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ABSTRACT: We studied diastereoisomeric dipeptides, containing two chiral
centers, by comparing ab initio calculations with laser desorption jet-cooling
experiments. We studied the hetero-dipeptides LL–VF (L-Val-L-Phe) and DL–VF and
the homo-dipeptides LL–FF (L-Phe-L-Phe) and LD–FF. Changing one of the chiral
centers in each molecule leads to changes in the spectra that can be used to distinguish
between diastereoisomeric pairs. We observed three different conformers for LL–VF,
four for DL–VF, two for LL–FF, and one for LD–FF. By comparing the results from IR–
UV double resonant spectroscopy with ab initio calculations, we can draw conclusions
about the conformational structures. At the same time, the experimental data serve as a
test for the computational results. We discuss the possibilities and limitations of the
interplay between theory and experiment. © 2005 Wiley Periodicals, Inc. Int J Quantum
Chem 105: 437– 445, 2005
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Introduction

C

omputational chemistry describes molecules
of increasing size with increasing levels of
accuracy, including DNA bases and small peptides.
With this success comes the need for gas-phase
experimental data for calibration of force ﬁelds and
testing of new algorithms and methods. The experimental study of individual molecules is the prime
domain of gas-phase techniques, which can provide
the best data for comparison with theory. Until
recently, biomolecular building blocks and related
molecules could not be studied in the gas phase
for practical reasons. Experimentally, these compounds have very low vapor pressures, and they
decompose when heated. At the same time, computationally these systems are also challenging,
since often correlation or dispersion energy would
have to be included to describe them properly. This
means that semi-empirical quantum chemical
methods, and even ab initio Hartree–Fock (HF) and
density functional theory (DFT) methods, are not
always sufﬁcient. In both areas, signiﬁcant progress
has now been made, making direct comparison
possible between gas-phase experimental data and
computations. As one example of the possibilities
and limitations of this approach, we studied diastereoisomeric dipeptides, containing two chiral centers, and compared ab initio calculations with laser
desorption jet-cooling experiments.
Chirality and chiral molecules are essential concepts in chemistry and biology. In biology, most
living organisms are composed of chiral molecules
such as amino acids, sugars, nucleic acids, and proteins [1]. One of the major mysteries in nature is
that all amino acids in proteins are “left-handed”
enantiomers, while all sugars in DNA and RNA are
“right-handed” enantiomers [2, 3]. Diastereomers
arise in compounds that have more than one chiral
center, but they are not necessarily mirror images of
each other. Diastereomers have different physical
properties, which can lead to different conformational preferences and functional activity. Chirality
plays an important role for living organisms. Thus
it has become a major concern in drug design, including the need to distinguish and separate enantiomers and diastereomers. Gas-phase laser spectroscopy offers a great opportunity to study
conformations of these molecules free of a solvent
environment.
Simons and colleagues [4, 5] studied the neurotransmitter ephedrine and its diastereoisomer
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pseudoephedrine. Both molecules contain two
chiral centers connected by one covalent bond. The
resonant two-photon ionization (R2PI) spectra of
both molecules showed signiﬁcant differences, and
by obtaining the ultraviolet (UV)–UV hole burning
spectra, they found two different conformers for
ephedrine and four conformers for the other diastereoisomer. The major difference in these two molecules arises from intramolecular hydrogen bonding, which leads to different conformational
preferences for each diastereoisomer.
Recently several groups have been studying
chiral complexes in the gas phase by means of
laser-induced ﬂuorescence (LIF) spectroscopy,
(R2PI) spectroscopy, and UV–UV double resonance
spectroscopy [6 –11]. They form stable, weakly
bound diastereoisomeric clusters of an aromatic
chiral molecule with different chiral solvents in a
supersonic beam expansion. These studies show
distinguishable differences in the R2PI spectra of
homochiral (RR or SS) and heterochiral (RS or SR)
complexes. By measuring the dissociation energies
of the different complexes, the authors ﬁnd that the
homochiral clusters are more stable than the heterochiral clusters.
In previous gas-phase studies on chiral molecules, the molecules were introduced into the gas
phase by heating. Nonvolatile molecules such as
peptides fragment easily upon heating. Laser desorption with subsequent jet cooling, which quickly
vaporizes and cools the molecules before they can
fragment, provides a powerful technique to study
these fragile molecules. Here we report the study of
two pairs of diastereoisomeric dipeptides LL–FF
and LD–FF, and LL–VF and DL–VF. The structures
of these molecules are shown in Figure 1. We are
particularly interested in the short-range molecular
interactions, such as intramolecular hydrogen
bonding and dispersion forces that may lead to
differences in the structure and vibronic spectra of
these molecules. To study these interactions, one
needs to isolate and determine the structures of
each diastereoisomer.

