% of all existing
reported. The polarization ratio, = S/S, or the anisotropy structures at this concentration as calculated from the areas.
= (S — SHIS + 2S)), therefore relate to a mean square cosine; 1herefore, to account for the observ&d and S;, spectral
components of two more conformations have to be included.
200—1 65r+1 To fit the data, these two structures must have carbonyl bands
El:o§§ijD= a+t2 3 @) significantly shifted with respect to each other and different
angles between the carbonyl and thegroups. Particularly,
in which &; is the angle between the transition dipole moments the conformer with the red-shifted carbonyl band should have
of the modes andj and the average is over the distribution of high positive anisotropy, while the conformer with the carbonyl
molecular structures. The signals with pump and probe polariza-band at higher frequency should have negative anisotropy. It
tion parallel and perpendicular aBeandS-. The angles referred  turns out that to fit the data the carbonyl frequency of the red-
to in the text areflj = cos (v [@ogE;[) and —6;, the latter shifted band should be at ca. 1730734 cm?l, which is
arising because the experiment does not distinguish bettveen significantly shifted from the band maximum (by ca. 10¢jy
which is on line withzr + 6, andzr — 6 which is on line with and the band should be broadened. This limits the contribution
—6, so it measures two possible alignments of the pairs of from this conformer to ca. 35%, which makes the conformer
transition moments. with the carbonyl band at higher frequency a dominant
Representative parallel and perpendicular comporigatsd conformer.
S are shown in Figure 12 for AcAlaOMe (D) and (H). For The combined fit results of the off-diagonal transient spectra
both compounds, the anisotropy is practically constant acrosswith parallel and perpendicular polarizations, the diagonal
the probed amide-l band near 1680 ©mIn contrast, the amide-A magic angle transient spectrum, and the linear spectrum
anisotropy is not constant near the carbonyl mode at the esterare shown in Figure 13. The conformer with the free- il
end near 1750 cm, indicating that more than one structure groups was assumed to have a carbonyl frequency at the high-
involving the ester group is contributing to the signal. The frequency side of the band (1747.5 tinfwhm = 16 cnt?);
variation of anisotropy is similar for both isotopomers, but a this assignment, however, does not affect the conclusions, as
detailed analysis was carried out only for AcAla(H)OMe. the contribution of these structures is small. The fit required
As described before for AcAlaOMe (see Figure 3B), the small the anisotropies to be0.13+ 0.07 and 0.3+ 0.1, respectively,
and narrow shoulder at 3451.6 cthwas assigned to a for the C=0 bands at 1741.% 1 and 17344 2 cn1! with
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information on their coupling to other amide modes. The energy
for a pair of amide-A and amide-I region modes, up to second
order in their vibrational quantum numberg andv, is

| AcAla(H)OMe

Gpv) = wa(Wp + ) + gana + 1)+ o,(v, + 1,) +
Xu(vl + 1/2)2 + XAl(UA + l/z)(U| + 1/2)

Absorbance / OD

wherewa andw, are the zero order frequencies apdis the

anharmonicity. In the present notation, the fundamental frequen-

cies arewap = G(1,0) — G(0,0) andw;p = G(0,1) — G(0,0);

the -2 transitions are abag — Aa andwig — A; where the

diagonal anharmonicity is, for examplea= —2yaa — 1/2¢ai;

and the combination band frequencyigo + wio — Aai. The

off-diagonal anharmonicity i&a = —yai. We also refer td\a

as the mode coupling. Both mechanical interactions and through

space electrostatic effects will contribute to the mode coupling.

g Sometimes, these contributions can be treated sepafaisly.

1700 1720 1740 1760 1780 have generated models for the anharmonicities in peptides with
Wavenumber / cm™ spatially separated amides based on through space electrostatic

Figure 13. Linear absorption spectrum with deconvoluted components interactions’:>253 For amide units that are adjacent to one

(A) and polarized transient spectra (B) of AcAla(H)OMe in the carbonyl another in polypeptides, the mechanical coupling, or through

band region. The solid lines in B are the fits. bond forces, is likely to be the dominant contribufi®#f52so

. coupling models will require other modes to be involved. As

L AcProNHMe /NFTIR far as we know, no simple model for the coupling consjant

A CoN has been reported.