Experimental Method
The experimental setup has been described elsewhere [12]. All chemicals were obtained from Research Plus Co. and used without further puriﬁcation. In brief, we prepare the samples by crushing
the neat dipeptides onto the surface of a graphite
substrate. To bring the molecules into the gas
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tions as the “burn” laser pulse, preceding the UV
“probe” laser pulse by ⬃100 ns. The UV laser is
tuned to a resonance of a speciﬁc conformer, and
the IR laser is scanned. When the IR laser is resonant with a vibrational transition that belongs to
the same conformer, it causes a depletion of the
ground state, which leads to a decrease in the intensity of the ion signal. The IR is produced by an
OPO system (LaserVision) pumped by a Nd:YAG
laser (Quanta-Ray) operated at its fundamental
wavelength of 1,064 nm. For this work, we operated
within the range of 3200 –3700 cm⫺1, which encompasses NH, NH2, and OH modes. The output of the
OPO system is 8 mJ/pulse, and the bandwidth is 3
cm⫺1.

FIGURE 1. Structures of the two pairs of diastereoisomers, LL–VF, DL–VF, and LL–FF, LD–FF. The stars
represent the chiral centers of each molecule.

phase, we desorb them using a Nd:YAG laser operating at its fundamental wavelength (1,064 nm).
We attenuate the laser to 1 mJ/cm2 and then focus
on a spot of ⬃0.5 mm diameter within 2 mm in
front of the nozzle. To maximize the stability of
desorption from pulse to pulse, the sample sits on a
translational stage and moves at such a rate as to
ensure that fresh sample is desorbed in each shot.
The nozzle consists of a pulsed valve with an oriﬁce
diameter of 1 mm, and is operated at a stagnation
pressure of ⬃5 atm of argon drive gas.
To obtain an R2PI spectrum, we use a tunable
dye laser in the UV region from 264 to 268 nm. By
monitoring speciﬁc mass peaks while varying the
two-photon ionization wavelength, we obtain the
mass selected excitation spectra (R2PI spectra). We
record UV–UV double resonance spectra by applying a delay of ⬃200 ns between two dye laser
pulses. As a result of this delay in time, we obtain
two peaks in the time-of-ﬂight spectrum, which can
be monitored individually. The laser that ﬁres ﬁrst
serves as an intense “burn” laser and is scanned
over the R2PI spectrum region, while the delayed
laser serves as the “probe” laser, ﬁxed on one resonance. When both lasers are tuned to a resonance
of the same conformer, the result is a decrease in the
signal of the probe laser. With this technique we
can determine the origins and the number of conformers for each molecule. To obtain the infrared
(IR) spectrum for each conformer, we use IR–UV
double resonance spectroscopy. The IR laser func-

Theoretical Method
We performed calculations on neutral dipeptides
using a two-step approach. We ﬁrst calculated candidate structures using a simple molecular mechanics force ﬁeld followed by geometry optimization
using DFT. We used the AMBER force ﬁeld to
perform simulated annealing on each dipeptide as
implemented in the Amber 7 program suite [13].
We then selected ⬃100 low-energy candidate structures from Amber, which were then used as starting structures for subsequent optimization with the
B3LYP [14 –17] hybrid density functional with the
Gaussian 03 program [18].
We build the preliminary structures of the peptides using the xleap program of Amber 7. We then
adjust the conformations for the desired L or D
form, and modify the default zwitterion structure
to the neutral (gas-phase) structure. These structures are minimized in Gaussian 03 by means of the
B3LYP functional and the 6-31G* basis set in order
to generate the charges needed in Amber. We use
the antechamber program of Amber 7 to generate
charges from the Gaussian 03 output. The charges
are calculated only for a single conformation, but
they are only used to calculate candidate structures
with simulated annealing. We perform simulated
annealing by using a simple protocol of running at
high temperature (800 K) for 30 ps followed by 10
ps of stepwise cooling, and a ﬁnal energy minimization. We typically repeat this cycle 500 times, sort
the results by energy, and classify them according
to structure.
We chose ⬃100 lower-energy candidate structures of each molecule for subsequent optimization
in Gaussian 03. We minimized these by means of
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FIGURE 2. R2PI spectra and UV–UV double resonant
spectra of LL–VF (top) and DL–VF (bottom).

the B3LYP density functional and the 6-31G* basis
set. From these, we chose 30 candidate structures of
each molecule for optimization using a higher basis
set (6-311G**). As a ﬁnal step, we calculated the
normal mode frequencies of all these structures for
comparison with the experimental data. The frequencies were scaled by a uniform factor of 0.956,
based on the experimental versus calculated frequency ratios for single unshifted free OH peaks
[19 –21].