' 4.1. Substructure of Bands.For the amide-1 and amide-A

\ bands that are examined here, more than one transition is often

N seen in the region of interest even though the molecule contains

only one amide group. Accidental degeneracies (Fermi reso-

nances), multiple conformations of the peptides, or the presence

of aggregates of the peptide can cause these additional bands.

-0.5F The occurrence of Fermi resonances in the spectra of carbonyls

and N-H stretch modes is well-known: in fact, the strong

1 carbonyl stretch IR transitions are seldom ever found as single

A abs. / mOD

05

0.0 [

A abs. / mOD

-1.0 '—/———r————1+—rr symmetric bands and nearby combination bands are often
1500 1550 1600 1650 1700 intensified.
Wavenumber / cm’™ In the case of AcAlaOMe, the presence of two amide-I band

Figure 14. Polarized transient spectra in the amide-I/amide-Il band COMPonents at 1678 and 1665 ¢h{1670 and 1650 crt for
regions for AcProNHMe, 200 fs after amide-A band excitation along the deuterated compound) is probably a result of Fermi
with the linear spectrum (dashed line). The spectrum of the pump pulsesresonance. The extra band is unlikely to be caused by the

is shown in panel C. presence of a subpopulation of a hydrogen-bonded conformation

. _ . since this structure would introduce a coupling of the(H)
widths 19+ 2 and 254 2 cnmrl. Naturally, the off-diagonal and the Ala G=O at 1740 cm The Fermi resonance
anharmonicities lhave larger uncertainties, being-0,3L.8-3, hypothesis is consistent with the observed significant difference
anq10'4_1'1 cm for the bapds at 1741.7, 1734, and 1747'5, between the off-diagonal anharmonicities of #hendb amide-I
cm™1, respectively. The assignment of these two structures is components in combination with the amide-A mode for both
presented in Section 4.6.

isotopomers (see Table 1); we expect that the off-diagonal
The off-diagonal polarized transient spectra of the AcProN- p ( ) P v

h icall . b of th anharmonicity of a combination band would be dominated by
HMe show practically constant anisotropy across each of the properties of the combining modes, not necessarily by the amide

three probed bands: amide-| (amino end), amide-I (acetyl end), , 546 providing the intensity. On the contrary, the substructure
and amide-Il (amino end) (Figure 14). This confirms that ¢ e amide-A band in AcAlaOMe, most clearly evident in
dominantly the G conformers are excited in that case. the H-form (see Figure 3B), is attributed to different conforma-
tions, as discussed in Section 4.6.

4.2. Simulations and Global Fitting of Data.For simulations

The N—H vibrational mode of peptides and polypeptides is of the data, dephasing times (see Table 1) were obtained from
highly localized, being almost a pureNH stretching motion. the linear IR or transient spectra. The population relaxation times
Its diagonal anharmonicity in the range of 150 dnmakes it (T1) were either measured from the diagonal pump/probe
a very anharmonic motion as compared with other amide modes.experiments or assumed from previous studies of model amide-|
The N—H mode region is also very sensitive to molecular mode relaxation that showed the relative insensitivity of the
structure, but the complexity of its Fermi resonances with amide-I relaxation to structufeThe relaxation times of higher
combination bands and overtones has resulted in the amide-lexcited states were estimated from harmonic models. The fitting
region being more widely used in structural studies. In order was done by calculating the response functions based on these
that the N-H and N-D modes are rendered more useful in parameters, carrying out the appropriate convolutions with the
multidimensional spectroscopies, it is necessary to obtain driving fields and Fourier transforming along the time axis after

4. Discussion
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the third field interaction to calculate the pump/probe spectrum.
The linear spectrum of AcAla(D)OMe was calculated by
assuming a homogeneous line width for batandb compo-

nents in the amide-l mode and for the amide-A mode. The

J. Phys. Chem. A, Vol. 107, No. 18, 2003393

be less planaref ~ 173—-175") due to the strain involved in
forming a seven-membered ring in the self-hydrogen-bonded
conformatior?8-5°

To clarify the discussion of transition dipole alignments, we

simulated spectra fit the experimental results reasonably (Figuredefine a right-handed coordinate system waitidong the N~H

6). The simulated off-diagonal cross-peak spectra (thick solid or N—D bond axisy pointing toward the carbonyl end of the
lines) are superimposed on the experimentally obtained transientamide group and perpendicular to the plane of the amide
spectra at similar delay times in Figure 6, and satisfactory group. For AcAla(D)OMe, the measurement locates the amide-|
agreement is found between the calculated and measured dataransition dipole at either of the polar anglés= 13 or 180~

In Figure 8, the signal at negative delay time (probe before
pump) contains the perturbed IR free induction detdfyvhich
is determined by the inverse of the total width of the absorption

13°, both with¢ = /2. The latter choice is consistent with the
calculations and measurements of Krimm and co-workers (ref
21 and references therein). The=O bond axis has the polar

band. The small discrepancy near zero time delay betweenangle (186-3) = 177 (¢ = x/2) according to numerous

experiment and simulation is from the contribution of solvent

experiments and calculatioAs%7-5°0n this basis, the amide-I

present in the experimental data (see Experimental Section).transition moment is measured to be® 10 the G=0 axis.
The data were fit by assuming the two subpopulations (amide-A  Both thea and theb amide-I band regions of AcAla(D)OMe

and x) having different anharmonic couplings to the amide-I
mode. The solid lines through the data points in Figure 7
correspond to this global fit, which yields the two anharmonic

exhibit the same cross-peak anisotropy; therefore, they have the
same alignments of amide-A and amide-I. This is again
consistent with them being Fermi resonances. This alignment

couplings and the relaxation times. Because the relaxation outof the N-H and amide-I transition dipoles for AcAla(D)OMe

of the N—D mode is comparable with the time resolution, 40%

was found to be 152 3° (¢ = @/2), yielding an angle of 20

of the observed signal at zero time delay is due to the intermode 4 3° between the amide-I transition dipole and the@ bond,
coupling between a relaxed mode or modes and the amide-lwhich agrees well with the value of 20btained from theory*
mode. The time-dependent apparent off-diagonal anharmonicity Both thea and theb subbands of the amino end amide-I of

can also be simulated from first principles by including the
diagrams involvingx shown in Figure 2. The fitting requires
the coupling between the modes and amide-I to be stronger
than between amide-A and amide-I. For the Nl peptide, the
apparent coupling is not initially time-dependent: as a result
of the much longer lifetime of NH as compared with ND,

the vibrational relaxation does not influence the signals signifi-
cantly in this case and the off-diagonal anharmonicity is

AcProNHMe also show the same alignment to the amide-A
mode dipole (see Table 1). On the basis of the above discussion,
the angle between the transition moments is identified as 145.5
+ 3° (¢ = 7/2). The N-H of AcProNHMe patrticipates in an
intramolecular H-bonded seven ring §tructure. However, in

this case, the value of 34.%0r the alignment of the amide-I
transition dipole and the=€0 group is 11.5, larger than found

for the isolated amide (AcAla(H)OMe). The angle of the NH

measured directly and free from interference from the transitions group to the CO group in the/&onformation is computed as

of other modes.
4.3. Angular Properties.As described above, the anisotropy

measurements yield the transition dipole alignments. The

alignments of the transition dipole moments of the amide-A
and amide-l (€=0) in the same amide unit are found to be
different for different peptides (see Table 1). For example, we
find values forg; of £20° (£3) in AcAlaOMe and+35° (£3)

in AcProNHMe. This indicates a diversity in the angular
relationship between the-\H and the G=O groups in different
molecular environments, in agreement with previous re-
sults?228:54We also found that the alignment depends enHM
N—D exchange: the angl@; is =20 £+ 3° in the N—H form
and+13 + 4° in the N—D form. Because the amide-A mode is
a localized vibrator, its transition dipole moment direction must
be close to the NH bond axig! and we will assume in the
ensuing discussion that it is precisely along theHNaxis. The

8.5°,>°which suggests that the amide-I transition dipole is rotated
to be 28 to the C=0 bond axis in the H-bonded structure.