Results and Discussion
LL–VF AND DL–VF
Figure 2 shows the R2PI spectra of LL–VF and
DL–VF (bottom trace, top and bottom, respec-
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tively). Signiﬁcant differences can be seen in the
R2PI spectra. Peak (a⬘), the red-most peak in LL–
VF, is 3 cm⫺1 to the red relative to peak (a) in
DL–VF. Peaks (b) and (b⬘) are in the same position,
but (b) is more intense than (b⬘). The most intense
peak in LL–VF, (c⬘), is 14 cm⫺1 to the red of (c). The
peak marked (x) in DL–VF does not have an equivalent in the spectrum of the other diastereoisomer.
Figure 2 also shows the UV–UV double resonance spectra. The top traces represent the UV–UV
spectra recorded with the probe laser tuned to an
intense transition of each conformer. We observed
three different conformers for LL–VF and four conformations for DL–VF. We found that peak (x),
which is not present for LL–VF, is the origin of a
separate conformer. All conformers exhibit different low-energy (torsional) vibrations from those in
the corresponding conformer of the other diastereoisomer. For example, the ﬁrst vibration of conformer (C) in LL–VF lies 16 cm⫺1 to the blue of the
origin, while in the corresponding conformer in
DL–VF (C⬘), it lies 11 cm⫺1 from the origin.
Figure 3(a) and 3(b) show the most stable structures of LL–VF and DL–VF, respectively, calculated
by means of the B3LYP functional with 6-311G**
basis set. The global minimum for both molecules
shows a hydrogen bond between the hydroxyl of
the C-terminus and the carbonyl of the peptide
bond. The relative energy of each structure is given
above each structure in kcal/mol.
To determine the possible structures of the different conformers of each molecule, we performed
IR–UV double resonance spectroscopy and compared the experimental frequencies with those that
we calculated for each structure shown in Figure
3(a) and 3(b) for LL–VF and DL–VF. Figure 4 shows
the IR–UV double resonance spectra of LL–VF. The
bottom bar spectra represent the calculated frequencies for the structures that are presented in
Figure 3(a). The top traces are the experimental
spectra obtained by IR–UV double resonance spectroscopy. It is important to note that the differences
in the calculated spectra are very small. Thus it is
very difﬁcult to determine the exact structure for
each conformer at the level of calculation that we
are using.
We scanned the IR laser from 3,650 to 3,250
cm⫺1, searching for the carboxylic hydroxyl, the
NH, and the NH2 symmetric and antisymmetric
stretch frequencies. For conformers (B) and (C) of
this molecule, we observed the hydroxyl stretch at
3,590 cm⫺1, which is typical for the free hydroxyl of
carboxylic acid groups in peptides. The NH stretch
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FIGURE 3. (a) Lowest-energy conformations as calculated by DFT/6311G** for LL–VF. The relative energy in kcal/
mol is listed above each structure. (b) Lowest-energy conformations as calculated by DFT/6311G** for DL–VF. The
relative energy in kcal/mol is listed above each structure. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.].

mode in conformers (B) and (C) appears at 3,407
cm⫺1 and 3,409 cm⫺1, respectively. For conformer
(A), the hydroxyl frequency appears ⬃13 cm⫺1 to
the red compared with that in conformers (B) and
(C). Structure a, in Figure 3(a), is the global minimum structure calculated for this molecule. For this
conformer, the strong hydrogen bond between the
hydroxyl and the carbonyl of the peptide bond
would result in a red shift of the hydroxyl frequency by ⬎400 cm⫺1. Because we do not observe
this experimentally, we can exclude this structure
as a candidate. For conformer (A), there are three
possible structures: c, f, and h. The frequencies are
comparable to the extent that we cannot distinguish
among these structures based on the calculations.
In each of these structures, the hydroxyl is positioned above the benzene ring of the phenylalanine
residue. This position can lead to a weak interaction
of the hydroxyl with the  system of the ring. This
weak interaction can explain the small red shift of
the hydroxyl frequency for conformer (A) compared to that in conformers (B) and (C). Structures
b, d, e, and g are candidate structures for conformers (B) and (C), and it is not possible to choose two
unique assignments from among the four candidate
structures.

Figure 5 shows the IR–UV spectra of the four
different conformers that we found for DL–VF, and
compares them with the calculated frequencies of
the structures from Figure 3(b) that were optimized.
From the IR spectra, we once again determine that
the hydroxyl at the carboxylic C-terminus is free, as
in the other diastereoisomer, LL–VF. The frequency
of the hydroxyl in conformer (A⬘) of DL–VF is 15
cm⫺1 to the red relative to the hydroxyl in the other
conformers of this molecule. This shift is very similar to that for conformer (A) of LL–VF. From our
comparison of the experimental IR frequencies and
the calculated frequencies for the different structures of this molecule, we tentatively propose structure f in Figure 3(b) as the best match, considering
the frequencies and intensities. We see that the
intensity of the hydroxyl mode is noticeably smaller
than the intensity of the NH stretch mode of the
peptide bond, which we observe at 3,409 cm⫺1. In
addition, we observe a very weak transition at 3,433
cm⫺1, which we believe belongs to the NH2 antisymmetric stretch based on comparison with the
calculated frequencies of structure f.
We observe the stretch of the hydroxyl in conformers (X), (B⬘), and (C⬘) at 3,592 cm⫺1, which is
typical for the free hydroxyl in peptides. The NH
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of the different bands and on their relative intensities.

LL–FF AND LD–FF
Figure 6 shows the R2PI spectra and UV–UV
double resonance spectra of LL–FF (top) and LD–FF
(bottom). For LL–FF, we observed two conformers,
of which conformer (A) exhibits all sharp peaks in
the R2PI spectrum. The spectrum for conformer (B)
was difﬁcult to resolve because its origin is so weak.
This suggests that the molecule undergoes a large
geometry change during excitation. The most intense peak for this conformer, which is marked by
a star, is mixed with a peak that belongs to conformer (A). To resolve this peak, we had to set the
burn laser at different points on the two mixed
peaks until we obtained the double resonance spectrum that most clearly contained peaks that belong
only to conformer (B). For LD–FF, we found one
conformer and, as we observe for conformer (B) of
LL–FF, the intensity of the origin is very weak
FIGURE 4. Experimental IR–UV double resonance
spectra of the three different conformers of LL–VF,
compared with calculated frequencies for the eight
structures from Fig. 3(a). The frequencies were scaled
by factor of 0.956.

stretch modes of the amide groups appear at 3,403,
3,405, and 3,409 cm⫺1, respectively, which are typical frequencies for a free amide group. The NH2
antisymmetric stretch for conformer (X) is measured at 3,430 cm⫺1, and for conformer (C⬘) it is
measured at 3,438 cm⫺1. For conformer (B⬘), we did
not observe this band. This may be due to its low
intensity, since frequency calculations show that
the intensity of NH2 symmetric and antisymmetric
modes are very close to zero and in many cases are
zero. By comparing the IR spectra of these three
conformers with the calculated frequencies, we can
exclude structure a, which is the global minimum of
DL–VF predicted by DFT. The strong hydrogen
bonding between the hydroxyl and the carbonyl of
the amide in this conformer would cause a large red
shift of the hydroxyl frequency, which is not observed experimentally. The frequencies of conformer (X) ﬁt best with the frequencies of structure
c. Conformer (B⬘) ﬁts best with structure g, and
conformer (C⬘) ﬁts best with structure e. These tentative assignments are based both on the positions
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FIGURE 5. Experimental IR–UV double resonance
spectra of the four different conformers of DL–VF, compared with calculated frequencies for the seven structures from Fig. 3(b). The frequencies were scaled by
factor of 0.956.
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which is an unfolded structure in which the two
benzyl groups of the phenylalanine residues are
spread away from each other. In conformer (B), we
measured the NH stretch of the amide group at
3,405 cm⫺1, and in addition to this transition we
observe a small peak at 3,411 cm⫺1, which originates from the NH2 antisymmetric stretch. The
spectrum calculated for structure b has the best ﬁt
to the spectrum for this conformer. This structure is
the second most stable and, based on the calculations, it is higher in energy by 0.25 kcal/mol relative to the predicted global minimum structure. In
this structure, the benzene rings of the two phenylalanine residues are perpendicular to each other. As
a result, the hydrogens of the phenylalanine ring on