The amide-Il (methylamine end) transition dipole is aligned
at 75+ 3° to the amide-A mode dipole in AcProNHMe. The
computed angle between the CN and the NH bonds in the C
structure is 63° so the amide-Il transition dipole must make
an angle of 12to the CN bond direction. This is close to the
value of 73 previously reported for the angle between the
amide-Il transition dipole and the=€0 bond?!

For AcProNHMe, the acetyl amide-lI band shape is asym-
metric but the transient anisotropy is again constant across the
band giving an angl®; between the NH and the amide-I
transition moments of:64 + 4° (see Table 1). The angle
between NH and CO bonds is calculated at the ab initio 6-31G*
level to be 69-72° in the G self-H-bonded structure. If the
amide-| transition moment was assumed to be att@@he CO

deuterated amide-A transition dipole is also assumed to be alongbond, the angle between the amide-I and the amide-A dipoles

the N=D bond axis although, because of its proximity to the

would be 52. An angle of 710° instead of 20 for the amide-I

mid-IR fundamentals and the mass change, the mode shoulddipole/G=0 bond alignment gives good agreement of the

not be as localized as-\H. On the otherhand, it is well-known
that the direction of the transition dipole moment of the amide-I
mode is not parallel to the=€0 bond axig127

Amide groups in proteins generally adopt planar conforma-
tions*® because of the partial double bond character of th&C
bond®® Both isolated amides and those participating in external
hydrogen bonding are planaw (= 178)%%:57 with average
angles,JJOCN = 123.2, OCNH = 119.5, andJCO,NH =

anisotropy data. This result suggests that the amide-l mode
transition dipole may be more parallel to the CO bond for proline
as compared with other peptides.

4.4. Coupling Magnitudes.The N—H and N-D stretching
modes are considered to be localized, and this is consistent with
their frequencies: if the modes involved only two atoms, the
zero order frequencies would exhibit a deuterium isotope
downshift of 27%, as compared with an observed value of 24%.

3.7°,5 which are very close to the angles calculated at the ab For a Morse potential, the cubic anharmonicity is inversely

initio 6-31G* level for the AcAlaOMe dipeptide[{OCN =
122.#, OCNH = 119.8, andJCO,NH = 2.6°). The y-turn

proportional to the reduced mass predicting a ratigH)/Aa-
(D) = 1.89 whereas we measure a change in the right direction

structure discussed herein is an example where the amide carbut only a factor of 1.36. It could be that the force fields are
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not the same for the isotopomers, consistent with the transitionof 610 + 60 fs (Figure 4). The fast component clearly
dipole directions being different, or just that the Morse model corresponds to the lifetime of the excited amide-A mode, and
is too inaccurate. However, there is at least an indication that the slow component in the bleach signal decay is assigned to
ND is not so localized as NH. The diagonal anharmonicity  the relaxation of the other modes that are coupled to the amide-A
of the N—H mode is approximately the same in two different mode. In a recent papéf,we showed that a nonexponential
peptides AcAlaOMe and AcProNHMe, which is again useful decay of the amide-I mode can be caused by a fast relaxation
information for modeling potential surfaces and 2D IR spec- to other modes, which then decay more slowly. These distinc-
troscopy. tions can be made only when the probe spectrum is measured
The coupling [}, of the N—H and amide-I modes across the as a function of delay, and they dramatize the possible pitfalls
H-bond is determined for AcProNHMe in the; Conformation of single pulse pump/probe experiments. The effect is clearer
to be 1.44 0.4 cnT! (Table 1). The coupling of the NH mode for the amide-A mode whose diagonal anharmonicity is much
in AcProNHMe with the acetyl carbonyl is comparable with larger than the off-diagonal anharmonicities. As a result, the
its coupling to the carbonyl (amide-I) associated with the same diagonal and off-diagonal signals are overlapping only at the
amide group. This anharmonic coupling must derive from the bleach spectral regiojf®0=+|01Cbut not at the spectral region
C=O0- - -H—N potential function since there is unlikely to be  of the new absorption®15+|02C0and|00x3~ |01x(Figure 2).
any significant coupling of these groups through the backbone. Thus, different decay dynamics are expected at the bleach
All of the couplings are comparatively small presumably because (|003 |010) and new absorption @13~ |020) frequencies, in
of the localized character of the-NH bond mode. However,  agreement with our observations. The slow component of 5.5
no simple model for these couplings seems apparent at this timeps thus belongs to the relaxation dynamics of xhgroup of
although they represent a significant challenge to modern states. This effect is not pronounced for AcAla(H)OMe where
computational methods of determining the potential energy the average amide-A band lifetime is long (4 ps) and not very
surfaces of peptides and hydrogen-bonded peptides. Thesaiifferent from the relaxation times of other states.

anharmonic couplings are also essential parameters for the 1he gpservation of a significant effect of deuteration on the
development of models needed to interpret multidimensional 1 ygjaxation of AcAlaOMe has not been quantitatively rational-
infrared spectra?® _ , ized. However, qualitatively, it is not unexpected. The IN

The anharmonic coupling between the amide-I and the e is less local than NH and hence is more effectively
amide-A modes in the same amide group is similar for the two ¢4 pled to displacements of neighboring atoms thereby provid-
AcAlaOMe isotopomers. This result is consistent with the three g more effective pathways of relaxation. Furthermore, because
state model in which the NHCO (or ND-CO) combination  4¢'its jower frequency than NH, it can relax through fewer
band couples to both the NH (or ND) and amide-I overtones ,,mhers of quanta of accepting modes. Quite different effects
through a bilinear interaction. Such a model predicts an p,ve been reported for the-d mode. It relaxes more slowly

anharmonic shift of than O-H in liquid waters! The O—H and O-D vibrational
5 relaxations for a number of alcohols and silanols are very
_ —25(Ap T A) similar®2 and have much longer lifetimes than we find forN
Ay = (Ex—E —A)E,—E +A) or N—D. The N—H mode of free pyrrole relaxes in 50 ps, much

longer than observed in the present W8 although in that
example it was found that the-N\D stretch mode relaxed much
more rapidlye® Clearly, the N-H and N-D modes of peptides
are significantly more strongly coupled to other modes than the
N—H, the O-H, or the G-D in these examples, perhaps with
the exception of the ND mode of pyrrole.

wheref is the coupling. The experimental values/f; predict

B = 113 and 67 cm! for N—H and N-D isotopomers,
respectively. The fact that the ND mode has the smaller
transition dipole moment and that the implied coupling mag-
nitudes are in the few tens of cthrange suggest that there is

a substantial electrostatic contributionicHowever, this model The spectral width of 62 cnt for the transient absorption
is greatly oversimplified and there is as yet insufficient data (1015102 of AcAlaOMe at~3290 cn1 is about twice that
available to provide a thorough test. of the ground state absorptiofDQ(+~01) width of 33 cn_Tl
4.5. Relaxation DynamicsThe N—H modes of AcProNHMe but less than the 125 crh width found for the transient
and AcAlaOMe have remarkably different values Taf with absorption band of the amide-A(D) mode. According to the

the AcAlaOMe, N-H relaxation being almost 10 times faster theory of anharmonicity-induced dephasfigall of the one
(see Table 1). In both peptides, the nitrogen atom is directly quantum transitions should have the same width from pure
bonded to a carbonyl and to a saturated carbon atom, whichdephasing so this is unlikely to be the effect that is observed.
for one case is the-carbon of the alanyl and for the other itis ~ Therefore, we conclude that these line width changes reflect,
a methyl group. Because these-N environments are similar, ~ &t least in part, large changes Bf. This is supported by the
we could have expected them to exert comparable forces on€Xpectations for an harmonic oscillator where the line width of
the N—H bond and lead to similar relaxation times. A major the G—1 transition contains a contribution from population decay
structural difference between the two is that in acetylproline ©f 1/2T1, which increases to 312 for the -2 transition.