FIGURE 6. R2PI and UV–UV double resonance spectra for LL–FF (top). The star represents the peak in
which the probe laser was tuned on conformer (B)
while we scanned the burn laser. This peak is not the
origin for this conformer. R2PI and UV–UV double resonance spectra for LD–FF (bottom).

compared with the intensity of the low-frequency
vibrational bands.
Figure 7(a) and 7(b) show the calculated structures for LL–FF and LD–FF, respectively, calculated
by means of the B3LYP functional with the 6-311G**
basis set. The global minimum for both molecules
shows a hydrogen bond between the hydroxyl of
the C-terminus and the carbonyl of the peptide
bond. The relative energy of each structure is given
above each structure in kcal/mol.
Figure 8 shows the IR–UV double resonance
spectra and calculated frequencies for LL–FF. As
before, the experimental spectra are at the top, and
the calculated spectra are at the bottom. The IR
spectra of both conformers show strong transitions
at 3,591 cm⫺1, which is typical for the free hydroxyl
stretch. We can therefore exclude structure a, in
Figure 7(a), as a possible conformer. Conformer (A)
shows another peak at 3,413 cm⫺1, which is typical
for the free NH of the amide. The most probable
candidate structure for this conformer is structure c,

FIGURE 7. (a) Lowest-energy conformations as calculated by DFT/6311G** for LL–FF. The relative energy in
kcal/mol is listed above each structure. (b) Lowest-energy conformations as calculated by DFT/6311G** for
LD–FF. The relative energy in kcal/mol is listed above
each structure. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.
wiley.com.].
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FIGURE 8. Experimental IR–UV double resonance
spectra of the two different conformers of LL–FF, compared with calculated frequencies for the ﬁve structures
from Fig. 7(a). The frequencies were scaled by factor of
0.956.

example of the interplay between theory and experiment for molecules of moderate size. The parameters for comparison in this example are the frequencies and intensities of conformer-selective IR
spectra. The results point to both strengths and
limitations. The agreement between theory and experiment is very encouraging; however, for conformations with very similar vibrational frequencies,
the computational accuracy employed here is not
sufﬁcient to make a unique structural assignment in
all cases. It is also clear that because full structural
optimization is computationally expensive, a strategy is needed to search for lowest-energy structures. Another problem is the role of dispersive
forces, which cause problems for DFT-based treatments.
Nevertheless, because both experiment and theory are advancing simultaneously in their ability to
tackle larger and larger systems, great progress is
being made in the description of molecules of every
increasing size. This has led to a great synergy
between the two areas. The question then suggests
itself as to what the size limit will be for these
approaches. Experimentally, a potential problem

the C-terminus interact with the  electrons of the
phenylalanine on the N-terminus.
Figure 9 shows the IR spectra and the calculated
frequencies for the diastereoisomer LD–FF. This
molecule has just one conformer, which is similar to
conformer (B) of LL–FF, both in its R2PI spectrum
and in its IR–UV spectrum. The hydroxyl stretch is
at 3,591 cm⫺1. As was the case for both conformers
of LL–FF, we can exclude the global minimum
structure as the experimentally observed structure.
The NH stretch mode of the amide is at 3,402 cm⫺1,
3 cm⫺1 to the red relative to that of conformer (B) in
LL–FF, and the NH2 antisymmetric stretch is at
3,411 cm⫺1. Comparison of the frequencies of this
molecule with the calculated frequencies shows
that structure c in Figure 7(b) ﬁts best.

Summary
The study of small peptides such as the dipeptides discussed in the present study provides an
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FIGURE 9. Experimental IR–UV double resonance
spectrum of LD–FF, compared with calculated frequencies for the ﬁve structures from Fig. 7(b). The frequencies were scaled by factor of 0.956.
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may be conformational broadening. Even with
broad UV absorption, however, it may still be possible to obtain sharp IR spectra in many cases.
Furthermore, our experimental results indicate that
even for peptides with as few as four residues, there
may often be a single preferred conformation in the
gas phase.
Finally, we note that the spectroscopic distinction between diastereoisomeric dipeptides, as demonstrated here, offers opportunities for analytical
applications.
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