the structure is an internally hydrogen-bondegd donfigura- 4.6. Analysis of the AcAlaOMe Conformations.The results
tion.11.18.36.50Therefore, it is suggested that the H-bonding to that provide the essential clues to the nature of the AcAlaOMe
the acetyl G=0 in the acetylproline shortens the- lifetime structures present in the solution are the amide-A and amide-I

by an order of magnitude. There is precedent for the effect of band frequencies and the anisotropy induced in the est& C
H-bonding on vibrational relaxation of A\NH modes through transition by pumping the amide-A band. The amide-A fre-
the work of Heilweil and co-workers on pyrrofé. quency at 3435 cni is significantly shifted from the free NH

The decay of the transient bleach signal (2550 Ymin region at 3456-3460 cntl. A probable cause of this NH
AcAla(D)OMe exhibits two exponentials with components of frequency shift is a H-bonding in a five ring structures)&®
570+ 40 fs (91%) and 5.5 0.8 ps (9%), while the transient  This conclusion is firm because other possible causes of the
absorption signal at 2450 crhis exponential with a decay time  shift such as aggregation or hydrogen bonding to the solvent



Vibrational Coupling between Amide-I and Amide-A Modes J. Phys. Chem. A, Vol. 107, No. 18, 2003395

Cs(carbonyl) conformer Acknowledgment. This research was supported by grants
from NIH and NSF with instrumentation from the NIH Research
Qé“ Me Resource grant PHS 41 RR03148.

References and Notes

(1) Hamm, P.; Lim, M.; Hochstrasser, R. M. Phys. Chem. B998
102 6123.

(2) Asplund, M. C.; Zanni, M. T.; Hochstrasser, R. Rtoc. Natl. Acad.
Sci. U.S.A2000 97, 8219.

(3) Woutersen, S.; Hamm, B. Phys. Chem. B00Q 104, 11316.

(4) Piryatinski, A.; Tretiak, S.; Chernyak, V.; Mukamel, $.Raman
Spectrosc200Q 31, 125.

(5) Zanni, M. T.; Asplund, M. C.; Hochstrasser, R. 81.Chem. Phys.
2001, 114, 4579.

(6) Zanni, M. T.; Hochstrasser, R. MCurr. Opin. Struct. Biol2001,
Figure 15. Skeletal diagram of AcAlaOMe in two conformationss C 11, 516.

(carbonyl) and € (ester). Arrows indicate the measured directions of (7) Gnanakaran, S.; Hochstrasser, RJMAm. Chem. So2001, 123
the amide-A, amide-1, and ester carbonyl transition dipoles. 12886. o

(8) Scheurer, C.; Piryatinski, A.; Mukamel, $.Am. Chem. So2001

L . 123 3114.

are eliminated. There are two possible, Gtructures for (9) Ge, N.-H.; Hochstrasser, R. Mhys. Chem. Commug002 3, 1.
AcAlaOMe: the one caused by interaction of the-N with (10) Hochstrasser, R. Mchem. Phys2001, 266, 273.
the ester &0 (Cs(carbonyl)) and the other where -N1 Ph§llsl)cﬁz?nm’az’vlob I-;lggaGnsaZIBaran, S’; Stenger, J.; Hochstrasser, R. M.
interacts with the ester oxygen 4@ster)) (Figure 14). (12) Ge, N.-H.; Zanni, M. T.; Hochstrasser, R. Bl. Phys. Chem. B

The ester carbonyl band anisotropy shows that the frequency2002 106 962.

S i . ; (13) Mukamel, SPrinciples of Nonlinear Spectroscap@xford Uni-
for one conformer is significantly downshifted, suggesting that | o Giv press: New York, 1995.

the carbonyl group is involved in hydrogen bonding. The high (14) Woutersen, S.; U., E.; Bakker, H.Sciencel997, 278 658.
positive anisotropy of ca. 0.3 observed for this structure indicates ~ (15) Laenen, R.; Gale, G. M.; Lascoux, l.Phys. Chem. A999 103

= . ; ; 10708.
that C=0 and N-H transition dipoles are close to being parallel (16) West, W., EdChemical Applications of Spectroscofyterscience

and allows us to assign this structure (€arbonyl). However, Publishers, Inc.: New York, 1956.
the carbonyl band anisotropy in the second conformer is negative (17) Miyazawa, T.J. Mol. Spectrosc196Q 4, 168.

nd is n wnshift indicatina th h rbonvl is n (18) Neel, JPure Appl. Chem1972 31, 201.
and is not downshifted, indicating that the carbonyl is not (19) Tonan, K.; Ikawa, SJ. Am. Chem. S0d.996 118 6960.

participating in hydrogen bonding. This structure is assigned  (50) McQuade, D. T.; McKay, S. L.; Powell, D. R.; Gellman, S.H.
to the G (ester), where the ester=© and N-H bond axes Am. Chem. Sod 997, 119, 8528.
make a large angle. The angle between theHNand the (21) Krimm, S.; Bandekar, JAdv. Protein Chem1986 38, 181.

P (22) Bradbury, E. M.; Elliott, A.Spectrochim. Actd963 19, 995.
carbonyl (ester end) bonds of B®alculated at the ab initio (23) Miyazawa, TAspects Protein Struct., Proc. Symp., Madi#3

6-31G* level falls into the range determined experimentally of 257,
62—90° for the dominant conformer (Table 1). The results of  (24) Miyazawa, T.; Blott, E. RJ. Am. Chem. Sod.961, 83, 712.

fitting the data show that the populations of the (€arbonyl) Act(aZSLaﬁfX'l-g;%”'zg"ijfre" M. T.; Garrigou-Lagrange, Spectrochim.

and G (ester) conformers are similar, suggesting that they have " (26) pwivedi: Krimm, S.Macromolecule€982 15, 177.
similar hydrogen bond strength and that both of these structures (27) Torii, H.; Tasumi, M.J. Chem. Phys1992 96, 3379.

contribute to the N-H mode in the 3435 crrt region. (28) Abbott, N. B.; Elioit, A.Proc. R. Soc. AL956 234, 247.
i L (29) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, RJIMChem.
The off-diagonal anharmonicity is larger for the €arbonyl) Phys.200Q 112, 1907.

conformer (Table 1). With reference to the structure in Figure  (30) Woutersen, S.; Hamm, B. Chem. Phys2001, 114, 2727.

15, the larger off-diagonal anharmonicity for the €arbonyl) (31) Heilwell, E. J.; Moore, R.; Rothenberger, G.; Velsko, S.; Hoch-
. . . . . strasser, R. MLaser Chem1983 3, 109.
is consistent with the absence of direct bonding between the (32) Heilweil, E. J.; Cassassa, M. P.; Cavangah, R. R.; Stephenson, J.

N—H and the GO groups in the € (ester) conformer. The  C.J. Chem. Phys1986 85, 5004.

alignment of the transition dipoles in thes Qcarbonyl) also (33) Owrutsky, J. C., Li, M., Culver, J. P., Sarisky, M. J., Yodn, A. G.,
9 P & @ ) Hochstrasser, R. H., Ed%/ibrational Dynamics of Condensed-Phase

favors a larger through space electrostatic interaction for that \gjecyles Studied by Ultrafast Infrared Spectroscal94; Vol. 74.
case. (34) Lim, M.; Hochstrasser, R. Ml. Chem. Phys2001, 115, 7629.
(35) Laubereau, A.; Kaiser, WRev. Mod. Phys1978 50, 607.
(36) Rubtsov, I. V.; Hochstrasser, R. NI. Phys. Chem. B002 106,
5. Summary 9165-9171.
(37) Rubtsov, I. V.; Wang, J.-P.; Hochstrasser, R. Whe 13th
We have shown that two color infrared pump/probe spec- International Conference on Ultrafast PhenomgiMancouver, Canada,
i ; i hrati 2002.
troscqpy is an eﬁectl_ve approach for obtalnlng the V|brat|o_nal (38) Graener, H.: Ye, T. Q. Laubereau, A Chem. Phys1989 91
coupling between amide-1 and amide-A modes in small peptides. 1043,
The intermode anharmonic coupling constants have been (39) Graener, H.; Laubereau, A. Phys. Cheml991 95, 3447.
measured to be in the range of a few émThe vibrational &‘% 8l0tt'tDk D-JAE’:S”-CPFP- Jj Apm-fh&m-Ksmquzzg P.Hlj S-M 5
. . . . wrutsky, J. C.; Culver, J. P.; LI, M.; KIm, Y. R.; Sallsky, M. J.;
relax.at|on-|nduced intermode cqupllng was algo reve_algd from Yeganeh, M. S.; Hochstrasser, R. M.; Yodh, A. Gpringer Ser. Chem.
the time-dependent spectral shifts. The vibrational lifetime of Phys.1993 55, 345.
the amide-A mode is shortened upon forming an intramolecular c (er)]_dFUJi'\r}loy g-:tKa?:hit?(ni, M-:Sogd% E W%%a,sfl\éggolfggnézgoHirose,

H e H ., Ishida, M.; Goto, F.; Kano, S. 3. em. ! ) .
hydrog_en bond. The a!|gnments of the transition dipole moments (43) Onda, K.: Tanabe, K. Noguchi, H.. Wada, A.: Shido, T.. Yamagu-
of amide-A and amide-I modes are found to depend on chi, A; lwasawa, Y.J. Phys. Chem. 001, 105 11456.
molecular structure and on hydrogen bonding, consistent with h(44) Germer, T. A.; Stephenson, J. C.; Heilweil, E. J.; Cavangah, R. R.

; ; ; i Phys. Re. Lett. 1993 71, 3327.
previous expenmental results and theoretical cal_culat_lons. The (45) Wynne, K. Hochstrasser, R. Mthem. Phys1995 193 211.
two color transient spectra can be calculated and fit satisfactorily  (46) Hamm, PChem. Phys1995 200 415.

to experimental data. (47) Bratos, S.; Leicknam, J. @. Mol. Liq. 1995 64, 151.



3396 J. Phys. Chem. A, Vol. 107, No. 18, 2003

(48) Laenen, R.; Simeonidis, KChem. Phys. Lettl999 299, 589.

(49) Owrutsky, J. C.; Li, M.; Locke, B.; Hochstrasser, R. 34.Phys.
Chem.1995 99, 4842.

(50) Madison, V.; Kopple, K. DJ. Am. Chem. Sod.98Q 102 4855.

(51) Baldoni, H. A.; Rodriguez, A. M.; Zamora, M. A.; Zamarbide, G.
N.; Enriz, R. D.; Farkas, O.; Csaszar, P.; Torday, L. L.; Sosa, C. P.; Jakli,
I.; Perzel, A.; Papp, J. G.; Hollosi, M.; Csizmadia, |. &.Mol. Struct.
1999 465 79.

(52) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R.Rvoc.
Natl. Acad. Sci. U.S.AL999 96, 2036.

(53) Hamm, P.; Hochstrasser, R. M. Uitrafast Infrared and Raman
SpectroscopyFayer, M. D., Ed.; Marcel Dekker Inc.: New York, 2000; p
273.

(54) Marsh, D.; Muller, M.Biophys. J.200Q 78, 2499.

Rubtsov et al.

(55) Fasman, G. DPoly-a-amino Acids Marcel Dekker: New York,
1967.

(56) Creighton, T. EProteins W. H. Freeman & Co.: New York, 1983.

(57) Ramachandran, G. Miochim. Biophys. Actd974 359, 298.

(58) Bohm, H.-J.; Brode, SI. Am. Chem. Sod.991 113 7129.

(59) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng, V. K.
W.; Momany, F. A.; Schafer, LJ. Am. Chem. S0d.992 114, 5369.

(60) Grubbs, W. T.; Dougherty, T. P.; Heilweil, E. J. Phys. Chem.
1995 99, 10716.

(61) Laenen, R.; Simeonidis, K.; Laubereau JAPhys. Chem. B002
106, 408.

(62) Ambroseo, J. R.; Hochstrasser, R. 34.Chem. Phys1988 89,
5956.

(63) Oxtoby, D. W.Adv. Chem. Phys1979 40, 1.



